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Preface 

The entirety of the work presented in this dissertation has been carried out at the 

Institute of Chemical Research of Catalonia (ICIQ) during the period of October 2016 

to October 2020 under the supervision of Prof. Ruben Martin. The thesis contains five 

chapters: a general introduction, three research chapters, and the last chapter with a 

general conclusion of all the research work. Each of the research chapter includes a 

brief introduction and the aim of the respective topic, followed by a discussion of the 

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

The relevant references and their numbering are independently organized by chapters. 

 

The first chapter deals with a general introduction of the background of the 

Ni-catalyzed cross-coupling reactions. A particularly focus is on the Ni-Catalyzed 

cross-electrophiles coupling reactions. 

 

The second chapter, “Site-Selective Ni-Catalyzed Reductive Coupling of 

alpha-Haloboranes with Unactivated Olefins”, describes the site-selective alkylation 

of -haloboranes with unactivated olefins, which allows for high chemo- and 

site-selective incorporating the alkylborane fragment into olefin feedstocks. 

Particularly, the use of internal olefins enables sp3 C–C bond formation at remote sp3 

C–H site via a nickel catalyzed chain-walking event. The results of this chapter have 

been published in J. Am. Chem. Soc. 2018, 140, 12765−12769, in collaboration with 

Dr. Marino Borjesson and Rual Martin. 

 

The third chapter, “Site-Selective Catalytic Deaminative Alkylation of 

Unactivated Olefins”, describes the deaminative alkylation of alkylamines with 

unactivated olefins. Our novel catalytic platform allows for forming the sp3–sp3 

linkages from both olefin functionalization and sp3 C–N cleavage events. The 

synthetic utility could be explained by the context of the late-stage functionalization 

of drug-like molecules. The results of this chapter have been published in J. Am. 

Chem. Soc. 2019, 141, 16197-16201, in collaboration with Dr. Ciro Romano. 

 

The fourth chapter, “Site-Selective 1,2-Dicarbofunctionalization of Vinyl 

Boronates through Dual Catalysis”, presents a modular, chemo- and region-selective 
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1,2-difunctionalization of vinyl boronates with readily available organic halides via 

nickel and photoredox dual catalysis. The results of this chapter have been published 

in Angew. Chem. Int. Ed. 2020, 59, 4370-4374, in collaboration with Dr. Yaya Duan, 

Dr. Riccardo Salvatore Mega and Dr. Rosie Somerville. 
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Abstract 

Metal-catalyzed C–C bond forming reactions have streamlined synthetic routes 

when assembling complex molecules. These methods are particularly important when 

incorporating unreactive saturated hydrocarbons, which are common motifs in 

petrochemicals and biologically relevant molecules. Recently, nickel-catalyzed 

reductive cross-coupling reactions have become a powerful alternative to traditional 

cross-coupling reactions for the formation of C–C bonds. Apart from the operational 

simplicity of these procedures, the wide commercial availability of electrophiles as 

compare to organometallic reagents, and the highly chemo-selectivity derived from the 

in-situ formation of transient organometallic species, make cross-electrophile coupling 

high attractive to synthetic chemists. 

In line with our group interests in Ni-catalyzed cross-coupling reactions, we have 

decided to focus my doctoral studies on the development of sp3 C–C bond forming 

reactions by means of nickel-catalyzed reductive cross-coupling. 

Our first efforts were focused on the development of reductive alkylation of 

-haloboronates with unactivated olefin feedstocks. Towards this goal, we developed a 
mild, chemo- and site-selective catalytic protocol that allows for incorporating an 

alkylboron fragment into unactivated olefins. The use of internal olefins enables C−C 

bond-formation at remote sp3 C−H sites via nickel-catalyzed chain-walking process. Of 

particular importance was the ability to establish a platform to build up multiple sp3–sp3 

bonds in an iterative fashion from simple building blocks. Preliminary mechanistic 

studies rule out the boron stabilized radical addition to olefin, and instead suggest that 

a hydrometallation via Ni–H species precedes C–C bond formation with the 

corresponding -chloroboronates.  

 

Scheme 1. Ni-Catalyzed site-selective reductive coupling of -haloboronates with 

unactivated olefins 
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Following this development of nickel-catalyzed chain-walking process, we 

reported a site-selective catalytic deaminative alkylation of unactivated olefins that 

operates under mild conditions and is characterized by its wide substrate scope and 

exquisite site-selectivity profile. Particularly noteworthy is that this technique could 

also be employed in the context of ethylene derivatization and late-stage 

functionalization. This new platform offers new opportunities in both olefin 

functionalization and sp3 C–N bond cleavage events and a complementary activation 

mode to existing sp3–sp3 bond-forming events.  

 

Scheme 2. Site-selective Ni-catalyzed deaminative alkylation of unactivated olefins 

Our final efforts on sp3 C–C bond formation were focused on the development of a 

regio-selective three electrophile cross-coupling by means of nickel/photoredox dual 

catalysis. In this work, we were able to developed a modular, chemo- and 

regio-selective 1,2-difunctionalization of simple vinyl boronates with readily available 

organic halides through a dual catalytic platform. Preliminary mechanistic studies and 

control experiments suggest that a tertiary alkyl radical undergoes addition to the 

vinyl boronates, forming a boron stabilized radical, then combines with oxidative 

addition species (ArNi(II)X). In a formal sense, our method serves as a testament to the 

viability of conducting a reductive cross-couplings of three different electrophilic 

partners in a synergistic manner. 

 

Scheme 3. Site-selective 1,2-dicarbofunctionalization of vinyl boronates via dual 

catalysis 
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In conclusion, we have developed new methods for the construction of new sp3 

C–C bonds via nickel catalysis or nickel/photoredox dual catalysis under 

exceptionally mild conditions and with excellent chemo- and regio-selectivity profiles. 

These works were also supported by preliminary mechanistic investigations to 

understand how and why these reactions proceeded. 
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1.1 General Introduction 

Over the past 50 years, metal-catalyzed cross-coupling reactions of organic 

electrophile with a nucleophilic (organometallic) reagent have revolutionized the way 

chemists build C−C and C−heteroatom bonds, thus allowing rapid assembly of 
molecular complexity in organic synthesis (Scheme 1.1, top left).1 The high efficiency, 

mild conditions and broad functional group tolerance associated with these reactions 

have contributed to their widespread use in synthetic organic chemistry, both in 

academia and industry. The importance of the field was recognized by the 2010 Nobel 

Prize in Chemistry, which was awarded to Professors Richard F. Heck, Ei-ichi Negishi 

and Akira Suzuki, for their pioneering contribution in Pd-catalyzed cross-coupling 

reactions for the formation of C−C bonds.2  

 

Scheme 1.1 Metal-catalyzed cross-coupling reactions 

In general, the process of metal-catalyzed cross-coupling reactions started from 

oxidative addition of an electrophile to the low valent transition metal center, 

followed by transmetallation with the nucleophilic (organometallic) reagent, and, 

reductive elimination to form the new cross-coupling product (Scheme 1.1, right).1 

Despite advances realized, the coupling of sp3 carbon fragments remains challenging.3 

This is owing to the slow oxidative addition and transmetallation with alkyl 

electrophiles, where product formation competes with the formation of side-product 

through other competent pathways, such as homocoupling, β-hydride elimination or 

hydrogenation (Scheme 1.1, bottom left).1,3 Additionally, the organometallic reagents 

need to be prepared from corresponding organic(pseudo)halides by metalation 

reactions, with most of these organometallic compounds are air and moisture sensitive. 
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Therefore, the ideal approach would be the direct use of two electrophiles as coupling 

partners to form the same kind of C−C bonds. To this end, Ni-catalyzed reductive 

cross-electrophile couplings (reductive couplings) have recently emerged as powerful 

synthetic methods for the mild and selective construction of C−C bonds,4 in which 

two electrophilic partners can be combined in the presence of a stoichiometric 

reducing agent (Scheme 1.2). Compared to traditional metal catalyzed cross-coupling 

reactions, cross-electrophile-coupling shown significant advantages.4 Among the 

advantages of these methodologies are their experimental simplicity, the use of stable 

and easily accessible organic (pseudo)halides as opposed to reactive and possibly 

synthetically complex organometallic reagents, and the enhanced chemoselectivity 

that results from the mild conditions given by the formation of transient 

organometallic intermediates. 

 

Scheme 1.2 Metal-catalyzed cross-electrophile-coupling (reductive-coupling) 

reactions 

The earliest contribution on reductive coupling of two electrophiles can be dated 

back to 100 years ago when Wurtz5 found the sodium-mediated dimerization of alkyl 

halides and independently, Ullmann6 discovered the Cu-mediated homocoupling of 

aryl halides, However, these dimerization reactions are characterized by low 

dimerization efficiency and harsh reducing conditions, which limited their utilization 

in organic synthesis. The first Ni-catalyzed reductive coupling was reported as the 

Nozaki-Hiyama-Kishi reaction,7,8 which occurred by the addition of allyl- or vinyl 

halides to aldehyde via a Ni/Cr-catalytic system by using stoichiometric Mn(0) as 

reductant.9 Subsequently, the reductive coupling reactions were also developed by 

electrochemical processes. 10,11,12,13 Metal catalyzed or mediated reductive coupling of 

electrophiles are among the earliest reactions, however, the development of this 

protocol is far behind classical cross-coupling reactions between electrophiles and 

nucleophiles.4  

The major reason for this slow development is the difficulty in achieving high 

level of selectivity in cross-electrophile coupling reactions. Since the coupling 

partners used in cross-electrophile coupling reactions have similar reactivity and 
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typically compete as electrophiles during oxidative addition, this often lead to 

undesired homocoupling products instead of the formation of the targeted 

cross-coupled product.14 In recent years, the issues have been addressed with several 

strategies, such as (I) the addition of an excess of one reagent, (II) the electronic 

differentiation of the starting materials, (III) catalyst-substrate steric matching, (IV) 

the development of reactions that couple substrates for which oxidative addition 

occurs via two different mechanisms, such as through two-electron polar or radical 

pathways.15 Since these innovations, metal-catalyzed cross-electrophile coupling 

reactions have grown exponentially.4  

 

Scheme 1.3 Redox potentials of reductant couples 

In the last decade, the intensive study of cross-electrophile coupling reactions 

have achieved significant breakthroughs in the selective formation of C−C bonds. 
Recent catalytic systems have been based on Co16 and Pd17 but most reports have 

been demonstrated with Ni catalysts. In these protocols, the reductant provides the 

necessary electrons to balance the redox equation of the reaction. Specifically, it 

reduces the transient catalytic metal-species within the catalytic cycle and affords 

reaction turnover. Moreover, it can also react directly with the substrate to in-situ and 

slowly generate the corresponding organometallic nucleophile via metal-insertion 

reactions. Common reducing agents employed in these transformations are 

zero-valent metals, such as Mn, Zn and Mg.4 In addition, organic reductants such as 

tetrak(dimethylamino)ethylene (TDAE) can provide strong reducing power but are 

more expensive. The redox potentials of the commonly used reductant are listed in 

Scheme 1.3, which might provide a guidance in estimating the feasibility of reductive 

coupling reactions in many cases.18 
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1.2 General Characteristics of Nickel Catalysts 

Nickel belongs to the group 10 metals of the periodic table, and it is an 

inexpensive and earth-abundant alternative to precious metal catalysts, such as Pd, for 

cross-coupling reactions.19 Despite  palladium catalysts being heavily investigated in 

cross-coupling reactions, the utilization of nickel predates Pd system,20 with Sabatier 

awarded the 1912 Nobel Prize for the nickel-mediated hydrogenation of ethylene. 

Further progress in the field however has been overshadowed by the rapid 

developments of Pd catalysis. The slow development of nickel catalysis is perhaps 

due to the difficulties associated with controlling reactive organonickel species that 

contributed to the false impression of nickel catalysis not being suitable for synthetic 

applications. However, over the past decade, chemists have truly begun to understand 

the subtle differences and advantages that nickel can offer as a catalyst compared to 

palladium, thus leading to the explosive growth of Ni-catalyzed transformations.21  

The differences between the general characteristics of nickel and palladium 

catalysts are highlighted in Scheme 1.4.19,21 First, nickel has a series of readily 

available oxidation states ranging from Ni(0) to Ni(IV),22,23,24,25 whereas Pd most 

commonly adopts Pd(0), Pd(II) and Pd(IV) oxidation states. Moreover, the open-shell 

Ni(I) and Ni(III) are more stable than Pd,26 which is likely a result of higher pairing 

energy of Ni due to a more condensed electron cloud.27 Therefore, Ni-catalyzed 

cross-coupling reactions are more likely to undergo Ni(I)/Ni(III) cycle or 

single-electron-transfer (SET) pathways when compared to Pd.28 In addition, nickel 

has a lower reduction potential,29 smaller atomic radius30 and lower 

electronegativity31 than those of Pd. These properties allow for more facile oxidative 

addition with electron-rich Ni(0) to strong −bonds, such as C−F,32 C−N,33 C−O34 

bonds. Furthermore, the more favored -back donation from Ni compare to Pd, 

resulting in a stronger binding to alkenes and alkynes (d-* back donation), and thus 

in the more facile activation of these motifs.19a Finally, the -hydride elimination of 

alkyl-Ni complex is slower than the corresponding alkyl-Pd species, when compared 

in the same ligand framework. This is owing to a weaker agostic interaction compared 

to Pd, and a more strained geometry in the transition state.35,36,37 Therefore, the use of 

traditionally challenging Csp3 coupling partners can be employed with nickel catalysis. 

Taken together, nickel catalysis shows complementary reactivity to palladium, and has 
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seen tremendous success in the application and development of alternative 

transformations. 

 

Scheme 1.4 General characteristics of nickel and palladium catalysts 

1.3 Nickel Catalyzed Cross-Electrophile Coupling 

Driven by the diversity of nickel catalysis in the activation of electrophiles, 

either via two-electron or single-electron pathways, allows for sequential activation of 

different electrophiles via different mechanisms which offers a method to control 

reaction selectivity. In recent years, nickel-catalyzed reductive cross-coupling 

reactions of electrophiles have become very important technique in organic synthesis, 

particularly in C−C bonds formation.4 

1.3.1 Nickel Catalyzed Reductive Coupling of Organic Halides 

1.3.1.1 Csp2−Csp2 Bonds Formation via Ni-Catalyzed Reductive Cross-Coupling 

Biaryl units are often found as part of skeletons in natural products and have 

been intensively applied in several fields, including ligand design and material science. 

Since Ullmann reported the first copper mediated dimerization of aryl halides,6 a 
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number of methods have been developed for the construction of the biaryl skeletons. 

In particular, unsymmetrical biaryl compounds are generally prepared through 

conventional cross-coupling of electrophiles and nucleophiles.38,39,40 However, direct 

reductive coupling of two different aryl electrophiles, is generally less effective due to 

intrinsic poor chemoselectivity between two structurally similar aryl coupling 

partners.41  

Following the early efforts on cobalt catalyzed reductive coupling of two aryl 

halides to form the unsymmetrical biaryls,42 Gosmini and co-workers extended this 

technique to nickel catalysis. In this case, a series of functionalized 2-arylpyridines 

were prepared by using NiBr2(bpy) as the catalyst and stoichiometric Mn as reductant 

(Scheme 1.5).43 Later on, Gong, Qian and co-workers reported a Ni-catalyzed 

reductive cross-coupling between two different aryl halides to prepare unsymmetrical 

biaryl compounds (Scheme 1.6).44 The combination of NiI2, 

4,4’-dimethyl-2,2’-bipyridine (L1.1), MgCl2 and pyridine in DMA, using Zn as 

reductant, provided the biaryl compounds in moderate to good yield. The additive 

(MgCl2) presumably activates the zinc powder by removing residual salts from its 

surface. The mild reaction conditions were shown to tolerate a range of functional 

groups such as esters, nitriles, ketones and the coupling of electron-deficient pyridyl 

and quinoline bromides with aryl halides that afforded the coupled products in good 

yields. The chemoselectivity in these methods varies from poor to excellent, largely 

rely on the electron-density difference between the two aryl coupling partners. In 

general, one of the aryl electrophiles need to be set in excess to improve the yields. 

 

Scheme 1.5 Co(II)- and Ni(II)-catalyzed cross-reductive-coupling of aryl halides with 

heteroaryl halides 
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Scheme 1.6 Ni(II)-catalyzed cross-reductive-coupling of two different aryl halides  

In 2015, Weix and co-workers made a remarkable breakthrough in achieving 

excellent chemoselectivity between two different aryl electrophiles. To achieve this 

selectivity, they employed a Pd/Ni dual catalytic system which enabled efficient 

coupling of aryl/vinyl bromides with aryl/vinyl triflates to generate unsymmetrical 

biaryls and dienes (Scheme 1.7).45 The reaction is characterized by its mild conditions 

and excellent chemoselectivity. Key to access highly chemoselectivity is attributing 

the difference reactivities of aryl electrophiles with the different catalysts (Scheme 1.7, 

bottom).46,47,48 In this system, the aryl bromide undergoes selective oxidative addition 

with the Ni-bpy catalyst to generate a transient and reactive Ar1Ni(II)Br species, 

whilst the aryl triflate interacts exclusively with the Pd-dppp catalyst to provide a 

persistent Ar2Pd(II)OTf intermediate. Subsequent transmetalation between the 

Ar1Ni(II)Br and Ar2Pd(II)OTf intermediates affords Ar1–Pd(II)–Ar2 and Br–Ni(II)–

OTf species. The following reductive elimination on the Pd center provide the 

cross-coupled biaryl products and regenerates Pd(0) (Scheme 1.8). Zn(0) acts as the 

terminal reductant to close the catalytic cycle, reducing Ni(II) back to Ni(0). 

Additionally, they found KF is essential to improve the selectivity and reaction rate. 

They proposed KF can reduce the amount of homocoupling by-products formed in 

nickel catalytic cycle; and can alter the oxidative addition selectivity for C–OTf bonds 

over C–X bonds through the formation of a palladium ‘ate’ complex. Very recently, 

the same group extended this strategy to 1,3-dienes formation via the cross-coupling 

of vinyl bromides with vinyl triflates.49         
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Scheme 1.7 Pd/Ni dual catalyzed reductive-coupling of aryl halides with aryl triflates 

 

Scheme 1.8 Proposed mechanism of the Pd/Ni dual catalyzed reductive coupling 

While Ni-catalyzed reductive cross-coupling of two aryl electrophiles or vinyl 

electrophiles have been developed, the coupling between aryl halides and vinyl 

halides are exceptionally rare. To meet this challenge, recently, Gong and co-workers 

were able to develop a Ni-catalyzed reductive cross-coupling of aryl halides with 

vinyl bromides, thus enabling to chemoselective construction of vinyl arenes (Scheme 

1.9).50 A wide range of functionalized aryl halides, including heteroaromatics and 

vinyl bromides were employed to yield E-selectivity vinyl arenes in good yield. 

Noteworthy, no cross-coupling product obtained when used pure (Z)-vinyl bromide as 

coupling partner. The authors proposed two different reaction pathways, path A: 

oxidative addition of vinyl–Br to Ni(0) to give vinyl–Ni(II)−Br intermediate II; or 

path B: oxidative addition of aryl halide to Ni(0) to form Ar–Ni(II)–X species VI 

(Scheme 1.9, left). Then SET reduction by Zn(0) generates the vinyl–Ni(I) 

intermediate (III) or ArNi(I) complex (VII). Subsequently oxidative addition of 
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complex III or VI with the other coupling partner will form the Ar–Ni(III)–vinyl 

intermediate IV, which furnishes the cross-coupling product upon reductive 

elimination. Preliminary mechanistic studies and DFT calculations suggested that 

preferential oxidative addition of aryl halides to Ni(I)–vinyl is the key step (path A). 

 

Scheme 1.9 Preparation of vinyl arenes by Ni-catalyzed reductive coupling of aryl 

halides with vinyl bromides 

1.3.1.2 Csp2−Csp3 Bonds Formation via Ni-Catalyzed Reductive Cross-Coupling 

In 2010, Weix and co-workers reported a Ni-catalyzed Csp2−Csp3
 cross 

electrophile coupling of aryl iodides with alkyl iodides (Scheme 1.10).51 The authors 

found that the combination of NiI2∙xH2O, dtbppy (L1.2), phosphine ligand (L1.3) and 

pyridine, with Mn(0) as reducing reagent were crucial for the reaction success. In this 

case, the reaction shows good functional group tolerance, even with substrates 

containing acidic proton, such as free hydroxyl groups. Not only primary alkyl halides, 

more steric hindered secondary alkyl halides were also able to undergo coupling with 

aryl iodides. Both the bipyridyl (L1.2) and phosphine (L1.3) ligands were required for 

achieve high yield and selectivity, and pyridine was included as an additive to inhibit 

-hydride elimination in the alkyl species.   
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Scheme 1.10 Ni-catalyzed reductive cross-coupling of aryl iodides with alkyl iodides 

Soon after, the same group reported a mechanistic study of this Ni-catalyzed 

reductive alkyl–aryl cross-coupling reaction (Scheme 1.11).52 Firstly, the authors 

ruled out the organomanganese reagent formation in this reaction via the result of 

using organic reductant TDAE instead of Mn. Further stoichiometric studies provided 

evidence that oxidative addition ArNi(II) complex C1.1 reacts with alkyl halides to 

form the cross-coupling product 1.11b and (L)NiI2, without any added reductant. In 

addition, the author found that alkylNi(II) complexes do not react with iodobenzene to 

form cross-coupling product. Furthermore, radical clock experiment with 

cyclopropylmethyl bromide (1.11), only provided ring opened product 1.11c, 

suggesting that alkyl radical intermediate was formed in the reaction. Taken together, 

the author proposed the reaction involve a radical pathway where ArNi(II) species 

combines with alkyl radical III to give a Ni(III) species IV, that undergoes reductive 

elimination to provide cross coupling product (Scheme 1.11, right). The resulting Ni(I) 

intermediate V engages in a SET reductive cleavage of another alkyl halide to 

generate a new alkyl radical and a Ni(II) complex VI. Finally the Ni(II) intermediate 

VI is reduced by Mn(0) to form Ni(0).  

 

Scheme 1.11 Mechanistic study of Ni-catalyzed reductive coupling 
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Although the methodology and mechanistic of the Csp2−Csp3 bonds formation 
with two organic iodides have been explored. The technique provided poor selectivity 

for coupling of two organic bromides. This is due to the lower reactivity of alkyl 

bromides than alkyl iodides, thus enabled the formation biaryl by-products from 

disproportionation of a supposed ArNi(II) intermediate. Later work by Weix and 

co-workers discovered that the combination of NiI2, L1.4 or phenanthroline ligand, 

pyridine and NaI in DMPU, and using Zn as reductant, could successfully couple two 

organic bromides, and could even be extended to vinyl bromides or activated aryl 

chlorides (Scheme 1.12).53 The reaction shows broad substrate scope and excellent 

chemoselectivity. Particularly noteworthy, was the ability to access substrates bearing 

both electrophilic and nucleophilic carbon positions (C−BPin, −SiR3, −SnR3) which 
were selectively coupled at the electrophilic site (RX), while leaving the nucleophilic 

group available for further cross-coupling reactions.  

 

Scheme 1.12 Ni-catalyzed reductive cross-coupling of alkyl bromides with aryl 

bromides and chlorides 
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Scheme 1.13 Ni-catalyzed reductive cross-coupling of tertiary alkyl halides 

A common limitation in these cross-electrophile coupling reactions is the ability 

to tolerate sterically encumbered electrophiles to forge all-carbon quaternary 

centers.54 This is probably due to the steric bulkiness of tertiary alkyl electrophiles, 

which promote β−H elimination and impede oxidative addition as well as reductive 
elimination. Recently, Gong and co-workers have successfully realized a catalytic 

reductive arylation of tertiary alkyl halides with both electron-deficient and 

electron-rich aryl halides by the judicious choice of ligands and additives (Scheme 

1.13).55,56 A series of electro-deficient aryl bromides could be perfectly coupled by the 

combination of Ni(acac)2, DMAP, MgCl2 and Zn system.55 Soon after, the same group 

discovered that the poor coupling results for electron-rich aryl iodides were drastically 

improved by replacing DMAP with 3-fluoropyridine and using more reactive aryl 

iodides as the coupling partners and LiCl as additive.56 Both Mg2+ and Cl- were 

crucial for the reaction success. The importance of MgCl2 and LiCl in the reaction, 

was not only attributed to activation of Zn in the reaction but also to enhance the 

solubility of the Ni(acac)2 salt through the interaction of the Mg2+ cation with the acac 

anion. Notably, in both cases, the isomerization side products were formed through 

Ni-catalyzed chain-walking.57   
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Scheme 1.14 Csp2−Csp3 bonds formation via Ni-catalyzed reductive couplings 

Additionally, the Ni-catalyzed reductive coupling strategies were extended to 

arylation with chiral iodoalanine,58 -trifluoromethylate alkyl bromides,59 alkyl 

tosylates,60 benzyl chlorides61 as well as vinylation of alkyl halides with vinyl 

bromides62,63,64 (Scheme 1.14). Specifically, the Gong group discovered that the 

stereoselective arylation of C1-glucosyl bromides with the corresponding aryl halides 

could be achieved through ligands control (Scheme 1.14, e.q. g).65,66 The use of 

pyridine/DMAP ligands afforded C-glucosides in up to 8:1 α/β selectivity,65 while the 

use of the tridentate terpyridine ligand L1.5 resulted in up to >20:1 β/α selectivity.66 

1.3.1.3 Csp3−Csp3 Bonds Formation via Ni-Catalyzed Reductive Coupling of Alkyl 

Halides 

The success coupling of alkyl- and aryl fragments is depending on the different 

reactivity profiles of the Csp2-electrophiles and the Csp3-electrophiles with nickel.29,46 

However, the control of chemoselectivity becomes considerably challenging when 

attempting the coupling between two structurally similar alkyl electrophiles, since 

homocoupling of alkyl electrophiles as well as competition of -hydride elimination 

of alkyl−Ni species impede the cross-coupling efficiency.35,36,37  

In 2010, Leigh67 and Weix68 reported the Ni-catalyzed homocoupling of alkyl 

electrophiles by using Zn and Mn as reductant, respectively (Scheme 1.15). In both 

cases, primary and secondary alkyl halides as well as alkyl mesylates, 

trifluoroacetates could successfully couple, thus providing the dimerization product in 

good yields. The authors proposed that the reaction could be conducted via an alkyl–

Ni(III)–alkyl intermediate.  
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Scheme 1.15 Csp3−Csp3 bonds formation via Ni-catalyzed reductive couplings 

The first Ni-catalyzed cross-reductive-coupling of two different alkyl halides 

(commonly secondary with primary halides) was developed by Gong in 2011.69 

Notably, 3 equivalent of primary alkyl bromides were required for accessing high 

selectivity and yields under Ni(COD)2/L1.7 catalysis with Zn as reductant (Scheme 

1.16, Condition A). In addition to the formation of the cross-coupling products, the 

highly competitive homocoupling side reactions account for the mass balance of the 

excess alkyl halides. Soon after, the same group discovered that the replacement of Zn 

to B2Pin2, could improve the chemoselectivity significantly (Scheme 1.16, Condition 

B).70 The reaction only required 1.5 equivalent of the second alkyl halides, which 

worked effectively for the coupling of secondary as well as hindered primary halides 

with another primary bromides. The preliminary mechanistic investigation ruled out 

the possibility of in-situ organoboron/Suzuki processes. The authors proposed that the 

formation of Ni–Bpin complexes may be the key to differentiating the coupling alkyl 

partners, thus providing cross-coupling product with high selectivity. Moreover, this 

Ni/B2Pin2 system was further employed in the methylation of methyl tosylates.71 

In both cases, the coupling with (bromomethyl)cyclopropane, provided ring 

opening products, suggesting that a radical process was involved in this reaction 

(Scheme 1.17, left). In Ni/Zn systems, the reaction is thought to go through oxidative 

addition of alkyl halides with low valent Ni(0) to generate Alkyl1−Ni(II)−X complex 

(II), which is then reduced by Zn(0), resulting in a Alkyl1−Ni(I) intermediate (III). 
This intermediate III is proposed to undergo a second oxidative addition with the 

other alkyl halides to form Alkyl1−Ni(III)X−Alkyl2 species (V), which subsequently 
release desired product upon reductive elimination. In Ni/B2Pin2 system, the reaction 

may go through a SET of Ni(I)−Bpin to alkyl halide, then rapid radical recombination 

to form alkyl1−Ni(III)X−Bpin intermediate (VIIII), followed by reductive elimination 
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to provide alkyl1−Ni(I) intermediate. The following process is the same with the 
Ni/Zn system. 

 

Scheme 1.16 Csp3−Csp3 bonds formation via Ni-catalyzed reductive couplings 

 

Scheme 1.17 Mechanistic experiments of Ni-catalyzed cross-reductive-coupling of 

alkyl halides 

In addition to intermolecular Csp3−Csp3 bonds formation, the Gong group also 
developed an intramolecular reductive cyclization of alkyl dihalides (Scheme 1.18).72 

Under NiI2/bpy catalytic conditions with Zn as reductant, a series of five and 

six-membered rings could be facilely constructed. The more challenging 

seven-membered ring could also be obtained in moderate yield. 
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Scheme 1.18 Ni-catalyzed reductive cyclization of alkyl dihalides 

1.3.1.4 Ni-Catalyzed Reductive Acylation of Alkyl Halides 

Alongside Csp2−Csp3 bonds and Csp3−Csp3 bond formation, the construction of 

ketones by means of Ni-catalyzed reductive acylation of alkyl (pseudo)halides have 

devoted much attention. The groups of Weix73 and Gong74 independently reported the 

Ni-catalyzed reductive coupling of acid chlorides and alkyl halides with Zn or Mn as 

reducing reagents. Moreover, Gong and co-workers extended this protocol to the 

‘one-pot’ coupling of benzoic acids with alkyl bromides via in-situ activated acids in 

the presence of Boc2O and MgCl2.75 

 

Scheme 1.19 Ni-catalyzed reductive acylation of alkyl halides with acyl chlorides 

It is worth highlighting that this protocol was further refined to enable the 

reductive coupling of alkyl acids with alkyl halides, where sterically hindered 

unactivated tertiary alkyl bromides and glycosyl halides could be well tolerated, thus 

resulting a series of all carbon quaternary as well as sugar-type ketones (Scheme 
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1.20).76 More interestingly, the -selectivity products were obtained when coupling 
alkyl acids with C-acyl glycosides bromides. Preliminary mechanistic studies 

suggested that a radical chain process may be plausible, wherein MgCl2 promotes the 

reduction of Ni(II) complexes by Zn.    

 

Scheme 1.20 Ni-catalyzed reductive acylation of alkyl halides with carboxylic acids 

1.3.1.5 Ni-Catalyzed Reductive Carboxylation of Organic (Pseudo) Halides with 

CO2 

Driven by the inherent synthetic potential of carbon dioxide (CO2) as a nontoxic, 

abundant, inexpensive and renewable C1 chemical feedstock, recent years have 

witnessed the development of process for the fixation of CO2 into organic 

molecules.77 Particularly, catalytic carboxylation reactions of organic molecules with 

CO2 have received significant attention both in academia and industry, since 

carboxylic acid skeletons are widely present in pharmaceuticals, agrochemicals, 

plastics and among others.78  

Inspiring by the pioneering work of Osakada and Yamamoto on stoichiometric 

reaction of Ni(II) complex with CO2,79 our group and others have successfully 

developed a direct reductive carboxylation protocol of organic (pseudo)halides by 

means of nickel catalysis.80 Unlike traditional carboxylation protocols based on 

nucleophile/electrophile regimes, which often requires air and moisture-sensitive 

organometallic species, reductive carboxylation events offer possibility to employ 

simple electrophiles, thus presenting a complementary technique for the preparation 
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of carboxylic acids.80 

 

Scheme 1.21 Ni-catalyzed reductive carboxylation of aryl chlorides with CO2 

In 2009, our group reported the first Pd-catalyzed reductive carboxylation of aryl 

bromides with CO2, by using Et2Zn as reductant.81 However, high pressure CO2 and 

pyrophoric reductant (Et2Zn) were required for the reaction success. In 2012, Tsuji, 

Fujihara and co-workers extended the scope of catalytic carboxylation to more 

challenging and readily available aryl and vinyl chlorides at atmospheric pressure of 

CO2 (Scheme 1.21).82 The combination of NiCl2(PPh3)2, PPh3 and Et4NI in DMI, with 

Mn as reductant were crucial for success. It is particularly noteworthy that the 

oxidative addition complex PhNi(II)Cl(PPh3)2 (C1.21) did not react with CO2 (1 bar) 

unless a single-electron reductant was utilized (Co(5-C5H5)2; E = −0.89V). With the 

results of stoichiometric experiments in hands, the authors proposed that the reaction 

occurred through oxidative addition of ArCl with Ni(0) to generate the Ar−Ni(II)−Cl 

intermediate (II), which then underwent SET reduction via Mn(0) to form the Ar−Ni(I) 

species (III). Followed by CO2 insertion, resulting carboxylatonickel intermediate 

(IV), which was subsequently reducing by Mn, gave the corresponding manganese 

carboxylate (Scheme 1.21, right bottom). 
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Scheme 1.22 Ni-catalyzed reductive carboxylation of benzyl halides with CO2 

Aiming to expand the catalytic reductive carboxylation portfolio beyond the 

utilization of aryl halides, our group described a Ni-catalyzed reductive carboxylation 

of primary, secondary or even tertiary benzyl halides with CO2 (Scheme 1.22).83 In 

this case, highly electron-rich phosphines such as PCp3 and PCy3 were found to be 

critical in the presence of Zn. Interestingly, the presence of additives was found to 

play a profound influence on reactivity; while the presence of MgCl2 mediated the 

coupling of primary benzyl halides, and the replacement of tetrabutylammonium 

iodide (TBAI) for MgCl2 was important for secondary and tertiary benzyl halides. 

Moreover, stoichiometric experiments with a putative η3-benzylNi(II) complex 

(C1.22), revealed that the reaction did not proceed in the absence of Zn. Additionally, 

control experiments argued against a mechanism consisting of the intermediacy of 

benzyl zinc reagents or styrene derivatives obtained via -hydride elimination.  
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Scheme 1.23 Ni-catalyzed reductive carboxylation of unactivated alkyl halides 

 

Scheme 1.24 Ni-catalyzed reductive carboxylation of other electrophiles with CO2 

In 2014, metal-catalyzed reductive carboxylations remained limited to substrates 

that easily undergo oxidative addition, such as aryl, vinyl, benzyl or allyl 

(pseudo)halides. This suggested that the extension of scope to more challenging, 

unactivated alkyl (pseudo)halides might be problematic. This is owing to that CO2 is 

thermodynamically stable, kinetically inert and has poor solubility in commonly used 

solvents. Furthermore, it was anticipated that CO2 insertion into the unstable 

alkyl-metal species would be very challenging. Nevertheless, our group successfully 

reached this challenge by utilizing 1,10-phenanthroline ligands possessing alkyl 

substituents adjacent to the nitrogen atom (Scheme 1.23).84,85 The presence of such 

substituents probably prevented -hydride elimination while favoring the formation of 

putative alkyl−Ni(I) species prior to CO2 insertion. Notably, the judicious choice 
ligands and additives, enable to couple CO2 with unactivated alkyl bromides84 and 

alkyl chlorides85.  
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Additionally, our group has developed a series of Ni-catalyzed reductive 

carboxylations of CO2 with different electrophiles such as bromo-cyclopropanes,86 

aryl or alkyl C−O electrophiles87 as well as benzylic ammonium salts88 (Scheme 1.24). 
Particularly interesting is that our group discovered a cyclization/carboxylation of 

unactivated alkyl halides possessing an alkyne on the side-chain, resulting in 

polycyclic carboxylic skeletons.89   

1.3.1.6 Ni-Catalyzed Enantioselective Reductive Coupling Reactions of Organic 

Halides 

In 2013, Reisman and co-workers disclosed the first Ni-catalyzed 

stereoconvergent reductive cross-coupling of racemic secondary benzylic chlorides 

with acyl chlorides.90 The combination of NiCl2∙DME with a chiral bis-oxazoline 

ligand (L1.14) dimethylbenzoic acid (DMBA) and with Mn as reductant, providing 

the acyclic α, α-disubstituted ketones with high yield and high enantioselectivity (up 

to 94% ee) (Scheme 1.25). The authors found that the addition of DMBA suppressed 

homocoupling of the benzylic chlorides. Moreover, the mixed solvent system 

(DMA/THF) was found to provide the optimal balance of reactivity and selectivity. 

Not surprising, with the judicious choice of chiral ligands and additives, Reisman 

group extended the scope to the coupling of racemic benzylic chlorides with vinyl 

bromides,91 (hetero)aryl iodides92 and the coupling of -chloronitriles with 
(hetero)aryl iodides93. Preliminary mechanistic studies suggested these catalytic 

enantioselective reductive coupling reactions occurred through a radical process 

which is consistent with former mechanism studies of racemic transformations.15,28,52 

However, it’s still unclear whether the absolute stereochemistry is set during the 

oxidative addition or reductive elimination steps. Noteworthy, current catalytic 

enantioconvergent cross-electrophile reaction remains restrict to the use of activated 

alkyl electrophiles such as benzyl (pseudo)halides or -chloronitriles.94 
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Scheme 1.25 Ni-Catalyzed enantioselective reductive-coupling reactions 

1.3.2 Nickel-Catalyzed Decarboxylative Reductive Cross-Couplings  

Recently, metal-catalyzed decarboxylative cross-coupling reactions has emerged 

as a novel, efficient and practical strategy to form C−C and C-heteroatom bonds.95 

The advantage of this strategy is by the utilization of readily available, abundant, 

bench stable and non-toxic carboxylic acids as alternative to organic (pseudo) halides. 

In general, these strategies are thought to occur through metal-catalyzed 2e- process to 

form nucleophilic organometallic intermediates and extrude CO2.95 Additionally, a 

radical precursors derivatized by carboxylic acid, namely N-(acyloxy)phthalimides 

(NHPI) esters, has attracted chemists’ attention.96  

In 1991, the Okada group reported a photocatalyzed radical-type Michael 

addition of N-(acyloxy)phthalimides (NHPI) esters, (E1/2 = 1.56−1.66 V) with 

electron-deficient olefins in the presence of [Ru(bpy)3]Cl2 and a hydrogen donor 

(BNAH) (Scheme 1.26, left).97 Overman and co-workers also employed this 

photoredox strategy to build up quaternary carbon centers.98 In both cases, NHPI ester 

was served as a radical precursor to produce alkyl radical via photocatalyzed SET 

process.  

Inspired by the pioneering work from Okada and Overman, the group of Baran99 

and Weix100 have independently disclosed Csp3−Csp2 bond forming reactions through 
Ni-catalyzed decarboxylative couplings. In both cases, the NHPI esters could accept 
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an electron from low valent nickel species, thus generating an alkyl radical. In 2016, 

Baran and co-workers developed a catalytic decarboxylative arylation of arylzinc 

reagents with NIPI esters which prepared from corresponding carboxylic acids 

(Scheme 1.26, right).99  

 

Scheme 1.26 Catalytic decarboxylative coupling of NHPI esters 

Concurrent with Baran’s report, Weix and co-workers reported a Ni-catalyzed 

reductive arylation of NHPI esters with aryl iodides, using Zn as reductant (Scheme 

1.27).100 Unlike Baran’s protocol which was only effective with secondary NIHP 

esters, this reductive strategy could be expanded to methyl, primary and secondary 

alkyl NHPI esters, and even tolerate amino acid derivatives. More interestingly, the 

authors presented one decarboxylative acylation example of NHPI ester and acid 

chloride, suggesting the generality of NHPI esters in cross-coupling reactions. 

Moreover, stoichiometric experiments with oxidative addition complex C1.27 and 

NHPI ester S1.27 formed cross-coupling product 1.27f in good yield with or without 

Zn, which argues against the intermediacy of arylzinc reagents in the reaction. The 

authors proposed that the reactions proceed via a radical chain mechanism, similar to 

the coupling of alkyl halides with aryl halides. Recently the scope of this catalytic 

decarboxylative reductive coupling strategy has been extended to alkynylation 101and 

acylation102 as well as enantioselective vinylation103.    
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Scheme 1.27 Ni-catalyzed reductive arylation of NHPI esters with aryl iodides 

Very recently, our group reported a Ni-catalyzed carbon isotope exchange of 

carboxylic acids by merging decarboxylative events with carboxylation protocols with 
13CO2 or 14CO2 (Scheme 1.28).104 The novel decarboxylative/carboxylation protocol is 

characterized by its mild conditions, versatility, excellent chemoselectivity profile, 

and high isotopic incorporations (up to >99% C-labeling), thus providing an 

alternative technique for the preparation of labeled carboxylic acids. Particularly 

noteworthy was the ability to enable the targeted 12C/13C-exchange at late-stages with 

bioactive carboxylic acids, such as MCBP and pregabalin, among others, suggesting 

the potential our catalytic protocol might have in drug discovery.  

 

Scheme 1.28 13C- and 14C-labeling carboxylation with CO2 
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1.3.3 Nickel-Catalyzed Reductive Coupling of Unactivated sp3 C−O 

Electrophiles 

Phenols and alcohols are among the most accessible organic compounds and 

widely present in nature product, pharmaceutical and functional materials. In past 

decades, C–O electrophiles derivatized from phenols or alcohols has become ideal 

alternatives to organic halides in metal-catalyzed cross-coupling reactions.105 This is 

due to the greater availability of phenol or alcohol derivatives when compared to 

organic halides, in addition to avoiding the generation of stoichiometric amount of 

halogenated waste in the reactions. Scheme 1.29 summarizes the commonly 

employed C–O electrophiles such as sulfonates, phosphates, esters, carbamates and 

ethers.105  

Recently, significant progress has been made by our group106 as well as 

Chatani,107 Shi108 and others105 in the development of catalytic C−O bond cleavage. 
However, most of the transformations are based on activated aryl, benzyl and allyl 

C−O bonds cleavage. The development of effective methodology based on cleavage 
of unactivated Csp3−O bonds remains a long-term challenge. In 1986, the group of 

Barton reported the first Csp3−O bonds fragmentation of tert-alkyl 

N-hydroxypyridine-2-thionyl oxalates to generate radicals.109 Recently, the generation 

of alkyl radicals through the photoredox catalyzed Csp3−O bonds fragmentation has 

been reported by Overman110 and others111. 

 

Scheme 1.29 The development of C−O electrophiles in cross-couplings 

Inspired by Barton’s109 and Overman’s110 pioneering work on the cleavage of 

unactivated Csp3−O bonds to generate alkyl radicals, Gong and co-workers recently 

developed a dehydroxylative arylation and alkylation of tertiary alkyl oxalates 

through radical process (Scheme 1.30).112,113 The authors found that the tertiary alkyl 

oxalates which were prepared from corresponding alcohols undergo Csp3−O bond 
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fragmentation to generate tertiary alkyl radicals when treated with Zn and MgCl2 in 

the presence of Ni catalyst. The tertiary radical were further trapped by 

Michael-accepters or ArNi(II) species to form alkylation and arylation product with 

quaternary carbon centers. In principle, reduction of alkyl oxalates by Zn is 

thermodynamically unfavorable based on the reduction potentials of t-Bu methyl 

oxalate S1.30 (Ered = −1.26 V vs SCE) and Zn (Ered = − 0.76 V vs SCE). However, the 

authors discovered that the addition of MgCl2 could promote the single electron 

reduction, since the carbonyl-centered LUMO of the oxalate could be lowered by the 

coordination of Mg2+. Specifically, the combination of Ni(TMHD)2, 4-OMe-pyridine, 

Zn, with MgCl2 and LiCl as additive, provided the reductive arylation product in good 

yields with exceptionally low levels of isomerization. Preliminary mechanistic 

experiments suggested the radical formation via Csp3−O bond cleavage.  

 

Scheme 1.30 Ni-catalyzed reductive coupling of unactivated alkyl oxalates 

1.3.4 The Merger of Ni and Photoredox Dual Catalysis for Reductive 

Coupling Reactions 

The recent interest of photoredox catalysis, especially its application to organic 

transformations has had a revolutionary impact on the field of homogeneous 
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catalysis.114 Particularly, the merger of nickel/photoredox dual catalysis, has emerged 

as a versatile platform for the development of new, highly flexible synthetic 

methodologies.115 Not surprisingly, reductive coupling reactions can also be driven 

with nickel/photoredox dual catalysis and allow the use of homogenous, sacrificial 

electron donors such as amines and silanes to be employed as reductants in place the 

more commonly encountered heterogeneous reductants (e.g., Zn, Mn). 

In 2016, Macmillan and co-workers developed a cross-electrophile coupling 

between aryl halides and alkyl halides via nickel/photoredox dual catalysis.116 The 

merger of photocatalyst PC1 and NiCl2(dtbppy), in the presence of 

tris(trimethysilyl)silane (TTMS) under light irritation, afforded sp3-sp2 coupling 

products in high yield and excellent chemoselectivity. This protocol was found to be 

applicable to a range of structurally diverse aryl and alkyl bromides, and notably 

exhibited high efficiency for both sterically encumbered tertiary alkyl bromides and 

medicinally relevant heteroaryl bromides. 

 

Scheme 1.31 Nickel/photoredox dual catalysis for reductive coupling of alkyl halides 

with aryl halides 

A proposed mechanism is shown in Scheme 1.32, Ni(0) undergoes oxidative 

addition with aryl bromide to form Ar−Ni(II)–Br intermediate II. At the same time, 
bromide (Ered = 0.80 V vs SCE in DME) can be oxidized by the excited state of the 

photocatalyst *Ir[dF(CF3)ppy]2(dtbbpy)+ [Ered (*IrIII/IrII) = 1.21 V vs SCE in CH3CN] 
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to produce bromine radical. Subsequent hydrogen-atom-transfer (HAT) between 

bromine radical and tris(trimethylsilyl)silane (TTMS) would generate a stable silyl 

radical III,117 which can conduct selective bromine atom abstraction from the alkyl 

bromide to deliver alkyl radical IV. The alkyl radical combine with Ar−Ni(II)−Br to 

generate the Ar−Ni(III)−Alkyl intermediate V, following reductive elimination to 
provide sp3-sp2 coupling product and Ni(I) species. Finally, single-electron reduction 

by IrII species [Ered(IrIII/IrII) = −1.37 V vs SCE in CH3CN] to form Ni(0) while 

simultaneously regenerating the ground-state photocatalyst PC1, closing both 

catalytic cycles. 

 

Scheme 1.32 Mechanistic proposal for silyl-mediated cross-electrophiles coupling 

 

Scheme 1.33 Et3N as the terminal reductant in nickel and photoredox catalyzed 

reductive couplings 

Concurrently, the group of Lei developed a nickel/photoredox dual catalyzed 

reductive cross-coupling of alkyl bromides with aryl bromides, without stoichiometric 

metal Mn or Zn as the reductant. In this single-electron-transfer (SET) process, Et3N 

acts as the terminal reductant.118  

Additionally, the scope of these strategies was extended to other organic 

halides119 and pseudohalides,120 even for the sp3-sp3 bonds formation.121 Despite 

significant advances in nickel/photoredox dual catalyzed cross-electrophile coupling, 
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detailed mechanistic understanding remains elusive. The photocatalytic cycle is 

relatively well understood from previous photophysical studies, but the substrate 

cycle mediated by Ni remains unclear. In addition, catalytic enantioconvergent 

cross-electrophile coupling remains challenging. 
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1.4 General Aim of This Thesis 

The last decade has witnessed the dramatic development of Ni-catalyzed 

cross-electrophile coupling reactions for the formation of C−C bonds in a highly 

chemo- and regio-selectivity manner. Despite the elegant advances realized, the 

selective construction of Csp3−Csp3 bonds of alkyl halides remains challenging due to 

the similar reactivity of alkyl halides with nickel and instability of alkyl−Ni species. 
Moreover, the difficulty in the preparation of the corresponding alkyl halides in a 

chemo- and regioselective fashion and inherent toxicity of halide waste still constitute 

important drawbacks when designing cross-coupling reactions. Driven by the interest 

of our group on the development of Ni-catalyzed site-selective reductive coupling 

reactions, this thesis is aimed at developing new Csp3−Csp3 bonds forming reactions in 

a highly chemo- and site-selectivity fashion. To such end, the following objectives 

will be taken into consideration: 

 

★ To develop a site-selective Ni-catalyzed reductive alkylation of unactivated olefin 

with -haloboronate, thus allowing incorporate the alkylboron fragments into 
olefin feedstocks.   

 

★ To expand the scope the Ni-catalyzed reductive alkylation strategy to the 

utilization of alkyl amine-derivatives as alky electrophiles. 

 

★ To unlock a multicomponent reductive coupling for the construction of two new 

Csp3−Csp3 bonds in chemo- and regio-selectivity fashion via nickel/photoredox 

dual catalysis.  
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2.1 General Introduction 

Transition-metal-catalyzed cross-coupling reactions of electrophiles with 

organometallic reagents to forge C–C bond has emerged as an important 

transformation strategy in organic synthetic chemistry over past decades.1 However, 

the efficient protocols for the construction of Csp3 centers under mild conditions 

remains challenging.2 Despite great advances realized in recent years, the require of 

stoichiometric organometallic reagents has led to several limitations for their wide 

applications. Therefore, chemists have undertaken efforts to explore alternative stable 

and easily accessible coupling partners for the construction of sp3 C−C bond.  

Olefins are among the most abundant organic compounds, available in bulk 

quantities from petrochemical feedstocks and renewable resources.3 They are also 

widely present as functional groups in natural products and pharmaceuticals. Beyond 

their abundance, the unique chemical reactivity of olefins has attracted chemists’ 

attention, which can be seen with the multitude of reactions that implement the olefin 

motif synthons to achieve a series of chemical transformations.4 of these reactions, 

transition-metals have demonstrated an exceptional ability to activate the olefin 

double bonds leading to highly elegant and useful reactions. Famous examples 

include the Wacker process,5 asymmetric hydroborylation,5 Heck reaction,7 olefin 

metathesis,4e, 8 olefin hydroformylation9 and C−H olefination4a,4b,10 that have been 

extensively used in the preparation of complex organic molecules both in academic 

and industrial settings (Scheme 2.1). These reactions have established olefins to 

present a central role in modern synthetic organic chemistry as well as the fine 

chemical industry.11 Driven by these advantages, the development of new 

methodology for catalytic sp3 C−C bond formation by using olefins feedstocks as 
starting materials are of great commercial interest.  

 

 

 

 



  Site-Selective Ni-Catalyzed Reductive 
Coupling of -Haloboranes with Unactivated Olefins 

66 
 

 

 

Scheme 2.1 Metal-catalyzed functionalization of olefin feedstocks 

2.2 Ni-Catalyzed Reductive Coupling of Olefins 

Over the past decades, transition-metal-catalyzed hydrofunctionalization of 

olefins has been extensively developed as an efficient and prevailing method to 

convert abundant alkene feedstocks to high-value chemicals.12 The concepts behind 

these processes are that alkenes are reduced in-situ to form olefin-derived 

nucleophiles, which provide an alternative to the use of stoichiometric organometallic 

reagents in cross-coupling reactions13 or metal-hydride species to transfer hydrogen 

atoms (H•) to alkenes which form alkyl radicals14. Specifically, Fe−H,15 Co−H16 and 

Cu−H17 based catalysts have become powerful tools for hydrofunctionalization 

chemistry. In contrast, Ni-catalyzed hydrofunctionalization of olefins is rarely 

reported, and only very recently been realized.18  

2.2.1 Ni-Catalyzed anti-Markovnikov Hydrofunctionalization of Olefins 
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In 2016, Liu, Fu and co-workers pioneeringly reported a catalytic reductive 

hydrocarbonation of unactivated olefins with alkyl or aryl electrophiles in an 

anti-Markovnikov fashion (Scheme 2.2).19 The combination of NiBr2∙diglyme and 

bipyridine ligand (L2.1) catalysis, with diethoxymethylsilane (DEMS) as the hydride 

source, avoided the use of any organometallic reagent, and yielded anti-Markovnikov 

selectivity products in high chemo- and regio-selectivity, thus unlocking a new 

catalytic platform to forge Csp2–Csp3 and Csp3–Csp3 linkages. This protocol shown a 

broad substrate scope and high functional group tolerance, and were even able to 

demonstrate the utility of their reaction in the context of ethylene valorization or 

late-stage functionalization. In order to gain more insights into the reaction 

mechanism, the authors carried out radical clock experiments. Ring-opened product 

was obtained by using the substrate which contains a cyclopropyl ring (s2.2a). While 

a mixture of linear product and ring-closed product was obtained in a 3:1 ratio when 

using (Z)-8-iodooct-3-ene (s2.2c) as substrate. These results suggested that the 

reaction occurs through a radical process. Nonetheless, details for the mechanism of 

this reductive hydrocarbonation are not clear at present.  

 

Scheme 2.2 Ni-catalyzed hydroalkylation/arylation of olefins with organic halides 
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Aiming to expand the catalytic reductive hydrocarbonation portfolio beyond the 

utilization of organic halides, the same group developed a Ni-catalyzed reductive 

decarboxylative hydroalkylation of olefin feedstocks with N-(acyloxy)phthalimides 

(NHPI) esters, which were derivatized from the corresponding carboxylic acids 

(Scheme 2.3).20 In this case, polymethylhydrosiloxane (PMHS) was used as hydride 

source. An interesting finding was the use of Mg(OAc)2∙(4H2O) as a base, 

demonstrating that this reaction was insensitive to moisture. However, it was unclear 

whether the magnesium ion plays a unique role in the reaction. 

 

Scheme 2.3 Ni-catalyzed decarboxylative hydroalkylation of olefin feedstocks 

Inspired by Liu’s work, the group of Lalic reported a Ni-catalyzed 

anti-Markovnikov hydroarylation of olefin feedstocks (Scheme 2.4).21 In this case, the 

utilization of NiBr2∙DME as precatalyst, in the absence of ligands and using 

polymethylhydrosiloxane (PMHS) as hydride source, provided the linear arylation 

product in high regioselectivity. Linear selectivity was obtained with a wide range of 

olefins, including styrenes, enol ethers as well as unactivated olefins. Interestingly, 

1,3-diene could be used in this protocol, providing the hydroarylation product in good 

yield and regio-selectivity. Preliminary mechanistic experiments suggested that this 

reductive anti-Markovnikov hydroarylation protocol involved hydrometallation of the 

olefin, followed by coupling of the alkyl nickel intermediate with an aryl halide.  
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Scheme 2.4 Ni-catalyzed anti-Markovnikov hydroarylation of olefin feedstocks with 

aryl halides 

2.2.2 Ni-Catalyzed Markovnikov-Selective Hydrofunctionalization of Olefins 

Driven by the advances of high chemo- and regio-selectivity, metal hydride 

hydrogen atom transfer (MH HAT) reactions with olefins for the construction of C−C 

bonds have raised chemist interests.14,22 In 2016, the group of Shenvi reported the first 

Markovnikov-selective hydroarylation of unactivated terminal olefins and aryl iodides 

that relies on the union of Co−H HAT and nickel dual catalysis (Scheme 2.5).23 In this 
case, Co(SaltBu,tBu) was the only effective MH HAT catalyst and required 

1-fluoro-2,4,6-trimethylpyridinium tetrafluoroborate (NFTBP) as an oxidant for the 

Co(II)/Co(III) cycle. Moreover, Ph(iPrO)SiH2 was required for hydrogen atom 

transfer (HAT) catalysis and reduction of Ni(II) species. This protocol presented a 

wide range of substrate scope with highly chemo- and regio-selectivity. Unfortunately, 

it is only effective with terminal olefins, however, 1,1-di-substituted olefins and 

internal olefins were unreactive under their reaction conditions. Mechanistic studies 

suggested that the reaction proceeds via direct transmetalation between Co−alkyl and 

Ar−Ni(III)−X.24 The Co(II)(SaltBu, tBu) precatalyst is oxidized to Co(III) by NFTBP, 

and the catalytically active Co(III)–H is then generated via reaction with 

Ph(iPrO)SiH2. HAT then occurs between the alkene and Co(III)–H leading to the 

formation of a caged carbon-radical/Co(II) pair. This caged radical pair collapses to 

form a metastable organocobalt complex IV. Then transmetalation of organocobalt 
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complex with Ar−Ni(III)−I species, to form Ar−Ni(III)−Alkyl intermediate VII. 

Followed by reductive elimination of Ar−Ni(III)−Alkyl complex to provide branched 

arylation product and Ni(I) species. Finally, the resulting Co(III) can react with the 

hydrosilane reagent to regenerate Co(III)–H and turn over the cobalt cycle. 

 

Scheme 2.5 Ni/Co dual catalyzed hydroarylation of terminal olefins with aryl iodides 

All-carbon quaternary centers are a key structure element that are widely present 

in natural products and pharmaceuticals.25 However, the construction of such 

quaternary carbon centers remains a challenge in current cross-coupling methods due 

to the steric repulsion from hindered substituents.26 Recently, Shenvi and co-workers 

have successfully overcome this challenge by combining nickel catalysis with iron 

mediated HAT. They reported a catalytic branch-selective hydroarylation of 

1,1-di-substituted or trisubstituted olefins and aryl iodides, thus forming sp3−sp2 
bonds with quaternary carbon centers (Scheme 2.6).27 Both cyclic and linear olefins 

could be coupled with equal efficiency and high regioselectivity, even in the context 

of late-stage functionalization. Unsaturated heterocycles could be coupled with a 

range of (hetero)aryl iodides and bromides. Moreover, vinyl bromides could replace 

haloarene to form styrene derivatives in the reaction. It is worth noting that the ring 
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opening product was obtained when using -pinene (s2.6) as substrate, suggesting a 

carbon-centered radical was formed via Fe−H HAT. 

 

Scheme 2.6 Ni/Fe dual-catalyzed hydroarylation of 1,1-di-substituted or trisubstituted 

olefins   

Very recently, the same group documented a catalytic Markovnikov-selective 

hydroalkylation of unactivated olefins and alkyl iodides through Ni and Mn dual 

catalysis, thus building up sp3−sp3 bonds with quaternary carbon centers (Scheme 

2.7).28 In contrast with the anti-Markovnikov-selective hydroalkylation via Ni−H 

system reported by the Liu and Fu group,19 the combination of Mn−H mediated HAT 

catalysis and nickel catalysis were the key to achieve high regioselectivity. Not 

surprisingly, this protocol displayed high functional group tolerance regarding both 

alkyl iodides and olefins coupling partners. Notably, both branched and linear 

mixtures were obtained with terminal olefins. This is probably due to a background 

Ni-only mediated pathway,19 or a competitive hydrometalation pathway mediated by 

low valent Mn.29 In addition, α-branched and secondary alkyl iodides were found to 

proceed in low yield under the reaction conditions. 
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Scheme 2.7 Catalytic hydroalkylation of olefins to form quaternary carbon center  

2.3 Remote sp3 C–H Functionalization via Ni-Catalyzed 

Chain-Walking 

During the last decades, transition metal-catalyzed C–H functionalization has 

gained significant momentum at the scientific community for forging C–C and C–

heteroatom bonds.30 While sp2 C–H functionalization has evolved into a mature tool 

for advanced organic synthesis, extensions to sp3 C–H bond linkages has shown to be 

not as straightforward as one might initially anticipate.31 This is likely due to the 

observation that sp3 C–H bonds are considerably less acidic than sp2 C–H linkages, 

and that these motifs lack proximal empty low-energy or filled high-energy orbitals 

that interact with the d orbitals of the transition metal. In addition, site-selectivity 

principles come into play due to the presence of multiple, yet similar, sp3 C–H bonds 

in regular alkyl side-chains.32 Chemists have navigated this challenge via directing 

group protocols or carbene-mediated reactions.31 However, the introduction and 

detachment of directing groups might not be particularly trivial, whereas the need for 

carbene precursors might hamper the implementation of other C–C bond-forming 

events, respectively. sp3 C–H bond-cleavage can also be triggered via open-shell 

species or enzyme-mediated processes.31 However, the former protocols are dictated 

by bond-dissociation energies whereas subtle changes in both the enzyme and on the 
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substrate might hamper reactivity and site-selectivity in the latter. Despite the 

advances realized, the site-selective C–C bond-formation at stronger, unactivated 

primary sp3 C–H bonds is still particularly problematic. While originally designed for 

controlling polymer topology, the recent years have witnessed renewed interest in 

olefin isomerization as a vehicle for enabling bond-construction at remote, yet 

unfunctionalized, primary sp3 C–H sites.33 In a formal sense, this process – oftentimes 

coined as “chain-walking” – operates via dynamic displacement of the catalyst 

throughout the alkyl chain. Although significant progress has been made with Zr, Ru, 

Rh, Co or Pd complexes,33 the versatility and flexibility in synthetic design offered by 

Ni catalysts have only been recognized recently in “chain-walking”.34 From a 

mechanistic standpoint, these techniques operate via alkyl-Ni species obtained by (a) 

iterative migratory insertion/-hydride elimination events or (b) [1,3]-hydride 

migration (Scheme 2.8, top).33 

 

Scheme 2.8 Ni-catalyzed chain-walking reactions 

In these transformations, “chain-walking” leads to the formal translocation 

of a double-bond (or alkyl-Ni intermediate) in a selective manner to the terminal 

position of the alkyl side-chain, presumably due to steric effects during the 

functionalization reaction (Scheme 2.8, bottom, path a), or to a 

resonance-stabilized position such as adjacent to an aromatic or a carbonyl group 

(Scheme 2.8, bottom, path b). In a formal sense, these observations stand as a 

testament that the “chain-walking” motion might a priori be controlled by either 
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subtle modification of the catalyst or the nature of the functional groups within 

the alkyl side-chain.33,34 

2.3.1 Ni-Catalyzed Remote Arylation and Alkenylation of Olefins or 

Alkyl Halides 

In 2013, Ong and co-workers reported a Ni-catalyzed site-selective 

hydroarylation of allylbenzenes (Scheme 2.9).35 This platform presents that 

Ni(COD)2 and N-heterocyclic carbene (NHC) ligand (L2.2, IMes) system was 

essential to provide remote sp3 C−H arylation products. Although no mechanistic 

studies were conducted, the authors proposed a pathway consisting of 

[1,3]-hydride migration. In this case, a range of heteroarenes bearing acidic C−H 

bonds could be coupled with activated -olefins to form 1,1-diarylalkanes. 
Interestingly, replacement of L2.2 to L2.3, and addition of AlMe3 in the reaction, 

provided linear-selectivity product.  

 

Scheme 2.9 Ni-catalyzed hydroarylation of allylbenzenes 

In 2014, the group of Hartwig reported a related transformation with 

trifluoromethylarenes and internal olefins, resulting in C–C bond-formation at 

the terminal, primary sp3 C–H site (Scheme 2.10).36 Similar with Ong’s protocol, 

the system was based on Ni(COD)2 and NHC ligand, and arenes possessing low 

pKa values were critical for success. The high selectivity for the primary sp3 C−H 

position was attributed to the steric hindrance imposed by the bulk NHC ligand. 

Notably, reaction without NHC ligand led to mixture of olefins, thus suggesting 

that forging C−C bonds via chain-walking was due to the intermediacy of a 
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Ni(iPr-NHC)2 species. The authors proposed that the reaction went through a 

[1,2]-hydride migration pathway. 

 

Scheme 2.10 Ni-catalyzed remote hydroarylation of unactivated olefins  

Prompted by these findings, Zhu and co-workers developed a reductive 

hydroarylation of olefins and (hetero)aryl iodides with C–C bond-formation 

occurring at remote, benzylic sp3 C–H sites, using polymethylhydrosiloxane 

(PMHS) as hydride source (Scheme 2.11).37 As for other Ni-catalyzed 

cross-coupling reactions via discrete alkyl nickel species, it was found that 

2,2’-bipyridine ligands (L2.4) possessing substituents adjacent to the nitrogen 

motif were critical to achieve high selectivity and yield. The protocol presents an 

effective means to access 1,1-diarylalkanes in high chemo- and site-selectivity. 

While no mechanistic studies were performed, the authors favoured a mechanism 

consisting of an initial olefin migration via nickel hydrides followed by oxidative 

addition of (hetero)aryl iodides to in-situ generate a benzyl nickel species V. 

Whether “chain-walking” occurs via Ni(II)Ln or Ni(I)Ln species still remains 

speculative. 
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Scheme 2.11 Ni-catalyzed benzylic C−H arylation of olefins with aryl iodides 

Inspired by “chain-walking” protocols of alkyl halides developed by our 

group;38 Zhu extended the generality of their Ni-catalyzed reductive arylation of 

alkyl bromides with aryl bromides at remote benzylic C–H sites by using Mn as 

reductant (Scheme 2.12).39 In analogy with a recent reductive hydroamidation of 

alkynes, the authors found that 1-bromopropane (n-PrBr) could be used as a 

masked hydride source via -hydride elimination.40 Notably, olefins could also 
be employed under Ni/L2.4 and Mn system, with n-PrBr as hydride source, 

providing benzylic C−H arylation product in good yield.  
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Scheme 2.12 Ni-catalyzed reductive arylation at remote benzylic sp3 C−H site  

Recently, the group of Yin reported a similar remote reductive arylation of 

alkyl bromides with aryl bromides by using NiI2/bathocuproine (L2.5) catalysis 

with Zn as reductant (Scheme 2.13).41 Surprisingly, the addition of an external 

hydride source was not necessary; however, in this case an ammonium halide 

(n-BuN4Br) was required to increase product yields. In analogy with related 

Ni-catalyzed cross-electrophile coupling reactions,42 the authors suggested a 

pathway consisting of an initial oxidative addition of the aryl bromide to 

Ni(0)(L2.5) followed by recombination with in-situ generated alkyl radical 

species. “Chain-walking” was proposed to occur via [1,2]-hydride migrations 

from Aryl−Ni(III)−Alkyl species followed by final C–C bond-formation at the 

benzylic sp3 site. This hypothesis tacitly suggests that -hydride elimination 

should occur at a significantly faster rate than C–C bond reductive elimination, a 

rather provocative observation if one takes into consideration the known reported 

data on Ni-catalyzed cross-coupling reactions. Shortly after, the same group also 

described an alternative nickel/photoredox dual catalysis strategy for remote 

reductive arylation of alkyl bromides and aryl bromides (Scheme 2.13).43 This 

result is particularly noteworthy, as stoichiometric amounts of Zn or Mn could be 

replaced by diisopropyl amine as terminal reductant;44 although a bonus from a 
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synthetic standpoint, it is worth mentioning that these reactions require a 

photoreactor to operate. 

 

Scheme 2.13 Ni-catalyzed benzylic arylation of alkyl bromides with aryl 

bromides 

Aiming at extending the scope of these “chain-walking” strategies to other 

remote sp3 C−H site rather than benzylic position, Zhu and co-workers developed a 
hydroarylation of boron-containing olefins via Ni-catalyzed chain-walking, thus 

enabling to access arylation at the adjacent carbon atom of alkyl boronates (Scheme 

2.14, left).45 This platform provided an effective manner to access densely 

functionalized benzylic boronates in high chemo- and regio-selectivity. Particularly 

interesting, moderate enantioselectivity (62% ee) was obtained by replacement of 

ligand (L2.4) to chiral Cy-Biox ligand. Concurrently, the group of Hu reported a 

similar transformation of alkenyl boronates with aryl halides by using 

NiBr2diglyme/L2.6 catalysis with (EtO)2MeSiH (DEMS) as hydride source (Scheme 

2.14, right).46 Noteworthy, alkyl halides could also be equally employed in this 

protocol, providing a wide range of secondary alkyl boron derivatives.  

 

Scheme 2.14 Ni-catalyzed hydroarylation of boron-containing olefins 
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Inspired by a series of related Ni-catalyzed remote functionalization 

techniques with a different set of electrophilic partners, Feng and co-workers 

recently extended the scope of these protocols to remote benzylic 

fluoro-alkenylation of alkyl bromides with gem-difluoroalkenes (Scheme 2.15).47 

In this case, the authors proposed a “chain-walking” based on Ni(I) intermediates 

followed by insertion into the difluoroolefin backbone and β-fluoride elimination 

to give rise to the targeted product. This assumption is certainly intriguing, 

particularly if one takes into account that “chain-walking” reactions have been 

proposed to operate via Ni(II) cationic species instead.  

 

Scheme 2.15 Ni-catalyzed benzylic alkenylation with difluoroalkenes 

2.3.2 Csp3−Csp3 Bonds Formation via Ni-Catalyzed Remote sp3 C–H 

Alkylation of Olefins 

Although metal-catalyzed cross-coupling reactions of organometallics and 

organic (pseudo)halides has emerged as a tremendously powerful synthetic tool  

for the construction of sp3 C–C bonds, the need for prefunctionalized and 

stoichiometric C–metal bonds might hamper the application profile of these 

procedures, thus reinforcing a change in strategy.1,2 Driven by this observation, 

chemists have been challenged to come up with alternate partners with improved 

flexibility, practicality and generality. Among these, the catalytic addition of a 

hydrogen atom across an unsaturated bond has received considerable attention as 

a powerful alternative to classical C–C bond-formations based on stoichiometric 

organometallic reagents or organic halides, as it generates a latent nucl eophile 

that can further be elaborated in the presence of a suitable functional group. 13 In 

line with this notion, Zhu and co-workers reported a catalytic remote sp3 C–H 

alkylation of alkyl iodides with internal alkenes via Ni-catalyzed reductive 

“chain-walking” and sequential alkylation relay process via Ni -hydride 

intermediate species (Scheme 2.16).48 Unlike the previous olefin hydroarylation 
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event,37,39 the utilization of a PyrOx-type ligand (L2.7) resulted in the C–C 

bond-formation at an unactivated primary sp3 C–H site. These results suggested 

the intermediacy of alkyl-Ni complexes that undergo a rapid iterative series of 

-hydride elimination/migratory insertions with a formal translocation of the  

nickel complex at a terminal, yet unactivated, sp3 C–H site33,34 (Scheme 2.16, 

right bottom). Although the olefin isomerization tracing and deuterium 

incorporation experiments proved the chain-walking process, the selectivity of 

terminal primary sp3 C–H sites remains unclear. In addition, there exists a 

reasonable ambiguity on whether “chain-walking” occurs via Ni(I) – as proposed 

by the authors – or Ni(II) intermediates, thus suggesting that further investigation 

will be needed to unravel the intricacies of this or related processes.  

 

Scheme 2.16 Ni-catalyzed remote hydroalkylation of internal olefins  

Inspired by our recent work on catalytic hydroalkylation of 3-pyrrolines,49 Hu 

and co-workers reported a Ni-catalyzed site-selective hydroalkylation of pyrrolines 

and alkyl halides (Scheme 2.17).50 This protocol presented a regiodivergent 

hydroalkylation that could be tuned via ligand control, yielding both C2 and C3 

selectivity alkylated pyrrolidines. The authors proposed that the regioselectivity might 

be attributed to the relative stability of alkyl-Ni intermediate Int-A and Int-B, 

whereas Int-B can be stabilized by the nitrogen of pyrrolidines, so that C2 alkylation 

is predominant under most cases. However, a ligand such as L2.8 might reverse the 
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relative stability of Int-A and Int-B, adding to C3 alkylation. Furthermore, it might 

kinetically stabilize Int-A by having a high barrier for -hydride elimination as well. 

 

Scheme 2.17 Ni-catalyzed regiodivergent hydroalkylation of pyrrolines 

The available portfolio on “chain-walking” reactions suggested that the 

installation of chiral sp3–carbon centers should by no means be an impossible. 

Challenged by this observation, Fu51 and Zhu52 independently described a 

Ni-catalyzed enantioconvergent coupling of racemic secondary or tertiary 

-bromo amides with olefin partners in which C–C bond-formation occurred at 

remote sp3 C–H sites, thus giving rise to the targeted products in good yields and 

high enantioselectivities by using bisoxazolines (L2.10) or PyrOx-type (L2.11) 

ligands (Scheme 2.18). Very recently, the scope of these Ni-catalyzed 

enantioconvergent hydroalkylation strategies been extended to -phosphorus, 

-sulfur alkyl bromides53 and -ester alkyl bromides54. While undoubtedly an 

enormous step-forward in the field, it is worth noting that these technologies 

remain restricted to the utilization of activated organic halides (e.g,  -bromo 

amides, -phosphorus, -esters), leaving ample room for future asymmetric 

transformations, particularly when utilizing unactivated electrophilic partners.  
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Scheme 2.18 Enantioconvergent Ni-catalyzed hydroalkylation of olefins with 

racemic -bromo amides 

2.3.3 Ni-Catalyzed Remote sp3 C–H Acylation of Olefins or Alkyl 

Halides 

Inspired by reductive ipso-acylation of carboxylic acids with alkyl halides 

developed by Gong’s group,55 Zhu, Wang and co-workers recently described a remote 

benzylic C−H acylation by the use of the latter as electrophilic partners in the context 

of “chain-walking” reactions with either alkyl halides or alkene counterparts (Scheme 

2.19).56 In this case, MgCl2 and Boc2O were required to activate the carboxylic acid 

by forming an acid anhydride that precedes C–C bond-formation. The authors 

proposed a similar mechanistic rationale to that shown in previous “chain-walking” 

reactions via olefin migration triggered by nickel hydrides followed by C–C 

bond-formation with in-situ generated Boc-anhydride as the carbonyl source. 

 

Scheme 2.19 Ni-catalyzed benzylic acylation of alkyl halides and unactivated olefins  
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2.3.4 Ni-Catalyzed Remote sp3 C–H Carboxylation of Alkyl Halides 

and Alkenes 

Ni-catalyzed reductive carboxylations have recently gained momentum as 

powerful alternatives to existing methods for accessing carboxylic acids,57 privileged 

motifs in a wide variety of compounds that display important biological activities.58 

Despite the significant advances realized, the available carboxylation portfolio 

contributed to the perception that prefunctionalization was required for the reaction to 

occur. Challenged by this notion, our group reported a catalytic site-selective 

reductive carboxylation of alkyl bromides at remote sp3 C–H sites via Ni-catalyzed 

“chain-walking” strategies (Scheme 2.20).38 

 

Scheme 2.20 Ni-catalyzed site-selective reductive carboxylation of alkyl bromides 

with CO2 

In line with our knowledge on reductive cross-couplings, bipyridine or 

phenanthroline ligands with substituents adjacent to the nitrogen atom were crucial 

for the reaction to occur, an observation that has rapidly been embraced in other C–C 

bond-formations. A plethora of alkyl (pseudo)halides with sensitive functional groups 
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were converted to carboxylic acids, constituting a bonus when compared to 

conventional carboxylations based on stoichiometric and highly reactive 

organometallics. Noteworthy, remote carboxylation occurred with the preservation of 

the chiral integrity of carbon centers, suggesting that the reactions proceeds via a 

non-dissociative mechanism in which the Ni-catalyst remains bound to the substrate 

to achieve the isomerization and functionalization at the same molecule. Importantly, 

site-selectivity could be controlled and switched by a subtle control of the temperature, 

enabling C–C bond-formation at different sp3 sites (Scheme 2.20, middle) while 

challenging the perception that multidirectional “chain-walking” motions could not be 

implemented. As expected, regioconvergent strategies could be within reach by 

converting abundant alkanes or mixtures of alkenes into single carboxylic acids 

(Scheme 2.20, bottom). In addition, related protocols could be implemented by 

converting carboxylic acids into their corresponding isotope-labelling analogues by 

using either 13CO2 or 14CO2. 

 

Scheme 2.21 Site-selective carboxylation of alkyl halides via nickel and photoredox 

dual catalysis 

While the aforementioned method utilized metal reductant (Mn), which 

hamper this process to be implemented in industrial endeavours, in 2019, König , 

Martin and co-workers designed a protocol for site-selective, remote sp3 C–H 

carboxylation of alkyl bromides by merging nickel and photoredox dual catalysis 

based on a mechanistic rationale of cooperative catalysis, where Hantzsch ester 

(HEH) is used as organic reductant under Blue-LED irradiation with 4-CzIPN as 

photocatalyst (Scheme 2.21).59  
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Scheme 2.22 Site-selective Ni-catalyzed hydrocarboxylation of olefins with H2O 

as hydride source 

Following our interest in catalytic remote carboxylation techniques, our group 

developed a site-selective remote hydrocarboxylation of olefins by using water as 

hydride source with a protocol based on Ni/L3.5 system (Scheme 2.22).60 This result 

is particularly noteworthy, as it represents an opportunity to repurpose three abundant 

feedstocks (water, CO2 and olefins). Another important advantage of this protocol is 

the use of water as hydride source, rather than silanes or organometallic reagents that 

are often used to generate the propagating Ni−H species. As expected, 
regioconvergency from unrefined mixtures of olefins was portrayed for site-selective 

carboxylation at a single, remote sp3 C–H site. In this context, preliminary 

mechanistic experiments did not only confirm water as hydride source, but also 

revealed a non-negligible role of the substituents proximal to the nitrogen donor, an 

aspect worth considering for future mechanistic studies that unravel the intricacies 

exerted by the ligand backbone. 

2.3.5 Ni-Catalyzed Remote C-Heteroatom Bonds Formation 

Remote sp3 C−H functionalization of olefins and alkyl halides via 

Ni-catalyzed “chain-walking” strategies are not only limited to the construction 

of C−C bonds, but access to C−heteroatom bonds has also been reported. 

Catalytic hydrosilylation of olefins constitutes one of the most widely 

applied methods in the silicones industry for preparing monomers containing C–

Si linkages and cross-linking polymers.61 In 2015, Hu and co-workers developed 

a chemo- and regio-selective hydrosilylation of both terminal olefins and internal 

olefins.62 In this case, pincer-type Nickamine complexes (L2.14)NiX (X = Cl, 

OMe) do not only promote the anti-Markovnikov hydrosilylation of terminal 

olefins with diarylsilanes, but also silylation of internal olefins at remote primary  

sp3 C–H sites via “chain-walking” strategies (Scheme 2.23, right). Although the 

use of trialkoxysilanes might furnish industrially-relevant silicones, this process 
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remained particularly problematic. To such end, Hu developed a simple, stable 

and recyclable Ni-based nanocatalyst Ni(OtBu)2
.xKCl that turned out to 

outperform previous Ni-based methods and particularly applicable to the 

coupling of -olefins and internal alkenes, the latter via “chain-walking” at 

remote sp3 sites.63 As expected, this heterogeneous protocol could be applied in 

regioconvergent techniques with unrefined mixture of olefins to deliver linear 

silicones in high site-selectivity. Later, Chirik and co-workers described the use 

of Ni-catalysts bearing redox-active -diimine ligands for alkene hydrosilylation 

(Scheme 2.23, left).64 Preliminary mechanistic studies suggested that this 

hydrosilylation protocol involved a Ni(II) intermediate with one electron 

reducing -diimines.  

 

Scheme 2.23 Ni-catalyzed remote hydrosilylation of olefins 

The ubiquity of (hetero)aryl amines in a myriad of pharmaceuticals or 

agrochemicals has prompted chemists to develop de novo catalytic techniques for 

forging sp2 and sp3 C–N bonds by using chemical feedstocks as precursors.65 To 

such end, Zhu recently described a Ni-catalyzed reductive amination of olefins 

with nitroarenes at remote benzylic sp3 C–H sites operating via alkene 

isomerization followed by relay hydroamination (Scheme 2.24),66 thus 

complementing existing methods for preparing sp3 C–N linkages. Interestingly, 

they also demonstrated that sp3 C–N bond-formation took place at the -position 
of esters, thus resulting in an intriguing route for preparing N-aryl amino acids. 

Undoubtedly, the synthetic potential of this protocol will encourage the 

development of alternative methods with improved atom economy or cheaper 

reductants to be employed in late-stage functionalization. 
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Scheme 2.24 Ni-catalyzed reductive hydroamination of olefins with ArNO2 

Very recently, Zhu and co-workers also described the merger of olefin 

isomerization via “chain-walking” with a subsequent sp3 C–S bond-formation at 

either remote benzylic sites or adjacent to ether motifs (Scheme 2.25).67 In sharp 

contrast to previous reductive remote hydrofunctionalization of olefins, this reaction 

does not require sophisticated electrophilic reagents, but rather simple and 

commercially available alkyl or aryl thiols. The utilization of phenanthroline ligands 

possessing groups adjacent to the nitrogen motif – a common feature found in 

Ni-catalyzed “chain-walking” reactions and reductive couplings – and pinacolborane 

as hydride source were found to be critical for success. A subtle modification of the 

reaction conditions resulted in a site-selectivity switch, favoring the 

anti-Markovnikov hydrothiolation of terminal alkenes. Preliminary studies revealed 

the formation of RS−BPin species that act as the corresponding pronucleophile, 
whereas the nature of the solvent had a non-negligible impact on the formation of the 

propagating nickel hydride species. 

 

Scheme 2.25 Ni-catalyzed remote hydrothiolation of olefins  
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2.4 General Aim of the Project 

The versatility of organoboranes as synthons in organic synthesis makes the 

hydroboration of alkenes one of the most fundamental reactions in organic 

synthesis.68 Although the use of -olefins has become routine, site-selectivity issues 
come into play with unactivated internal olefins lacking directing groups in the 

vicinity (Scheme 2.26, top).69 

At the current level of development, the catalytic regioselective incorporation of 

an alkylboron fragment into unactivated olefins still constitutes an uncharted territory 

within the hydrofunctionalization arena.70 Aiming at extending the scope of 

Ni-catalyzed hydrofunctionalization of olefins, we wonder whether we could enable a 

site-selective catalytic reductive coupling of α-haloboranes with olefin feedstocks 

(Scheme 2.26, bottom).71 If successful, this platform would constitute an excellent 

alternative to existing techniques for the preparation of organoborane building blocks 

using simple olefins as raw materials.  

 

Scheme 2.26 Catalytic site-selective reductive coupling of -haloboranes with 

unactivated olefins 
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2.5 Ni-Catalyzed Reductive Alkylation of α-Haloboranes 

with Unactivated Olefins 

2.5.1 Ni-Catalyzed Reductive Alkylation of α-Haloboranes with 

-Olefins 

2.5.1.1 Optimization of the Reaction Conditions 

Aiming to developed a site-selective hydroalkylation of olefin feedstocks, we 

decided to optimize the reaction conditions of terminal and internal olefins 

independently. The feasibility of the hydroalkylation of -haloboranes with 

unactivated terminal olefins was initially investigated using 2-(1-chloroheptyl)-4,4,5,5 

-tetramethyl-1,3,2-dioxaborolane (2.5.1a) and phenyl-1-butene (2.5.2a) as model 

substrate. The choice of the model catalytic system was based on the previous studies 

carried out in our group on reductive coupling of unsaturated compounds as well as 

other relative hydrofunctionalization reports.33,34,72 During the screening of the 

optimized reaction conditions, alkyl borane (2.5.4), alkenyl borane (2.5.5), and alkyl 

diboranes (2.5.6) were observed as side products during the reaction. The formation 

of these compounds can be explained by competitive hydrogenolysis, -hydride 

elimination and homocoupling of -chloro borane. 
Based on our group’s knowledge on the reductive carboxylation,57 amidation of 

alkyl bromides73 and unsaturated -compounds,72 special attention was paid to the use 
of bipyridine- and phenanthroline-type ligands (Table 2.1). As evident from the results 

compiled in Table 3.1, the nature of the ligand played a crucial role for the reaction 

success. The use of bipyridine ligands possessing a 6-methyl group and substituents at 

4,4’-positions provided the best results, since more hydrolysis (3.5.4) and -hydride 
elimination (2.5.5) side products were obtained when using other bipyridine- and 

phenanthroline-type ligands (entries 1-12). Additionally, electron-rich phosphine 

ligands which are commonly used on C−O bonds cleavage,74 provided lower yields or 

no reaction under the reaction conditions (entries 13 and 14). Finally, 4,4'-dimethoxy 

-6-methyl-2,2'-bipyridine (L2.5.2) was identified as the optimal ligand for the studied 

system. A plausible explanation for the need of ortho substituted-ligands could be a 
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gain in the stabilization of alkyl−Ni intermediates against -hydride elimination. This 
stability would be achieved as steric hindrance imparted by the ligand substituents 

that distorts the geometry and prevents the co-planar rearrangement of the metal and 

the C−H -bond necessary for -hydride elimination. 

 
a Conditions: 2.5.1a (0.20 mmol, 1.0 equiv), 2.5.2a (0.34 mmol, 1.7 equiv), NiI2 (5 mol%), Ligand (6 

mol%), DEMS (0.30 mmol, 1.5 equiv), Na2CO3 (0.15 mmol), DMA/THF (3:1, 0.4 mL), rt, 15 h. b 

Yields were determined by GC FID, using 1-decane as the internal standard. DEMS = 

Diethoxymethylsilane. 

Table 2.1 Screening of ligands 

With 4,4'-dimethoxy-6-methyl-2,2'-bipyridine (L2.5.2) as ligand, we then 

studied the effect of nickel precatalysts on the reaction outcome (Table 2.2). We found 

that NiI2 provided the best results, whereas more side products were obtained when 

using other Ni(II) salts as precatalysts. Ni(COD)2 also provided the product in lower 

yield (13%), suggesting that COD might compete with substrate binding. We next 

assessed whether the ratio of Ni/ligand played an influence on both reactivity and 
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chemoselectivity (Table 2.3). Further screening the ratio of ligand and nickel on the 

reaction yield, we found that a 20% ligand excess was required to make the total 

coordination with nickel, and 5% loading of NiI2, hence the best results were obtained 

with a Ni/Ligand ratio of 1:1.2. However, lower yields were obtained when increasing 

the ratio to 1:2, suggesting the formation of rather stable 18-electron Ni species, thus 

making the whole system kinetically less-accessible. Noteworthy, 80% yield product 

could be obtained by reducing the catalyst loading to 2.5%.   

 
a Conditions: 2.5.1a (0.20 mmol, 1.0 equiv), 2.5.2a (0.34 mmol, 1.7 equiv), Ni cat. (5 mol%), L2.5.2 

(6 mol%), DEMS (0.30 mmol, 1.5 equiv), Na2CO3 (0.15 mmol), DMA/THF (3:1, 0.4 mL), rt, 15 h. b 

Yields were determined by GC FID, using 1-decane as the internal standard. DEMS = 

Diethoxymethylsilane. 

Table 2.2 Screening of nickel precatalysts 
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a Conditions: 2.5.1a (0.20 mmol, 1.0 equiv), 2.5.2a (0.34 mmol, 1.7 equiv), NiI2 (x mol%), L2.5.2 (y 

mol%), DEMS (0.30 mmol, 1.5 equiv), Na2CO3 (0.15 mmol), DMA/THF (3:1, 0.4 mL), rt, 15 h. b 

Yields were determined by GC FID, using 1-decane as the internal standard. DEMS = 

Diethoxymethylsilane. 

Table 2.3 Effects of the ratio of Ni/ligand  

Next, we turned our attention to studying the effect of different hydride sources 

on the reaction outcome (Table 2.4). The evaluation of other hydride source showed 

that only diethoxy(methyl)silane (DEMS) and triethoxysilane were effective, DEMS 

providing the best results. In contrast, other silanes led to high amount of hydrolysis 

side product (entries 4, 5 and 8). Interestingly, the use of polymethylhydrosiloxane 

(PMHS) −an inexpensive, abundant and nontoxic byproduct of the silicone 

industry− instead of DEMS, gave moderate yields of the desired product.  
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a Conditions: 2.5.1a (0.20 mmol, 1.0 equiv), 2.5.2a (0.34 mmol, 1.7 equiv), NiI2 (5 mol%), L2.5.2 (6 

mol%), Silane (0.30 mmol, 1.5 equiv), Na2CO3 (0.15 mmol), DMA/THF (3:1, 0.4 mL), rt, 15 h. b 

Yields were determined by GC FID, using 1-decane as the internal standard. c Yield of 2.5.4. DEMS = 

Diethoxymethylsilane. PMHS = Poly(methylhydrosiloxane). 

Table 2.4 Screening of hydride source 

Other parameters such as inorganic bases or solvents were investigated. As 

shown in Table 2.5, Na2CO3 provided the best yields with full conversion. In addition, 

the solvent also had an influence on sp3 C−C bond formation. Good yields were 

obtained with amide-containing polar aprotic solvents, such as DMF and DMA. This 

is probably due to the putative cationic reaction intermediate could be stabilized, in 

which DMA or DMF can coordinate to the metal center instead of a halide ligand. 

However, ethereal solvents such as THF, dioxane and diglyme were not effective for 

the hydroalkylation. Particularly interestingly, the combination DMA and THF (3:1) 

as a co-solvents system provided the best results.  
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a Conditions: 2.5.1a (0.20 mmol, 1.0 equiv), 2.5.2a (0.34 mmol, 1.7 equiv), NiI2 (5 mol%), L2.5.2 (6 

mol%), DEMS (0.30 mmol, 1.5 equiv), Base (0.15 mmol), DMA/THF (3:1, 0.4 mL), rt, 24 h. b Yields 

were determined by GC FID, using 1-decane as the internal standard. DEMS = Diethoxymethylsilane.  

Table 2.5 Screening of bases 

 
a Conditions: 2.5.1a (0.20 mmol, 1.0 equiv), 2.5.2a (0.34 mmol, 1.7 equiv), NiI2 (5 mol%), L2.5.2 (6 

mol%), DEMS (0.30 mmol, 1.5 equiv), Na2CO3 (0.15 mmol), Sol. (0.4 mL), rt, 24 h. b Yields were 

determined by GC FID, using 1-decane as the internal standard. DEMS = Diethoxymethylsilane. 

Table 2.6 Screening of solvents 
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With a robust Ni/L2.5.2 catalytic system found, we next evaluated the effect of 

temperature on hydroalkylation reaction (Table 2.8). The best conditions were found 

when conducting the reaction at room temperature (around 25 ºC), obtaining sp3 C−C 
formation product in 89% GC yield. When increasing the temperatures to 40 or 50 ºC, 

significant amounts of side-products were observed (entries 4 and 5). 

 
a Conditions: 2.5.1a (0.20 mmol, 1.0 equiv), 2.5.2a (0.34 mmol, 1.7 equiv), NiI2 (5 mol%), L2.5.2 (6 

mol%), DEMS (0.30 mmol, 1.5 equiv), Na2CO3 (0.15 mmol), DMA/THF (3:1, 0.4 mL), T., 24 h. b 

Yields were determined by GC FID, using 1-decane as the internal standard. DEMS = 

Diethoxymethylsilane. 

Table 2.7 Screening of temperature 

Further, we thought that increasing the amount of olefin, could accelerate the rate 

of alkyl-Ni formation, thus promoting the coupling with -chloroboranes and 

reducing the effect of side reactions. Based on this idea, we examined the effect of the 

ratio of starting materials. Indeed, we found that higher yields were obtained when 

increasing the loading of olefins (Table 2.8), with 1:2 and 1:1.7 ratio of starting 

materials, resulted on the formation of the product in similar yields. Considering the 

atom economy of the reaction, we selected 1:1.7 ratio for the reaction conditions.  
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a Conditions: 2.5.1a (0.20 mmol, 1.0 equiv), 2.5.2a (x mmol, y equiv), NiI2 (5 mol%), L2.5.2 (6 

mol%), DEMS (0.30 mmol, 1.5 equiv), Na2CO3 (0.15 mmol), DMA/THF (3:1, 0.4 mL), rt, 24 h. b 

Yields were determined by GC FID, using 1-decane as the internal standard. c isolated yield. DEMS = 

Diethoxymethylsilane. 

Table 2.8 Effect of the substrate’s ratio 

Finally, control experiments were carried out in order to ensure that all the reaction 

parameters were essential for the hydroalkylation to take place. Indeed, Table 2.9 

shows that no product was formed in the absence of nickel catalyst, ligand, silane and 

base (entries 2-5). 

 
a Conditions: 2.5.1a (0.20 mmol, 1.0 equiv), 2.5.2a (0.34 mmol, 1.7 equiv), NiI2 (5 mol%), L2.5.2 (6 

mol%), DEMS (0.30 mmol, 1.5 equiv), Na2CO3 (0.15 mmol), DMA/THF (3:1, 0.4 mL), rt, 24 h. b 

Yields were determined by GC FID, using 1-decane as the internal standard. DEMS = 

Diethoxymethylsilane. 

Table 2.9 Control experiments 
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2.5.1.2 Preparative Substrate Scope 

3.5.1.2.1 Scope of Unactivated -olefins 

With the optimized reaction conditions in hand, we turned our attention on 

exploring the generality of our reductive hydroalkylation with unactivated -olefins. 

As shown from the results compiled in Scheme 2.27, a series of -olefins could be 

equally employed as substrates, providing the desired sp3 C−C bonds formation 
products in good yield. Our protocol turned out to be highly chemoselective, as 

ketones (2.5.3c, 2.5.3j), nitriles (2.5.3d), amides (2.5.3f), esters (2.5.3h, 2.5.3i), or 

silyl ethers (2.5.3q), among others, could all be well accommodated. Equally 

interesting was the possibility to conduct this reaction in the presence of aryl halides 

(2.5.3h, 2.5.3i), alkyl halides (2.5.3e, 2.5.3m) or even boronic esters (2.5.3g), leaving 

ample room for further derivatization via classical cross-coupling technologies.1 

Notably, 1,1-disubstituted olefins (2.5.3n) could also be employed as substrate by 

slightly modify the reaction conditions. 
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a Reaction Conditions: 2.5.1 (0.20 mmol, 1.0 equiv), 2.5.2 (0.34 mmol, 1.7 equiv), NiI2 (5 mol%), 

L2.5.2 (6 mol%), DEMS (0.30 mmol, 1.5 equiv), Na2CO3 (0.15 mmol), DMA/THF (3:1, 0.4 mL), rt, 

24 h; yield of isolated product, average of at least two independent runs. b NiBr2·diglyme (10 mol%). c 

NiI2 (10 mol%). d NiBr2·diglyme (10 mol%), olefin (0.5 mmol). e dr = 1:1. f NiI2 (10 mol%), L2.5.12 

(12 mol%). DEMS = Diethoxymethylsilane. 

Scheme 2.27 Scope of unactivated -olefins 

2.5.1.2.2 Scope of -Haloboranes 

Encouraged by these initial findings, we turned our attention to explore the 

substitution pattern on the -chloro alkylboronic ester backbone. As shown, a wide 
range of differently-substituted side-chains, including those containing, nitriles 

(2.5.3r), alkyl halides (2.5.3s), silyl ethers (2.5.3q), or silanes (2.5.3p), could be 

well-tolerated, forming the hydroalkylated products in good yields. Likewise, the 

reaction could be applied for unsubstituted side-chains (2.5.3t) or for -substituted 
branched products (2.5.3u, 2.5.3v). Notably, the hydroalkylation protocol could be 

easily scaled up without significant erosion in yield (2.5.3t). 
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a Reaction Conditions: 2.5.1 (0.20 mmol, 1.0 equiv), 2.5.2 (0.34 mmol, 1.7 equiv), NiI2 (5 mol%), 

L2.5.2 (6 mol%), DEMS (0.30 mmol, 1.5 equiv), Na2CO3 (0.15 mmol), DMA/THF (3:1, 0.4 mL), rt, 

24 h; yield of isolated product, average of at least two independent runs. b NiBr2·diglyme (10 mol%). c 

NiI2 (10 mol%). d NiBr2·diglyme (10 mol%), olefin (0.5 mmol). e dr = 1:1. f NiI2 (10 mol%), L2.5.12 

(12 mol%). g 6.0 mmol scale. h NiBr2·diglyme (10 mol%) at 40 ºC, with -bromoborane. DEMS = 

Diethoxymethylsilane. 

Scheme 2.28 Scope of -haloboranes 

2.5.2 Ni-Catalyzed Reductive Alkylation of α-Haloboranes with 

Internal Olefins 

2.5.2.1 Optimization of the Reaction Conditions 

The lower binding affinity of internal olefins33,34 and the propensity of nickel 

catalysts to enable C–C bond-formation at the initial reaction site75 left a reasonable 

doubt as to whether the site-selectivity could be either tuned or controlled with 

internal alkenes.75 Inspired by our group report on remote sp3 C−H carboxylation via 

chain-walking strategies,38,60 we intended to forge sp3 C−C bonds at remote sp3 C−H 

site of internal olefins. Surprisingly, primary, sp3 C−H selective alkylation product 

was obtained in 11% yield with 8.5:1 regioselectivity by replacing -olefin (2.5.2a) 
with internal olefin (2.5.2n) under Ni/L2.5.2 system (Table 2.10, entry 1).  
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a Reaction Conditions: 2.5.1a (0.20 mmol, 1.0 equiv), 2.5.2n (0.34 mmol, 1.7 equiv), NiI2 (10 mol%), 

Ligand (12 mol%), DEMS (0.40 mmol, 2.0 equiv)), Na2CO3 (0.2 mmol), DMA (0.6 mL), rt, 18 h. b 

Yields and linear/branched ratio were determined by GC FID, using 1-decane as the internal standard. c 

2.5.1a (0.30 mmol, 1.5 equiv), 2.5.2n (0.20 mmol, 1.0 equiv). DEMS = Diethoxymethylsilane. Ligands 

L2.5.2, L2.5.8, L2.5.11 and L2.5.12 were also used in the Ni-catalyzed reductive coupling of 

-haloboranes with terminal olefins. 

Table 2.10 Screening of ligand 
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Encouraged by this observation, we turned our attention to evaluating the effect 

of ligand on this remote sp3 C−H alkylation. As evident from the results compiled in 

Table 2.10, the nature of the ligand played a crucial role for the reaction success. The 

use of ortho-disubstituted bipyridine and phenanthroline-type ligands which 

previously been used in chain-walking transformations led to unsatisfactory 

results.33,34 Interestingly, similar yield and regioselectivity were found by the 

replacement of ligand (L2.5.2) to 2-(6-methylpyridin-2-yl)-4,5-dihydrooxazole 

(L2.5.17). To the best of our knowledge, pyridine-oxazoline-type (PyOx)ligands are 

well used in Pd-catalyzed chain-walking reactions rather than nickel catalysis.76 

Promoted by the discovery, we tried to increase the reactivity and regioselectivity of 

the remote alkylation by modifying the backbone of PyOx ligands. If successful, this 

would not only provide high regioselectivity, but may also yield high 

enantioselectivity by using chiral PyOx ligand. As expected, increasing the steric 

hindrance of the ortho-substitution of oxazoline had a positive effect on both 

reactivity and regio-selectivity, as well as the use of isopropyl substituent (L2.5.12) 

giving the best results (entries 7-15). Moreover, the yield can be increased to 70% by 

slightly changing the ratio of starting materials, without have any effect on the 

regioselectivity.  

 
a Reaction Conditions: 2.5.1a (0.20 mmol, 1.0 equiv), 2.5.2n (0.34 mmol, 1.7 equiv), NiI2 (10 mol%), 

L2.5.12 (12 mol%), DEMS (0.40 mmol, 2.0 equiv)), Na2CO3 (0.2 mmol), Sol. (0.6 mL), rt, 18 h. b 

Yields and linear/branched ratio were determined by GC FID, using 1-decane as the internal standard. c 

2.5.1a (0.30 mmol, 1.5 equiv), 2.5.2n (0.20 mmol, 1.0 equiv). DEMS = Diethoxymethylsilane.  

Table 2.11 Screening of solvents 
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With the robust Ni/L2.5.12 catalytic system in hand, we next evaluated the effect 

of solvents (Table 2.11). As expected, still amide-containing polar aprotic solvents, 

such as DMF and DMA could ensure good results. 

2.5.2.2 Preparative Substrate Scope 

2.5.2.2.1 Scope of Unactivated Internal Olefins 

With these inspiring result in hand, we further examined the generality of the 

transformation by exploring a wide range of internal alkenes (Scheme 2.29). 

Importantly, isomeric 3-heptene or 4-octene gave rise to 2.5.7a and 2.5.7b in good 

yields and excellent site-selectivities. As shown, cyclic (2.5.7h) or acyclic olefins 

(2.5.7a-g, 2.5.7i-l), regardless of the double bond geometry, posed no problems. 

Although one might argue that an erosion in site-selectivity might arise with 

side-chains containing weak, benzylic sp3 C–H bonds, C–C bond-formation occurred 

preferentially at the primary sp3 C–H site (2.5.7c).34 Likewise, the inclusion of esters 

(2.5.7i), carbamates (2.5.7f), acetals (2.5.7k), alkyl halides (2.5.7d) or 

nitrogen-containing heterocycles (2.5.7f, 2.5.7j, 2.5.7l) did not interfere with 

productive chain-walking. Of particular relevance was the functionalization of 

polyunsaturated backbones (2.5.7g) or substrates containing branched methyl groups 

(2.5.7e, 2.5.7g); while the less-sterically hindered olefin was selectively 

functionalized in the former, reaction took place at the most accessible primary sp3 C–

H site in the latter. 
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a Reaction Conditions: 2.5.1 (0.20 mmol, 1.0 equiv), 2.5.2 (0.34 mmol, 1.7 equiv), NiI2 (10 mol%), 

L2.5.12 (12 mol%), Na2CO3 (1.0 equiv) in DMA; Isolated yields, average of two independent runs 

(regioisomeric ratios are indicated in parenthesis). b10 ºC. cdr = 1:1. d -haloborane (2.0 equiv), 

NiBr2·diglyme (10 mol%).  

Scheme 2.29 Scope of internal olefins 

2.5.2.2.2 Scope of -Haloboranes 

To further prove the efficient of our technology, a wide range of -chloro 
alkylboronic ester were explored (Scheme 2.30). As shown, a wide range of 

differently-substituted side-chains, including those containing ethers (2.5.7n), nitriles 

(2.5.7r), alkyl halides (2.5.7q), silyl ethers (2.5.7p), or silanes (2.5.7o), could be 

well-tolerated, resulting in hydroalkylated products at remote primary sp3 C−H site. It 

is worth to note that no chain-walking along the hydrocarbon side-chain of -chloro 

alkylboronic ester was found under these reaction conditions.34 
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a Reaction Conditions: 2.5.1 (0.20 mmol, 1.0 equiv), 2.5.2 (0.34 mmol, 1.7 equiv), NiI2 (10 

mol%), L2.5.12 (12 mol%), Na2CO3 (1.0 equiv) in DMA; Isolated yields, average of two 

independent runs (regioisomeric ratios are indicated in parenthesis).  

Scheme 2.30 Scope of -haloboranes with internal olefins 

2.5.2.3 Unsuccessful Substrates 

Although we demonstrated that the reductive hydroalkylation of unactivated 

olefins occurred with a wide substrate scope, a number of examples failed to provide 

the desired product or gave lower yield (around 20-30%) (Scheme 2.31). For example, 

activated alkenyl boronic esters provided the product in 20% yield (2.5.3w) or less 

than 5% yield (2.5.1am), with some branched side products, which had been later 

reported by Zhu45 and Hu46 group, independently. The formation of branched side 

products is due to the formation of -boron stabilization of alkyl-Ni species. 
Additionally, the substrate bearing a strong coordinating group such quinine (2.5.1aa), 

sulfonamide (2.5.1o) or with unprotected alcohol group (2.5.1c), resulted in no 

conversion. The presence of multiple C−O (2.5.1aa−2.5.1ae) or C−S (2.5.7u) bonds 

was equally incompatible, due to the strong binding to Ni centers. Moreover, 

sterically-crowded substrates such as (2.5.7t, 2.5.7v) gave lower yield (less than 30%), 

whereas (2.5.1ak, 2.5.1al) resulted in no conversion. In this particular case, the 

presence of (homo)allylic acetate (2.5.1ab, 2.5.1ad, 2.5.1an) and allylic ether (2.5.1af) 
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provided trace amounts of product, probably due to the formation of -allylic-Ni 

species, forming C−O cleavage side products.77 Unfortunately, substrates possessing 

dienes (2.5.1ai, 2.5.1aj and 2.5.1ap) provided the desired C−C bonds formation 
products in low yields with complicated mixtures, possibly owing to the strong 

binding with nickel and which may result in site-selectivity issues. The more activated 

dichloroboronic ester (2.5.1ag) and bulky tertiary -bromo boronic ester (2.5.1ah) 

failed to provide even traces of the targeted products.  

 

Scheme 2.31 Unsuccessful substrates 

2.5.3 Iterative Platform for C−C Bond-Formations 

Promoted by the results we obtained in Schemes 2.27−2.30, we thought that our 
protocol might serve as a platform to build up Csp3–Csp3 bonds in an iterative manner 

by using simple olefin feedstocks as starting materials. As shown in Scheme 2.32, this 

turned out to be the case. Specifically, Ni/L2.5.2-catalyzed reductive coupling of 
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commercially-available -chloro boronic ester (2.5.1h) with phenyl-1-butene (2.5.2a) 

followed by Matteson homologation78 cleanly furnished a new -chloro boronic ester 

2.5.8 in 75% yield on a gram scale. As expected, exposure of 2.5.8 under a Ni/L2.5.12 

protocol in the presence of statistical mixtures (1:1:1) of isomeric heptenes gave rise 

to 2.5.9 (44:1 ratio). Likewise, 2.5.10 could be easily prepared by using a terminal 

olefin with Ni/L2.5.2 couple. Bromination of 2.5.8 with NaBr, produced -bromo 

alkylboronic ester 2.5.11 in 79% yield, whereas Csp3–Csp2 bond-formation en route to 

2.5.12 could be enabled by a catalytic umpolung arylation by using Ni/L2.5.1 system 

with Zn as reductant.71b Particularly noteworthy is the orthogonality observed with 

pendant alkenes in the latter, suggesting that subsequent homologations at the alkene 

terminus might be easily within reach.  

 

Scheme 2.32 Iterative platform for C–C bond-formations 

2.5.4 Mechanism Experiments 

With the preparative results of our regioselective hydroalkylation in hand, we 

next focused our attention to elucidating the mechanism of our protocol. In principle, 

two different mechanistic interpretations are conceivable for our results: (a) initial 

single-electron-transfer (SET) from Ni(0)Ln to -haloboranes (I), leading to 

boron-stabilized alkyl radicals79 II prior to addition across the olefin partner (Scheme 

2.33, top left) or (b) hydrofunctionalization of an olefin via nickel hydride species en 
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route to III, ultimately enabling C–C bond-formation by reaction with I (Scheme 2.33, 

top right).  

 

Scheme 2.33 Mechanism proposal 

2.5.4.1 Studying the Regioselectivity of Dihydrofuran and Dihydropyrrole 

Although our experimental data does not allow us to rigorously distinguish 

between these two manifolds, we decided to gather indirect evidence about the 

mechanism by studying the reaction of dihydroheterocycles (2.5.13 and 2.5.14) with 

2.5.1a. C3-selectivity was anticipated for a mechanism consisting of the intermediacy 

of II; on the contrary, C–C bond-formation at C2 would suggest the involvement of a 

nickel hydride that might generate III prior to addition to 2.5.1a. As shown in Scheme 

2.34, C2 selectivity products 2.5.15 and 2.5.16 were exclusively obtained using either 

a Ni/L2.5.2 or a Ni/L2.5.12 protocol; under the limits of detection, not even traces of 

2.5.15’ or 2.5.16’ were detected in the crude mixtures, suggesting that a nickel 

hydride scenario seems more likely. Moreover, C3 selectivity would also be expected 

if olefin isomerization occurs at early stages, as stabilized -amino or -oxygen 
radicals should be generated upon addition of II across the olefin. As shown, only C2 

selectivity products were found with 1,2-dihydroheterocycle under Ni/L2.5.2 system 

(Scheme 2.35). These findings are in agreement with our previous conclusion. The 

olefin isomerization process was further confirmed via control experiment in the 

absence of 2.5.1a (Table 2.12). Whether these outcomes suggest the involvement of 

Ni(I) entities or other mechanistic interpretations are currently ongoing. 
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Scheme 2.34 Studying the regioselectivity of 2.5.13 and 2.5.14 

 

Scheme 2.35 Studying the regioselectivity of 2.5.13a and 2.5.14a 

 

Table 2.12 Isomerization of 2.5.13 under the reaction conditions 

2.5.4.2 Experiments with radical probes 

To further elucidate the mechanism, we decided to carry out radical trap 

experiments. We found that olefins decorated with an adjacent cyclopropyl motif as 

2.5.17 or 2.5.18 do not undergo substantial ring-opening, thus ruling out a radical II 

addition into olefin process (Scheme 2.36). However, when 2-(1-chlorohex-5-en-1-yl) 
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-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.1k) was submitted to the optimized 

reaction conditions, a mixture of direct hydroalkylation product 2.5.22 and 5-exo-trig 

cyclization product 2.5.23 were obtained as a 1:1.8 ratio, suggesting oxidative 

addition with I may go through a SET pathway (Scheme 2.37).  

 

Scheme 2.36 Radical trap experiments of 2.5.17 and 2.5.18 

 

Scheme 2.37 Radical trap experiments of 2.5.1k  

2.5.5 Preliminary Enantioconvergent Coupling Reaction 

With these preliminary mechanistic experiments in hand, we questioned that 

whether an enantioselective reductive hydroalkylation could be developed by using 

racemic precursors with and appropriate chiral ligands. As shown in Scheme 2.38, 

2.5.25 could be preliminary obtained in good yields and modest enantioselectivity 

under Ni/L2.5.24 regime, setting the basis for designing highly enantioselective 

routes. Particularly noteworthy, during that stage, the development of enantioselective 

reductive hydroalkylation of unactivated alkenes remained poorly explored. 

 

Scheme 2.38 Preliminary enantioconvergent coupling reaction  
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2.6 Conclusions 

This chapter summarizes the efforts towards the development of a Ni-catalyzed 

site-selective reductive alkylation of -haloboranes with unactivated olefins, thus 

allowing to incorporate an alkylboron fragment into simple and available olefin 

feedstocks. Exquisite anti-Markovnikov-selectivity hydroalkylation was obtained 

with -olefins by using Ni/L2.5.2 system with silane as hydride source. The 
utilization of internal, unactivated olefins results in C–C bond-formation at remote 

unfunctionalized sp3 C–H sites via Ni-catalyzed chain-walking strategies.  

The mild reaction conditions utilized and the broad functional group tolerance 

makes this transformation a useful entry point for preparing useful building blocks 

from simple olefins as raw materials, while providing a complementary alternative to 

existing borylation techniques. Moreover, this protocol can be employed in iterative 

synthesis for building up molecular complexity. Preliminary mechanistic studies 

suggested that hydrofunctionalization of olefins occurs via nickel hydride species, 

followed by the coupling with the -haloborane. However, whether the reaction 

occurs via Ni(I) or Ni(II) intermediates remains unclear and further mechanistic 

studies are required to fully elucidate the mechanism.  

Preliminary enantioselective studies of this transformation provided moderate 

enantioselectivity. Very recently, the group of Fu and Zhu, independently developed a 

Ni-catalyzed enantioconvergent coupling of racemic secondary or tertiary -bromo 
amides with unactivated olefins.  
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2.8 Experimental Section 

2.8.1 General Considerations 

Reagents. Commercially available materials were used as received without further 

purification. NiI2 and NiBr2·diglyme (97% purity) were purchased from Aldrich, 

(EtO)2MeSiH (DEMS, 97% purity) was purchased from Fluorochem. Anhydrous 

Sodium Carbonate (Na2CO3) was purchased from Panreac. Anhydrous N, 

N-Dimethylacetamide (DMA, 99.5% purity) and Anhydrous THF (99.5% purity) were 

purchased from Acros.  

 

Analytical methods. 1H and 13C NMR spectra were recorded on Bruker 300 MHz, 

Bruker 400 MHz and Bruker 500 MHz at 20 °C. All 1H NMR spectra are reported in 

parts per million (ppm) downfield of TMS and were calibrated using the residual 

solvent peak of CHCl3 (7.26 ppm), unless otherwise indicated. All 13C NMR spectra 

are reported in ppm relative to TMS, were calibrated using the signal of residual 

CHCl3 (77.16 ppm), 11B NMR and 19F NMR were obtained with 1H decoupling unless 

otherwise indicated. Coupling constants, J, are reported in Hertz. Melting points were 

measured using open glass capillaries in a Büchi B540 apparatus. Gas 

chromatographic analyses were performed on Hewlett-Packard 6890 gas 

chromatography instrument with a FID detector. Flash chromatography was 

performed with EM Science silica gel 60 (230-400 mesh). Thin layer chromatography 

was used to monitor reaction progress and analyze fractions from column 

chromatography. To this purpose TLC Silica gel 60 F254 aluminium sheets from 

Merck were used and visualization was achieved using UV irradiation and/or staining 

with Cerium Molybdate solution. The yields reported in Scheme 3.26-3.29 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 Schemes of the manuscript. In the cases the 

High-Resolution Mass Spectra of the molecular ion could not be obtained using ESI 

and APCI ionization modes the GC-MS of the compound was given. 
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2.8.2 Optimization of the Reaction Conditions 

General procedure: An oven-dried 8 mL screw-cap test tube containing a stirring bar 

was charged with NiI2 (5 mol%), the corresponding ligand (6 mol%) and Na2CO3 

(0.75 mol, 15.9 mg). Subsequently, the tube was sealed with a Teflon-lined screw cap, 

then evacuated and back-filled with argon (3 times). Afterwards, 

2-(1-chloroheptyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.1a, 52 mg, 0.20 

mmol), 4-phenyl-1-butene (2.5.2a, 51 L, 0.34 mmol, 1.7 equiv), (EtO)2MeSiH 

(DEMS, 48 L, 0.30 mmol, 1.5 equiv), DMA and THF (3:1, 0.4 mL) were added via 
syringe. Then, the tube was stirred at room temperature for 24 h. After the reaction 

was completed, the mixture was diluted with EtOAc, filtered through silica gel and 

concentrated under vacuum. The yields were determined by GC FID analysis using 

1-decane as internal standard, and the product was purified by column 

chromatography on silica gel (Hexane/EtOAc = 50:1). 

2.8.3 Determination of the Major and Minor Regioisomers 

Employing Internal Olefins 

2.8.3.1 GC-MS of 2.5.7a and 2.5.7a’ 

Following general procedure, using NiI2 (10 mol%) and L2.5.12 (12 mol%), The 

yield and ratio of 2.5.7a and 2.5.7a’ were determined by GC-MS and GC analysis 

using 1-decane as internal standard. From GC-MS analysis we found two isomers and 

traces of others, t = 10.521 min (2.5.7a, major) and t = 10.271 min (2.5.7a’, minor). 

From GC analysis we calculated the ratio of 2.5.7a and 2.5.7a’ is 44:1. 
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Figure 2.5.1 GC-MS of 2.5.7a 

 

Figure 2.5.2 GC-MS of 2.5.7a’ 

2.8.3.2 GC-MS of 2.5.7a and 2.5.7a’ 
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Figure 2.5.3 GC results of 2.5.7a and 2.5.7a’ 

2.8.3.3 1H NMR Determination of Structures 2.5.7a and 2.5.7a’ from 2.5.7ab and 

2.5.7ab’ 

 

General Procedure: An oven-dried 25 mL schlenk tube containing a stirring bar was 

charged with NiI2 (37.2 mg, 10 mol%), L2.5.8 (26.5 mg, 12 mol%) and Na2CO3 (1.5 

mmol, 95.4 mg, 0.9 mmol). Subsequently, the tube was sealed with a Teflon screw 

cap, then evacuated and back-filled with Ar (3 times). After then, 2-(1-chloroheptyl) 

-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.1a, 312.0 mg, 1.20 mmol, 1.0 equiv), 

trans-2-heptene (2.5.2n, 306 L, 2.04 mmol, 1.7 equiv), DEMS (384 L, 2.4 mmol, 
2.0 equiv) and DMA (3.6 mL) were added via syringe under Ar. Then the tube was 

sealed and stirred at room temperature for 15 h. After the reaction was completed, the 

mixture was diluted with EtOAc and filtered through silica gel and then concentrated 

under reduced pressure. The residue was dissolved in a mixture of THF and H2O (1:1, 

24 mL) and NaBO3·4H2O (2.0 g, 2.4 mmol) was added. The reaction mixture was 

stirred at room temperature for 4 h. After the reaction was completed, water (80 mL) 

was added. The aqueous phase was extracted with EtOAc (3 x 50 mL), and the 

combined organic phases were dried over MgSO4 and concentrated. The residue was 

purified by column chromatography, affording the corresponding product 2.5.7ab (23 

mg, 9% yield, colorless oil) and 2.5.7ab’ (10 mg, 3% yield, colorless oil). Note that in 

this case the ratio for 2.5.7ab and 2.5.7ab’ is 1.85:1, as L2.5.8 is less selective to the 

formation of the linear regioisomer. 
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tetradecan-7-ol (2.5.7ab): 1H NMR (500 MHz, CDCl3) δ 3.58 (s, 1H), 1.47 – 1.37 

(m, 6H), 1.32 – 1.25 (m, 16H), 0.90 – 0.87 (m, 6H) ppm. 13C NMR (126 MHz, 

CDCl3) δ 72.2, 37.7 (2C), 32.0 (left), 32.0 (right), 29.8, 29.5 (left), 29.5 (right), 25.8 

(left), 25.8 (right), 22.8 (left), 22.8 (right), 14.2 (left), 14.2 (right) ppm. 

 
6-methyltridecan-7-ol (2.5.7ab’) 1H NMR (400 MHz, CDCl3) δ 3.71 – 3.29 (m, 1H), 

1.50 – 1.36 (m, 4H), 1.35 – 1.11 (m, 15H), 1.04 – 0.59 (m, 9H) ppm. 13C NMR (101 

MHz, CDCl3) δ 76.3, 75.4, 39.0, 38.3, 34.7 (left), 34.7 (right), 33.6, 33.5, 32.4, 32.3, 

32.0 (left), 32.0 (middle), 32.0 (right), 29.6 (left), 29.6 (right), 27.2 (left), 27.2 (right), 

26.4, 26.3, 22.8 (left), 22.8 (2C, right), 15.5, 14.2 (4C), 13.7 ppm. 

1H-NMR of 2.5.7ab and 2.5.7ab’  

The methyl groups in each 1H NMR are indicated with an arrow. 
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To further determine which branch regioisomer is being formed, we used 

GC-MS to detect the fragmentation pattern. The major product detected was 2.5.7ab’ 

(the structure of 2.5.7ab’ and its fragmentation is shown below). The next product 

detected was 2.5.7ab’’ (the structure of 2.5.7ab’’ and its fragmentation is shown 

below). 

 

Figure 2.5.4 GC-MS results of 2.5.7ab’ 
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Figure 2.5.4 GC-MS results of 2.5.7ab’’ 

2.8.4 Synthesis of Ligands and Starting Materials 

Commercially available compounds were used as received without further 

purification. 2-(1-chloro-3-phenylpropyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(2.5.1c)1, 2-(1-bromo-2-methylpropyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(2.5.1i)2, 2-(bromo(cyclohexyl)methyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(2.5.1j)2, Hex-5-en-1-yl 4-fluorobenzoate (2.5.2h)3, hex-5-en-1-yl 4-bromobenzoate 

(2.5.2i)4, N-(4-methoxyphenyl)pent-4-enamide (2.5.2f)4, ((hex-5-en-1-yloxy)methyl) 

benzene (2.5.2b)5, (8R,9S,13S,14S)-3-(hex-5-en-1-yloxy)-13-methyl 

-6,7,8,9,11,12,13,14,15,16-decahydro-17H-cyclopenta[a]phenanthrene-17-one 

(2.5.2j)6, tert-butyl 4-(prop-1-en-1-yl)piperidine-1-carboxylate (2.5.2t)7, pent-3-en-1 

-ylbenzene (2.5.2q)8, (Z)-8-chlorooct-3-ene (2.5.2r)9, 2-(undec-9-en-1-yl) 

-1,3-dioxolane (2.5.2y)10, 2,6-dimethyldeca-2,8-diene (2.5.2u)11, tert-butyl 

2,5-dihydro-1H-pyrrole-1-carboxylate (2.5.13)12, (1-vinylcyclopropyl)benzene 

(3.5.17)7, (1-(prop-1-en-1-yl)cyclopropyl)benzene (2.5.18)13 were prepared by known 

procedures. 

2.8.4.1 Synthesis of L2.5.2 
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4,4'-dimethoxy-6-methyl-2,2'-bipyridine (L2.5.2): L2.5.2 was synthetized 

following a procedure described in the literature.10 Methyl lithium (6.3 mL of a 1.6 M 

solution in diethyl ether, 10 mmol, 1.0 equiv) was added slowly to a solution of 

4,4'-dimethoxy-2,2'-bipyridine (2.16 g, 10 mmol, 1.0 equiv) in dry diethyl ether (50 mL, 

0.2 M), under argon, at 0 ºC and under vigorous agitation. The resulting red solution 

was heated at reflux for 4 h and after cooling to room temperature, the reaction mixture 

was quenched with brine (50 mL). The resulting yellow mixture was separated and the 

organic phase was extracted with diethyl ether (3×20 mL), dried over MgSO4 and 

evaporated under reduced pressure. The obtained dark orange crude product was 

dissolved in acetone (20 mL) and a solution of KMnO4 in acetone was added slowly 

until the color remained purple (the end point is best observed if the resulting MnO2 is 

removed by filtration). The obtained crude solution was filtered through a silica-celite 

plug, concentrated under reduced pressure and purified through column 

chromatography on silica gel (Hexane/EtOAc = 2:1), affording the product as a pale 

yellow solid (1.24 g, 54% yield). Mp 104.8−106.1 ºC. 1H NMR (500 MHz, CDCl3) δ 
8.50 (d, J = 5.2 Hz, 1H), 8.03 (d, J = 2.6 Hz, 1H), 7.81 (d, J = 2.3 Hz, 1H), 6.86 (dd, J 

= 5.7, 2.6 Hz, 1H), 6.74 (d, J = 2.4 Hz, 1H), 3.99 (s, 3H), 3.96 (s, 3H), 2.61 (s, 3H) 

ppm. 13C NMR (75 MHz, CDCl3) δ 167.1, 166.8, 159.4, 158.3, 157.3, 150.2, 110.8, 

110.3, 106.7, 103.8, 55.5, 55.4, 24.8 ppm. IR (neat, cm-1): 1579, 1560, 1438, 1398, 

1343, 1294, 1241, 1201, 1029, 985, 953, 884, 840, 796. HRMS calcd. for 

(C13H15N2O2) [M+H]+: 231.1128, found 231.1130. 

2.8.4.2 The Preparation the PyrOx Ligands 

 

PyOx ligands were synthetized following a procedure described in the literature.14 To 

a dried round flask equipped with a stirring bar was added picolinonitrile (10 mmol) 

and ZnCl2 (136 mg), then added chlorobenzene (20 mL) via syringe under argon. 

Subsequently, the corresponding amino alcohol (15 mmol) was added via syringe. The 

reaction mixture was stirred for 24 h under reflux. After the reaction was completed, it 
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was cooled down to room temperature and then evaporated under reduced pressure to 

remove the remaining chlorobenzene. The residue was extracted with DCM (3×20 

mL), dried over MgSO4 and concentrated. The mixture was purified by column 

chromatography on silica gel. 

 

4-isopropyl-2-(6-methylpyridin-2-yl)-4,5-dihydrooxazole (L2.5.12): Following the 

general procedure described above, but using 6-methylpicolinonitrile (10 mmol, 1.18 

g) and 2-amino-3-methylbutan-1-ol (15 mmol, 1.65 mL), affording the product as light 

yellow solid (1.63 g, 80% yield). Mp 38.2−39.1 ºC. 1H NMR (500 MHz, CDCl3) δ 

7.88 (d, J = 8.1 Hz, 1H), 7.63 (dd, J = 9.0, 8.0 Hz, 1H), 7.23 (d, J = 7.7 Hz, 1H), 4.49 

(td, J = 9.0, 1.0 Hz, 1H), 4.20 (td, J = 8.5, 1.1 Hz, 1H), 4.16 – 4.09 (m, 1H), 2.62 (s, 

3H), 1.94 – 1.76 (m, 1H), 1.04 (d, J = 6.8 Hz, 3H), 0.92 (d, J = 6.8 Hz, 3H) ppm. 13C 

NMR (126 MHz, CDCl3) δ 162.9, 158.9, 146.5, 136.8, 125.4, 121.3, 73.0, 70.8, 32.8, 

24.8, 19.3, 18.2 ppm. IR (neat, cm-1): 2960, 1634, 1589, 1572, 1461, 1357, 1111, 

1081, 1040, 962, 811, 748. HRMS calcd. for (C12H17N2O) [M+H]+: 205.1335, found 

205.1333. 

 

4-methyl-2-(6-methylpyridin-2-yl)-4,5-dihydrooxazole (L2.5.18): Following the 

general procedure described above, but using 6-methylpicolinonitrile (10 mmol, 1.18 

g) and 2-aminopropan-1-ol (15 mmol, 1.12 g), affording the product as yellow oil 

(1.21 g, 69% yield). 1H NMR (400 MHz, CDCl3) δ 7.84 (d, J = 7.7 Hz, 1H), 7.64 (t, J 

= 7.8 Hz, 1H), 7.24 (d, J = 12.7 Hz, 1H), 4.59 (dd, J = 9.5, 8.1 Hz, 1H), 4.47 – 4.37 

(m, 1H), 4.03 (t, J = 8.1 Hz, 1H), 2.63 (s, 3H), 1.38 (d, J = 6.6 Hz, 3H) ppm. 13C 

NMR (101 MHz, CDCl3) δ 165.1, 157.3, 149.0, 137.5, 126.0, 119.4, 67.2, 48.1, 24.3, 

17.1 ppm. IR (neat, cm-1): 2972, 2932, 2875, 1656, 1593, 1520, 1451, 1052, 994, 730. 

HRMS calcd. for (C10H13N2O) [M+H]+: 177.1022, found 177.1026. 

 
2-(6-hexylpyridin-2-yl)-4-isopropyl-4,5-dihydrooxazole (L2.5.19): Following the 

general procedure described above, but using 6-hexylpicolinonitrile (10 mmol, 1.88 g) 
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and 2-amino-3-methylbutan-1-ol (15 mmol, 1.65 mL), affording the product as yellow 

oil (2.06 g, 75% yield). 1H NMR (400 MHz, CDCl3) δ 7.89 (dd, J = 7.8, 1.1 Hz, 1H), 

7.64 (t, J = 7.8 Hz, 1H), 7.23 (dd, J = 7.8, 1.1 Hz, 1H), 4.48 (dd, J = 9.6, 8.2 Hz, 1H), 

4.20 (t, J = 8.3 Hz, 1H), 4.16 – 4.08 (m, 1H), 2.99 – 2.68 (m, 2H), 1.89 (dq, J = 13.4, 

6.7 Hz, 1H), 1.76 – 1.60 (m, 2H), 1.41 – 1.23 (m, 6H), 1.03 (d, J = 6.8 Hz, 3H), 0.92 

(d, J = 6.8 Hz, 3H), 0.86 (t, J = 7.2 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 

165.9, 161.3, 149.0, 137.6, 125.6, 119.6, 64.8, 58.0, 37.9, 31.8, 29.4, 29.3, 29.0, 22.7, 

19.8, 18.7, 14.2 ppm. IR (neat, cm-1): 2956, 2926, 2857, 1641, 1587, 1573, 1364, 

1090, 971, 816, 729. HRMS calcd. for (C17H27N2O) [M+H]+: 275.2118, found 

275.2111. 

2.8.4.3 The Preparation of Olefins 

 
2,2,4-trimethyldodec-6-ene (2.5.2s): The title compound was synthesized following 

a procedure described in the literature.15 To a stirred solution of the 

hexyltriphenylphosphonium bromide (5.15g, 12 mmol) in THF (0.35 M) under argon 

was added n-BuLi (2.5 M, 1.2 equiv) dropwise by syringe. The reaction mixture was 

stirred for 30 min at room temperature and 3,5,5-trimethylhexanal (1.74 mL, 10 mmol) 

was added slowly in a THF solution (1 M). After 12 h the reaction was quenched with 

a saturated solution of NH4Cl, diluted with water and extracted with EtOAc. The 

solution was dried with MgSO4, filtered and the volatiles were removed under 

vacuum. The residue was then purified by silica gel flash column chromatography 

(hexanes), affording the title compound (1.36 g, 65%) as a colorless oil. 1H NMR 

(400 MHz, CDCl3) δ 5.53 – 5.15 (m, 2H), 2.07 – 1.95 (m, 3H), 1.93 – 1.79 (m, 1H), 

1.59 – 1.47 (m, 1H), 1.40 – 1.20 (m, 8H), 1.03 (dd, J = 13.9, 6.5 Hz, 1H), 0.94 – 0.84 

(m, 14H) ppm. 13C NMR (101 MHz, CDCl3) δ 130.9, 128.8, 50.8, 37.0, 31.7, 31.2, 

30.2, 30.0, 29.6, 27.5, 22.7, 22.6, 14.2 ppm. IR (neat, cm-1): 2955, 2925, 2858, 1466, 

1393, 1364, 968, 725. GC-MS: (C15H30) [M]+ found t = 5.052 min, m/z 210.2.  

 

  
oct-5-en-1-yl 4-methylbenzoate (2.5.2w): The title compound was synthesized 

following a procedure described in the literature.2 To a stirred solution of 
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4-methylbenzoic acid (7 mmol, 1.0 equiv) in DCM (20 mL) and DMF (0.1 mL) under 

argon was added oxalyl chloride (9.1 mmol, 1.3 equiv) 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 cis-5-octen-1-ol (5 

mmol, 1.0 equiv), DMAP (0.5 mmol, 0.1 equiv) and Et3N (10 mmol, 2.0 equiv) in 

DCM (10 mL) were added. The reaction was allowed to stir overnight at room 

temperature. Then, the mixture was quenched with NH4Cl (aq. 10%) and extracted 

with DCM (3x30 mL). The organic phase was washed with brine, concentrated and 

purified by silica gel flash chromatography (Hexane/EtOAC = 30:1), affording the 

title compound (1.0 g, 81%) as a colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.93 (d, 

J = 8.2 Hz, 2H), 7.23 (d, J = 7.9 Hz, 2H), 5.49 – 5.17 (m, 2H), 4.31 (t, J = 6.6 Hz, 2H), 

2.41 (s, 3H), 2.17 – 1.93 (m, 4H), 1.84 – 1.69 (m, 2H), 1.61 – 1.43 (m, 2H), 0.96 (t, J 

= 7.5 Hz, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 166.9, 143.6, 132.4, 129.7, 129.2, 

128.7, 127.9, 64.9, 28.5, 26.8, 26.3, 21.8, 20.7, 14.5 ppm. IR (neat, cm-1): 2960, 2933, 

1715, 1612, 1269, 1177, 1106, 1021, 841, 752. HRMS calcd. for (C16H22NaO2) 

[M+Na]+: 269.1512, found 269.1509. 

 
2-(oct-5-en-1-yl)isoindoline-1,3-dione (2.5.2x): The title compound was synthesized 

following a procedure described in the literature.16 To a solution of 8-bromooct-3-ene 

(869 mg, 4.69 mmol) in DMF (5 ml) was added potassium phthalimide (854 mg, 4.46 

mmol). The mixture was stirred at room temperature for 20 h until completion. The 

mixture was saturated with brine, extracted with CHCl3, dried over MgSO4 and the 

volatiles were removed under vacuum. Flash column chromatography of the crude 

mixture (Hexane/EtOAC = 95:5) afforded the title compound (512 mg, 45% yield) as 

colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.83 (dd, J = 5.4, 3.0 Hz, 2H), 7.69 (dd, J 

= 5.5, 3.0 Hz, 2H), 5.51 – 5.22 (m, 2H), 3.67 (td, J = 7.3, 2.4 Hz, 2H), 2.11 – 1.90 (m, 

4H), 1.75 – 1.61 (m, 2H), 1.44 – 1.34 (m, 2H), 0.93 (td, J = 7.5, 2.5 Hz, 3H) ppm. 13C 

NMR (101MHz, CDCl3) δ 168.5, 133.9, 132.7, 132.3, 128.5, 123.3, 38.1, 28.3, 27.0, 

26.7, 20.6, 14.5 ppm. IR (neat, cm-1): 2961, 2933, 2860, 1771, 1704, 1615, 1437, 

1394, 1368, 1336, 1070, 1037, 967, 716, 529. HRMS calcd. for (C16H20NO2) [M+H]+: 

258.1489 found 258.1489. 
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3-methyl-1-(oct-5-en-1-yl)-1H-indole (2.5.2z): The title compound was synthesized 

following a procedure described in the literature.17 NaH (756 mg, 31.5 mmol) and 

anhydrous THF (20 ml) were placed in a Schlenk flask under argon. 3-methyl-indole 

(1.31 g, 10 mmol) was added dropwise in THF (5 ml). The mixture was stirred for 20 

min until H2 bubbling ceased. 8-bromooct-3-ene (3.63 g, 19 mmol) was added 

dropwise and the reaction stirred overnight. The reaction mixture was carefully 

hydrolyzed with H2O, extracted with Et2O, dried over MgSO4 and the volatiles were 

removed under vacuum. Flash column chromatography (Hexane/EtOAC = 10:1) of 

the crude mixture afforded the title compound (463 mg, 19% yield) as yellow oil. 1H 

NMR (400 MHz, CDCl3) δ 7.64 – 7.56 (m, 1H), 7.36 – 7.30 (m, 1H), 7.25 – 7.20 (m, 

1H), 7.17 – 7.11 (m, 1H), 6.91 – 6.88 (m, 1H), 5.57 – 5.22 (m, 2H), 4.09 (td, J = 7.2, 

2.9 Hz, 2H), 2.42 – 2.29 (m, 3H), 2.16 – 2.01 (m, 4H), 1.96 – 1.84 (m, 2H), 1.50 – 

1.37 (m, 2H), 1.05 – 0.90 (m, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 136.4, 132.3, 

128.8, 128.6, 125.5, 121.4, 119.1, 118.5, 110.2, 109.3, 46.1, 30.1, 27.2, 26.8, 20.7, 

14.5, 9.7 ppm. IR (neat, cm-1): 3004, 2930, 2859, 1614, 1467, 1362, 1330, 1235, 1198, 

1168, 1013, 967, 787, 734, 426. HRMS calcd. for (C17H24N) [M+H]+: 242.1903 

found 242.1903. 

2.8.4.4 The Preparation of -Chloro Boronic Esters 

 

The -chloro boronic esters were synthetized following a procedure described in the 

literature.18 To an oven dried round flask equipped with a stirring bar was added 

CH2Cl2 (15 mmol, 0.96 mL) and THF (20 mL) by syringe, and the solution was 

cooled to −100°C. Then n-butyllithium (2.5 M solution in hexanes, 11 mmol, 1.1 

equiv) was added dropwise at −100 oC. After stirring for 45 min, a solution of 

corresponding alky‐4,4,5,5‐tetramethyl‐1,3,2‐dioxaborolane (10 mmol, 1.0 equiv) in 

diethyl ether was directly added via syringe. Then the reaction mixture was allowed to 

slowly warm to room temperature overnight. After the reaction was completed, 50 mL 

of DCM were added to precipitate the lithium chloride (optional), filtered, and 
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concentrated under reduced pressure. The resulting crude product was purified by 

silica gel flash chromatography (Hexane/EtOAc = 30:1 to 10:1).  

 
2-(1-chloroheptyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.1a): Following the 

general procedure described above, but using 2-hexyl-4,4,5,5-tetramethyl-1,3,2 

-dioxaborolane, afforded 2.5.1a (2.12 g, 81%) as a colorless oil. 1H NMR (400 MHz, 

CDCl3): δ 3.41 (dd, J = 8.1, 6.7 Hz, 1H), 1.85 – 1.78 (m, 2H), 1.50 – 1.23 (m, 8H) 

1.28 (s, 12H), 0.88 (t, J = 8.0, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 84.5, 34.2, 

31.8, 28.9, 27.4, 24.8, 24.7, 22.7, 14.2 ppm. 11B NMR (128 MHz, CDCl3) δ 31.4 ppm. 

IR (neat, cm-1): 2979, 2928, 2857, 1381, 1373, 1341, 1141, 967, 847. HRMS calcd. 

for (C13H26BClNaO2) [M+Na]+: 282.1643 found 282.1637. 

 
2-(1-chloro-3-ethoxypropyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.1b): 

Following the general procedure described above, but using 

2-(2-ethoxyethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, afforded 2.5.1b (1.61 g, 

65%) as a colorless oil. 1H NMR (400 MHz, CDCl3): δ 3.61 – 3.53 (m, 3H), 3.51 – 

3.42 (m, 2H), 2.20 – 2.07 (m, 1H), 2.05 – 1.97 (m, 1H), 1.28 (s, 12H), 1.19 (t, J = 7.1 

Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 84.5, 67.3, 66.5, 34.3, 24.8, 24.7, 15.3 

ppm. 11B NMR (128 MHz, CDCl3) δ 31.5 ppm. IR (neat, cm-1): 2978, 2933, 2867, 

1373, 1343, 1141, 1126, 1109, 968, 847. HRMS calcd. for (C11H22BClNaO3) 

[M+Na]+: 271.1243 found 271.1243. 

 

(4-chloro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl)trimethylsilane 

(2.5.1d): Following the general procedure described above, but using trimethyl 

(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propyl)silane, afforded 2.5.1d (1.80 g, 

62%) as a colorless oil. 1H NMR (400 MHz, CDCl3): δ 3.44 (t, J = 7.4 Hz, 1H), 1.84 

(q, J = 7.5 Hz, 2H), 1.54 – 1.34 (m, 2H), 1.28 (s, 12H), 0.60 – 0.36 (m, 2H), -0.02 (s, 

9H) ppm. 13C NMR (101 MHz, CDCl3) δ 84.5, 37.9, 24.8, 24.7, 21.8, 16.3, -1.6 ppm. 

11B NMR (128 MHz, CDCl3) δ 31.6 ppm. IR (neat, cm-1): 2979, 2953, 1380, 1340, 
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1248, 1141, 968, 835. HRMS calcd. for (C13H28SiBClNaO2) [M+Na]+: 313.1569 

found 313.1528. 

 
tert-butyl((7-chloro-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)heptyl)oxy) 

dimethylsilane (2.5.1e): Following the general procedure described above, but using 

tert-butyldimethyl((6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexyl)oxy)silane, 

afforded 2.5.1e (2.31 g, 59%) as a colorless oil. 1H NMR (300 MHz, CDCl3): δ 3.59 

(t, J = 6.5 Hz, 2H), 3.41 (dd, J = 8.0, 6.8 Hz, 1H), 1.86 – 1.76 (m, 2H), 1.55 –1.41 (m, 

3H), 1.39 -1.26 (m, 5H), 1.28 (s, 12H), 0.89 (s, 9H), 0.04 (s, 6H) ppm. 13C NMR (101 

MHz, CDCl3) δ 84.4, 63.3, 34.1, 32.8, 29.0, 27.4, 26.1, 25.7, 24.7 (left), 24.7 (right), 

18.4, -5.2 ppm. 11B NMR (128 MHz, CDCl3) δ 31.3 ppm. IR (neat, cm-1): 2979, 2930, 

2857, 1383, 1343, 1253, 1141, 1098, 967, 834, 774; HRMS calcd. for 

(C19H40SiBClNaO3) [M+Na]+: 413.2457 found 413.2506. 

 
8-chloro-8-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)octanenitrile (2.5.1f): 

Following the general procedure described above, but using 

7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-heptanenitrile as starting material, 

afforded 2.5.1f (1.88 g, 66%) as a colorless oil. 1H NMR (400 MHz, CDCl3): δ 3.40 

(dd, J = 8.2, 6.4 Hz, 1H), 2.33 (t, J = 7.1 Hz, 2H), 1.88 – 1.76 (m, 2H), 1.69 – 1.62 (m, 

2H), 1.58 – 1.32 (m, 6H), 1.28 (s, 12H) ppm. 13C NMR (101MHz, CDCl3) δ 118.8, 

83.6, 32.9, 27.6, 27.4, 26.0, 24.4, 23.7, 23.6, 16.2 ppm. 11B NMR (128 MHz, CDCl3) 

δ 37.0 ppm. IR (neat, cm-1): 2979, 2934, 2860, 1382, 1342, 1140, 966, 847. HRMS 

calcd. for (C14H25BClNNaO2) [M+Na]+: 308.1595 found 308.1560. 

 
2-(1,7-dichloroheptyl))-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.1g): 

Following the general procedure described above, but using 2-(6-chlorohexyl)-4,4,5,5 

-tetramethyl-1,3,2-dioxaborolane as starting material, afforded 2.5.1g (1.73 g, 59%) as 

a colorless oil. 1H NMR (300 MHz, CDCl3): δ 3.51 (t, J = 6.7 Hz, 2H), 3.39 (t, J = 
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7.5 Hz, 1H), 1.88 – 1.65 (m, 4H), 1.54 – 1.30 (m, 6H), 1.27 (s, 12H) ppm. 13C NMR 

(101 MHz, CDCl3) δ 84.6, 45.2, 34.0, 32.6, 28.5, 27.2, 26.8, 24.8, 24.7 ppm. 11B 

NMR (128 MHz, CDCl3) δ 30.9 ppm. IR (neat, cm-1): 2979, 2933, 2859, 1372, 1342, 

1141, 967, 847. HRMS calcd. for (C13H25BClO2) [M-Cl]+: 259.1667 found 259.1632. 

 

2-(1-chlorohex-5-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.1k): 

Following the general procedures, using 4,4,5,5-tetramethyl-2-(pent-4-en-1-yl) 

-1,3,2-dioxaborolane as starting material, afforded 2.5.1k (1.49 g, 61%) as a colorless 

oil. 1H NMR (300 MHz, CDCl3): δ 5.80 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.11 – 4.73 

(m, 2H), 3.41 (t, J = 9.8 Hz, 1H), 2.16 – 2.01 (m, 2H), 1.91 – 1.75 (m, 2H), 1.65 – 

1.47 (m, 2H), 1.28 (s, 12H) ppm. 13C NMR (101 MHz, CDCl3): δ 138.5, 114.9, 84.5, 

33.6, 33.3, 26.7, 24.7 (left), 24.7 (right) ppm. 11B NMR (128 MHz, CDCl3) δ 31.3 

ppm. IR (neat, cm-1): 2979, 2933, 1381, 1372, 1340, 1140, 967, 848.  GC-MS: 

(C12H22BClO2) [M]+: found t = 5.550 min, m/z 244.1. 

2.8.5 Ni-Catalyzed Reductive Coupling with Terminal Olefins 

 

General procedure A: An oven-dried 8 mL screw-cap tube containing a stirring bar 

was charged with NiI2 (3.1 mg, 5 mol%), L2.5.2 (2.8 mg, 6 mol%) and Na2CO3 (15.9 

mg, 0.75 mol). Subsequently, the tube was sealed with a Teflon-lined screw cap, then 

evacuated and backfilled with Ar (3 times). Then, the corresponding -haloborane 

(0.20 mmol, 1 equiv), olefin (0.34 mmol, 1.7 equiv), DEMS (48 L, 0.3 mmol, 1.5 
equiv), DMA and THF (3:1, 0.4 mL) were added via syringe. Once added, the tube 

was stirred at room temperature for 24 h. After the reaction was completed, the 

mixture was diluted with EtOAc and filtered through silica gel and concentrated. The 

corresponding product was purified by column chromatography on silica gel. 
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4,4,5,5-tetramethyl-2-(1-phenylundecan-5-yl)-1,3,2-dioxaborolane (2.5.3a): 

Following the general procedure A, but using 4-phenyl-1-butene (44.9 mg, 0.34 mmol) 

afforded 2.5.3a (59.0 mg, 83% yield) as a light-yellow oil. In an independent 

experiment, 58.0 mg (81%) were obtained, giving an average of 82% yield. 1H NMR 

(400 MHz, CDCl3): δ 7.28 – 7.24 (m, 2H), 7.20 – 7.14 (m, 3H), 2.60 (t, J = 7.7 Hz, 

2H), 1.69 – 1.53 (m, 2H), 1.48 – 1.26 (m, 14H), 1.25 (s, 6H), 1.22 (s, 6H), 0.99 – 0.94 

(m, 1H), 0.88 (t, J = 6.8 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ 143.0, 128.6, 

128.3, 125.6, 82.9, 36.0, 32.0, 31.9, 31.7, 31.5, 29.7, 29.4, 29.1, 24.9 (2C), 22.8, 14.2 

ppm. 11B NMR (128 MHz, CDCl3) δ 34.6 ppm. IR (neat, cm-1): 2977, 2956, 2924, 

2854, 1456, 1378, 1370, 1314, 1143, 968, 863, 698. HRMS calcd. for (C23H39BNaO2) 

[M+Na] +: 381.2935 found 381.2933. 

 
2-(1-(benzyloxy)tridecan-7-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.3b): 

Following the general procedure A, but using ((hex-5-en-1-yloxy)methyl)benzene 

(64.6 mg, 0.34 mmol), NiBr2·diglyme (7.0 mg, 10 mol%) and L2.5.2 (5.6 mg, 12 

mol%), afforded 2.5.3b (53.0 mg, 64% yield) as a light yellow oil. In an independent 

experiment, 42.0 mg (63% yield) were obtained, giving an average of 63% yield. 1H 

NMR (400 MHz, CDCl3): δ 7.34 – 7.31 (m, 4H), 7.30 – 7.22 (m, 1H), 4.50 (s, 2H), 

3.46 (t, J = 6.7 Hz, 2H), 1.60 (dt, J = 8.3, 6.5 Hz, 2H), 1.44 – 1.24 (m, 18H), 1.24 (s, 

12H), 0.98 – 0.92 (m, 1H), 0.88 (t, J = 6.8 Hz, 3H) ppm. 13C NMR (101 MHz, 

CDCl3): δ 138.9, 128.4, 127.7, 127.5, 82.9, 73.0, 70.7, 32.0, 31.6, 31.5, 29.9, 29.8, 

29.7, 29.4 (2C), 26.3, 24.9 (2C), 22.8, 14.2 ppm. 11B NMR (128 MHz, CDCl3) δ 33.8 

ppm. IR (neat, cm-1): 2976, 2955, 2923, 2853, 1455, 1386, 1370, 1313, 1143, 1102, 

966, 733. HRMS calcd. for (C26H46BO3) [M+H]+: 417.3535 found 417.3534. 

 

7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)tridecan-2-one (2.5.3c): Following 
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the general procedure A, but using hex-5-en-2-one (33.3 mg, 0.34 mmol), NiI2 (6.2 

mg, 10 mol%) and L2.5.2 (5.6 mg, 12 mol%), afforded 2.5.3c (35 mg, 54% yield) as a 

light yellow oil. In an independent experiment, 37.0 mg (57% yield) were obtained, 

giving an average of 56% yield. 1H NMR (400 MHz, CDCl3): δ 2.39 (t, J = 7.4 Hz, 

2H), 2.11 (s, 3H), 1.60 – 1.49 (m, 2H), 1.43 – 1.25 (m, 14H), 1.22 (s, 12H), 0.97 – 

0.89 (m, 1H), 0.85 (t, J = 6.7 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ 209.4, 

82.9, 43.9, 32.0, 31.5, 31.2, 29.9, 29.7, 29.3, 28.9, 24.9 (2C), 24.3, 22.7, 14.2 ppm. 
11B NMR (128 MHz, CDCl3) δ 34.5 ppm. IR (neat, cm-1): 2956, 2925, 2855, 1720, 

1604, 1508, 1387, 1269, 1144, 1112, 1089, 966, 853, 767. HRMS calcd. for 

(C19H37BNaO3) [M+Na]+: 346.2764 found 346.2757. 

 

7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)tridecanenitrile (2.5.3d): Following 

the general procedure A, but using hex-5-enenitrile (32.3 mg, 0.34 mmol), afforded 

2.5.3d (36.0 mg, 56% yield) as a light yellow oil. In an independent experiment, 39.8 

mg (62% yield) were obtained, giving an average of 59% yield. 1H NMR (500 MHz, 

CDCl3): δ 2.30 (t, J = 7.2 Hz, 2H), 1.63 (q, J = 7.3 Hz, 2H), 1.44 – 1.36 (m, 4H), 1.33 

– 1.23 (m, 12H), 1.22 (s, 12H), 0.94 – 0.90 (m, 1H), 0.86 (t, J = 6.9 Hz, 3H). ppm. 
13C NMR (126 MHz, CDCl3): δ. 120.0, 83.0, 31.9, 31.5, 31.1, 29.7, 29.3, 29.0, 28.4, 

25.4, 24.9, 24.8, 22.7, 17.1, 14.2 ppm. 11B NMR (160 MHz, CDCl3) δ 34.3 ppm. IR 

(neat, cm-1): 2977, 2924, 2854, 1462, 1387, 1371, 1314, 1259, 1214, 1143, 733, 700. 

HRMS calcd. for (C19H36BNaNO2) [M+Na] +: 344.2731 found. 344.2701. 

 
2-(1-chlorotridecan-7-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.3e): 

Following the general procedure A, but using 6-chlorohex-1-ene (40.1mg, 0.34 mmol), 

afforded 2.5.3e (46.0 mg, 66% yield) as a light-yellow oil. In an independent 

experiment, 44.0 mg (64% yield) were obtained, giving an average of 65% yield. 1H 

NMR (400 MHz, CDCl3): δ 3.49 (t, J = 6.8 Hz, 2H), 1.77 – 1.69 (m, 2H), 1.32 – 1.35 

(m, 4H), 1.32 – 1.22 (m, 14H), 1.22 (s, 12H), 0.95 – 0.90 (m, 1H), 0.85 (t, J = 6.8 Hz, 

3H) ppm. 13C NMR (101 MHz, CDCl3): δ 82.9, 45.2, 32.8, 32.0, 31.6, 31.4, 29.7, 
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29.4, 29.3, 29.2, 26.9, 24.9 (2C), 22.7, 14.2 ppm. 11B NMR (128 MHz, CDCl3) δ 34.7 

ppm. IR (neat, cm-1): 2977, 2956, 2923, 2854, 1386, 1379, 1313, 1143, 967, 862. 

HRMS calcd. for (C19H39BClO2) [M+H]+: 345.2726 found 345.2721. 

 

N-(4-methoxyphenyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) 

undecanamide (2.5.3f): Following the general procedure A, but using 

N-(4-methoxyphenyl)pent-4-enamide (69.7 mg, 0.34 mmol), afforded 2.5.3f (46 mg, 

55% yield) as a light yellow oil. In an independent experiment, 44.0 mg (51%) were 

obtained, giving an average of 53% yield. 1H NMR (400 MHz, CDCl3): δ 7.40 (dd, J 

= 9.3, 3.0 Hz, 2H), 7.02 (s, 1H), 6.90 – 6.81 (m, 2H), 3.78 (s, 3H), 2.32 (t, J = 7.7 Hz, 

2H), 1.71 (dt, J = 7.3, 3.8 Hz, 2H), 1.48 – 1.16 (m, 25H), 0.95 (t, J = 7.4 Hz, 2H), 

0.87 (t, J = 6.8 Hz, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ 171.2, 156.3, 131.1, 

121.7, 114.1, 82.8, 55.5, 37.7, 31.8, 31.4, 31.0, 29.6, 29.2, 28.9, 26.0, 24.8, 24.7, 22.6, 

14.1 ppm. 11B NMR (128 MHz, CDCl3) δ 34.1 ppm. IR (neat, cm-1): 3293, 2956, 

2954, 2855, 1655, 1604, 1541, 1510, 1463, 1379, 1313, 1242, 1036. HRMS calcd. for 

(C25H42BNNaO4) [M+Na] +: 454.3099 found 454.3108. 

 

2,2'-(decane-1,4-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (2.5.3g): 

Following the general procedure A, but using 2-allyl-4,4,5,5-tetramethyl 

-1,3,2-dioxaborolane (84.0 mg, 0.5 mmol) and NiBr2·diglyme (7.0 mg, 10 mol%), 

afforded 2.5.3g (47.0 mg, 47% yield) as a light yellow oil. In an independent 

experiment, 35.0 mg (44% yield) were obtained, giving an average of 46% yield. 1H 

NMR (400 MHz, CDCl3): δ 1.46 – 1.23 (m, 14H), 1.22 (s, 24H), 0.99 – 0.90 (m, 1H), 

0.86 (t, J = 6.6 Hz, 3H), 0.74 (t, J = 7.3 Hz, 2H) ppm. 13C NMR (101 MHz, CDCl3): 

δ 82.9, 82.8, 34.3, 32.0, 31.4, 29.8, 29.4, 25.0 (2C), 24.9 (2C), 23.8, 22.8, 14.2 ppm. 
11B NMR (128 MHz, CDCl3) δ 34.8 ppm. IR (neat, cm-1): 2977, 2924, 2855, 1370, 

1314, 1143, 968, 848, 688. HRMS calcd. for (C22H44B2NaO4) [M+Na]+: 417.3318 

found 417.3300. 
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7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)tridecyl-4-fluorobenzoate (2.5.3h): 

Following the general procedure A, but using hex-5-en-1-yl 4-fluorobenzoate (75.5 

mg, 0.34 mmol), NiBr2·diglyme (7.0 mg, 10 mol%) and L2.5.2 (5.6 mg, 12 mol%), 

afforded 2.5.3h (57.0 mg, 63% yield) as a light yellow oil. In an independent 

experiment, 61.0 mg (68% yield) were obtained, giving an average of 66% yield. 1H 

NMR (400 MHz, CDCl3): δ 8.05 (dd, J = 8.8, 5.2 Hz, 2H), 7.09 (t, J = 8.6 Hz, 2H), 

4.29 (t, J = 6.7 Hz, 2H), 1.74 (dt, J = 14.8, 6.8 Hz, 2H), 1.48 – 1.17 (m, 18H), 1.23 (s, 

12H), 1.02 – 0.90 (m, 1H), 0.86 (t, J = 6.6 Hz, 3H) ppm. 13C NMR (101 MHz, 

CDCl3): δ 165.9, 165.8 (d, J = 253.6 Hz), 132.2 (d, J = 9.2 Hz), 126.9 (d, J = 3.0 Hz), 

115.6 (d, J = 21.9 Hz), 82.9, 65.4, 32.0, 31.6, 31.5, 29.7 (left), 29.7 (right), 29.4, 29.3, 

28.8, 26.1, 24.9 (2C), 22.8, 14.2 ppm. 11B NMR (128 MHz, CDCl3) δ 35.1 ppm. 19F 

NMR (376 MHz, CDCl3) δ -106.2 ppm. IR (neat, cm-1): 2976, 2956, 2925, 2855, 

1720, 1604, 1508, 1387, 1269, 1144, 1112, 1089, 966, 767. HRMS calcd. for 

(C26H42FBNaO4) [M+Na]+: 470.3089 found 470.3068. 

 

7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)tridecyl 4-bromobenzoate (2.5.3i): 

Following the general procedure A, but using hex-5-en-1-yl 4-bromobenzoate (95.9 

mg, 0.34 mmol), NiBr2·diglyme (7.0 mg, 10 mol%) and L2.5.2 (5.6 mg, 12 mol%),  

afforded 2.5.3i (66.0 mg, 65% yield) as a light yellow oil. In an independent 

experiment, 66.0 mg (65% yield) were obtained, giving an average of 65% yield. 1H 

NMR (400 MHz, CDCl3): δ 7.86 (d, J = 8.6 Hz, 2H), 7.54 (d, J = 8.6 Hz, 2H), 4.27 (t, 

J = 6.7 Hz, 2H), 1.76 – 1.68 (m, 2H), 1.40 – 1.23 (m, 18H), 1.21 (s, 12H), 0.96 – 

0.91(m, 1H), 0.84 (t, J = 6.8 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ 166.0, 

131.7, 131.2, 129.6, 127.9, 82.9, 65.5, 31.9, 31.6, 31.4, 29.7, 29.6, 29.3, 29.2, 28.7, 

26.0, 24.9 (2C), 22.7, 14.2 ppm. 11B NMR (128 MHz, CDCl3) δ 32.6 ppm. IR (neat, 

cm-1): 2976, 2955, 2923, 2854, 1721, 1591, 1387, 1312, 1268, 1143, 1114, 1102, 
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1012, 847, 757. HRMS calcd. for (C26H42BBrNaO4) [M+Na]+: 531.2288 found 

531.2247. 

 
(8R,9S,13S,14S)-13-methyl-3-((7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)tri

decyl)oxy)-6,7,8,9,11,12,13,14,15,16-decahydro-17H-cyclopenta[a]phenanthrene- 

17-one (2.5.3j): Following the general procedure A, but using 

1-(3-bromophenyl)ethan-1-one (43.8 mg, 0.34 mmol), afforded 2.5.3j (55.0 mg, 48% 

yield) as a white solid. In an independent experiment, 55.0 mg (48% yield) were 

obtained, giving an average of 48% yield, 1:1 dr. Mp 56.1−58.0 ºC. 1H NMR (400 

MHz, CDCl3): δ 7.18 (d, J = 8.5 Hz, 1H), 6.70 (dd, J = 8.6, 2.8 Hz, 1H), 6.63 (d, J = 

2.7 Hz, 1H), 3.91 (t, J = 6.6 Hz, 2H), 2.94 – 2.76 (m, 2H), 2.50 (dd, J = 18.8, 8.5 Hz, 

1H), 2.43 – 2.35 (m, 1H), 2.29 – 2.21 (m, 1H), 2.19 – 1.89 (m, 5H), 1.81 – 1.70 (m, 

2H), 1.69 – 1.25 (m, 23H), 1.24 (s, 12H), 0.97 – 0.92 (m, 1H), 0.91 (s, 3H), 0.87(t, J = 

7.0 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ 221.1, 157.3, 137.8, 131.9, 126.4, 

114.7, 112.3, 82.9, 68.1, 50.6, 48.2, 44.1, 38.5, 36.0, 32.0, 31.7, 31.6, 31.5, 29.9, 29.8, 

29.7, 29.6, 29.5, 29.4, 26.7, 26.2, 26.1, 24.9 (2C), 22.8, 21.7, 14.2, 14.0 ppm. 11B 

NMR (128 MHz, CDCl3) δ 35.5 ppm. IR (neat, cm-1): 2976, 2924, 2855, 1739, 1609, 

1499, 1467, 1387, 1372, 1313, 1236, 1143, 1053, 910, 732. HRMS calcd. for 

(C37H59BNaO4) [M+Na]+: 601.4435 found 601.4410. 

 

2-(1,7-diphenylheptan-3-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.3k): 

Following the general procedure A, but using 2-(1-chloro-3-phenylpropyl)-4,4,5,5- 

tetramethyl-1,3,2-dioxaborolane (56.0 mg, 0.20 mmol), afforded 2.5.3k (53.0 mg, 70% 

yield) as a light yellow oil. In an independent experiment, 50.0 mg (66% yield) were 

obtained, giving an average 68% yield. 1H NMR (400 MHz, CDCl3): δ 7.31 (dd, J = 

6.4, 1.6 Hz, 2H), 7.30 (dd, J = 6.8, 2.0 Hz, 2H), 7.24 – 7.17 (m, 6H), 2.64 (t, J = 7.4 

Hz, 4H), 1.89 – 1.60 (m, 4H), 1.59 – 1.34 (m, 4H), 1.27 (s, 12H), 1.16 – 1.02 (m, 1H) 

ppm. 13C NMR (101 MHz, CDCl3): δ 143.2, 143.0, 128.6, 128.5, 128.4, 128.3, 125.7, 

125.6, 83.0, 36.0, 35.8, 33.7, 31.8, 31.3, 28.9, 25.0, 24.9 ppm. 11B NMR (128 MHz, 
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CDCl3) δ 38.3 ppm. IR (neat, cm-1): 2977, 2926, 2855, 1454, 1379, 1315, 1142, 966, 

745, 697. HRMS calcd. for (C25H35BNaO2) [M+Na]+: 369.2591 found 369.2568. 

 

2-(1-ethoxy-6,6-dimethylheptan-3-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(2.5.3l): Following the general procedure A, but using 

2-(1-chloro-3-ethoxypropyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (49.6 mg, 0.20 

mmol) and 3,3-dimethylbut-1-ene (28.6 mg, 0.34 mmol), afforded 2.5.3l (38.8 mg, 65% 

yield) as a light yellow oil. In an independent experiment, 36.0 mg (60% yield) were 

obtained, giving an average of 63% yield. 1H NMR (400 MHz, CDCl3): δ 3.46 (q, J = 

7.0 Hz, 2H), 3.39 (ddd, J = 7.3, 6.5, 1.7 Hz, 2H), 1.76 – 1.59 (m, 2H), 1.42 – 1.28 (m, 

2H), 1.23 (s, 12H), 1.18 (t, J = 7.0 Hz, 5H), 0.96 – 0.91 (m, 1H), 0.85 (s, 9H) ppm. 
13C NMR (126 MHz, CDCl3): δ 83.0, 70.5, 66.2, 43.6, 31.6, 30.5, 29.5, 26.4, 25.0, 

24.9, 15.3 ppm. 11B NMR (160 MHz, CDCl3) δ 34.2 ppm. IR (neat, cm-1): 3069, 

3049, 2976, 2923, 2854, 1459, 1428, 1379, 1315, 1143, 1109, 967, 730, 698, 510, 488. 

HRMS calcd. for (C17H35BNaO3) [M+Na]+: 321.2571 found 321.2564. 

 
2-(9-bromo-1-ethoxynonan-3-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(2.5.3m): Following the general procedure A, but using 2-(1-chloro-3-ethoxypropyl) 

-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (49.6 mg, 0.20 mmol) and 

6-bromohex-1-ene (55.1 mg, 0.34 mmol), afforded 2.5.3m (38.0 mg, 51% yield) as a 

light yellow oil. In an independent experiment, 37.0 mg (50% yield) were obtained, 

giving an average of 50% yield. 1H NMR (400 MHz, CDCl3): δ 3.45 (q, J = 7.0 Hz, 

2H), 3.42 – 3.34 (m, 4H), 1.91 – 1.79 (m, 2H), 1.78 – 1.55 (m, 3H), 1.47 – 1.27 (m, 

7H), 1.23 (s, 6H), 1.22 (s, 6H), 1.18 (t, J = 7.0 Hz, 3H), 1.05 – 0.95 (m, 1H) ppm. 13C 

NMR (101 MHz, CDCl3): δ 83.0, 70.4, 66.2, 34.1, 32.9, 31.5, 31.4, 29.1, 29.0, 28.2, 

25.0, 24.9, 15.3 ppm. 11B NMR (128 MHz, CDCl3) δ 34.3 ppm. IR (neat, cm-1): 2976, 

2928, 2856, 1378, 1372, 1314, 1143, 1109, 967, 854. HRMS calcd. for 

(C17H34BBrNaO3) [M+Na]+: 399.1713 found 399.1691. 
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3-(1-ethoxy-5-methylnonan-3-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.3n): 

Following the general procedure A, but using 2-(1-chloro-3-ethoxypropyl) 

-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (74.4 mg, 0.30 mmol), 2-methylhex-1-ene 

(19.6 mg, 0.20 mmol), NiI2 (6.2 mg, 10 mol%) and 4-isopropyl-2 

-(6-methylpyridin-2-yl)-4,5-dihydrooxazole (L2.5.12, 4.9 mg, 12 mol%), afforded 

2.5.3n (32.0 mg, 52% yield, 1:1 dr) as a light yellow oil. In an independent 

experiment, 34.0 mg (54% yield) were obtained, giving an average of 53% yield as a 

1:1 mixture of diastereoisomers. 1H NMR (400 MHz, CDCl3): δ 3.45 (q, J = 7.0 Hz, 

2H), 3.39 (td, J = 7.4, 1.9 Hz, 2H), 1.76 – 1.54 (m, 2H), 1.53 – 1.23 (m, 8H), 1.23 (s, 

12H), 1.18 (t, J = 7.0 Hz, 3H), 1.14 – 1.01 (m, 2H), 0.87 (t, J = 7.0 Hz, 3H), 0.83 (t, J 

= 6.2 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ 83.0, 70.5 (2C), 66.2, 39.4, 38.8, 

37.5, 36.7, 32.4, 32.2, 31.9, 31.4, 29.5 (2C), 25.0 (2C), 24.9 (2C), 23.2 (2C), 19.9 

(2C), 15.4, 14.3 (2C) ppm. 11B NMR (128 MHz, CDCl3) δ 34.1 ppm. IR (neat, cm-1): 

2976, 2957, 2926, 2858, 1459, 1378, 1314, 1141, 1109, 967, 861, 671. HRMS calcd. 

for (C18H37BNaO3) [M+Na]+: 335.2731 found 335.2721. 

 

2-(1,7-diphenylheptan-3-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.3o): 

Following the general procedure A, but using 2-(1-chloro-3-phenylpropyl) 

-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (56.0 mg, 0.20 mmol), afforded 2.5.3o (53.0 

mg, 70% yield) as a light yellow oil. In an independent experiment, 50.0 mg (66% 

yield) were obtained, giving an average 68% yield. 1H NMR (400 MHz, CDCl3): δ 

7.30 – 7.25 (m, 4H), 7.20 – 7.15 (m, 6H), 2.61 (t, J = 7.4 Hz, 4H), 1.79 – 1.59 (m, 4H), 

1.52 – 1.33 (m, 4H), 1.25 (s, 12H), 1.10 – 1.02 (m, 1H) ppm. 13C NMR (101 MHz, 

CDCl3): δ 143.2, 143.0, 128.6, 128.5, 128.4, 128.3, 125.7, 125.6, 83.1, 36.0, 35.8, 

33.7, 31.8, 31.3, 28.9, 25.0, 24.9 ppm. 11B NMR (128 MHz, CDCl3) δ 33.8 ppm. IR 

(neat, cm-1): 2977, 2926, 2855, 1454, 1379, 1315, 1142, 966, 745, 697. HRMS calcd. 

for (C25H35BNaO2) [M+Na]+: 401.2659 found 401.2624. 
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trimethyl(8-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)octyl)silane 

(2.5.3p): Following the general procedure A, but using 

(4-chloro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl)trimethylsilane (58.0 

mg, 0.20 mmol), afforded 2.5.3p (47.0 mg, 61% yield) as a light yellow oil. In an 

independent experiment, 46.0 mg (59% yield) were obtained, giving an average of 60% 

yield. 1H NMR (400 MHz, CDCl3): δ 7.26 (dd, J = 8.4, 6.4 Hz, 2H), 7.20 – 7.13 (m, 

3H), 2.60 (t, J = 7.6 Hz, 2H), 1.67 – 1.55 (m, 2H), 1.49 – 1.28 (m, 8H), 1.25 (s, 6H), 

1.22 (s, 6H), 1.03 – 0.96 (m, 1H), 0.58 – 0.39 (m, 2H), -0.03 (s, 9H) ppm. 13C NMR 

(101 MHz, CDCl3): δ 143.0, 128.6, 128.3, 125.6, 82.9, 36.0, 35.8, 31.8, 31.6, 29.1, 

25.0, 24.9, 23.8, 17.2, -1.5 ppm. 11B NMR (128 MHz, CDCl3) δ 34.4 ppm. IR (neat, 

cm-1): 2976, 2956, 2920, 2856, 1771, 1315, 1247, 1143, 969, 834, 744, 697. HRMS 

calcd. for (C23H41SiBNaO2) [M+Na]+: 411.2861 found 411.2854. 

 

tert-butyldimethyl((11-phenyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) 

undecyl)oxy)silane (2.5.3q): Following the general procedure A, but using 

tert-butyl((7-chloro-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)heptyl)oxy)dimet

hylsilane (78.0 mg, 0.20 mmol), afforded 2.5.3q (61.0 mg, 62% yield) as a light 

yellow oil. In an independent experiment, 60.0 mg (61% yield) were obtained, giving 

an average of 61% yield. 1H NMR (400 MHz, CDCl3): δ 7.26 (dd, J = 8.2, 7.0 Hz, 

2H), 7.21 – 7.10 (m, 3H), 3.60 (t, J = 6.7 Hz, 2H), 2.60 (t, J = 7.6 Hz, 2H), 1.70 – 

1.55 (m, 2H), 1.55 – 1.27 (m, 14H), 1,3 (s, 6H), 1.22 (s, 6H), 0.91 (s, 9H), 0.85 – 0.68 

(m, 1H), 0.06 (s, 6H) ppm. 13C NMR (101 MHz, CDCl3): δ 143.0, 128.6, 128.3, 

125.6, 82.9, 63.4, 36.0, 33.0, 31.8, 31.6, 31.5, 29.9, 29.4, 29.0, 26.1, 25.9, 25.0, 24.9, 

18.5, -5.1 ppm. 11B NMR (128 MHz, CDCl3) δ 34.5 ppm. IR (neat, cm-1): 2977, 2956, 

2927, 2856, 1462, 1379, 1371, 1315, 1253, 1144, 1098, 967, 834, 774, 698. HRMS 

calcd. for (C29H53SiBNaO3) [M+Na]+: 511.3786 found 511.3763. 
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12-phenyl-8-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)dodecanenitrile (2.3.5r): 

Following the general procedure A, but using 8-chloro-8 

-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)octanenitrile (57.0 mg, 0.20 mmol) 

afforded 2.3.5r (40.0 mg, 52% yield) as a light yellow oil. In an independent 

experiment, 39.0 mg (51% yield) were obtained, giving an average of 52% yield. 1H 

NMR (400 MHz, CDCl3): δ 7.25 (dd, J = 8.1, 6.6 Hz, 2H), 7.19 – 7.12 (m, 3H), 2.59 

(t, J = 7.6 Hz, 2H), 2.31 (t, J = 7.1 Hz, 2H), 1.72 – 1.55 (m, 4H), 1.49 – 1.25 (m, 12H), 

1.21 (s, 12H), 0.99 – 0.90 (m, 1H) ppm. 13C NMR (101 MHz, CDCl3): δ 142.9, 128.5, 

128.3, 125.6, 119.9, 82.9, 36.0, 31.8, 31.5, 31.4, 29.1, 29.0, 28.9, 28.7, 25.4, 24.9, 

24.8, 17.2 ppm. 11B NMR (128 MHz, CDCl3) δ 35.1 ppm. IR (neat, cm-1): 2977, 2926, 

2855, 1455, 1380, 1371, 1315, 1143, 967, 860, 747, 699. HRMS calcd. for 

(C24H38BNNaO2) [M+Na]+: 406.2888 found 406.2892. 

 

2-(11-chloro-1-phenylundecan-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(2.5.3s): Following the general procedure A, but using 2-(1,7-dichloroheptyl) 

-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (58.8 mg, 0.20 mmol), afforded 2.5.3s (60.0 

mg, 76% yield) as a light yellow oil. In an independent experiment, 55.0 mg (70% 

yield) were obtained, giving an average of 73% yield. 1H NMR (400 MHz, CDCl3): δ 

7.28 (dd, J = 8.2, 6.7 Hz, 2H), 7.23 – 7.09 (m, 3H), 3.54 (t, J = 6.8 Hz, 2H), 2.62 (t, J 

= 7.6 Hz, 2H), 1.85 – 1.71 (m, 2H), 1.69 – 1.55 (m, 2H), 1.51 – 1.29 (m, 12H), 1.27 (s, 

6H), 1.23 (s, 6H), 1.02 – 0.91 (m, 1H) ppm. 13C NMR (101 MHz, CDCl3): δ 143.0, 

128.5, 128.3, 125.6, 82.9, 45.3, 36.0, 32.7, 31.8, 31.5, 31.4, 29.2 (left), 29.2 (right), 

29.0, 26.9, 24.9, 24.8 ppm. 11B NMR (128 MHz, CDCl3) δ 34.3 ppm. IR (neat, cm-1): 

2977, 2926, 2855, 1455, 1378, 1371, 1315, 1267, 1143, 967, 847, 729, 698. HRMS 

calcd. for (C23H38BClNaO2) [M+Na]+: 415.2582 found 415.2533. 

 

4,4,5,5-tetramethyl-2-(5-phenylpentyl)-1,3,2-dioxaborolane (2.5.3t): Following the 

general procedure A, but using 2-(chloromethyl)-4,4,5,5-tetramethyl-1,3,2 

-dioxaborolane (35.2 mg, 0.20 mmol) afforded 2.5.3t (35.9 mg, 65% yield) as a light 

yellow oil. In an independent experiment, 38.6 mg (70% yield) were obtained, giving 
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an average of 68% yield. 1H NMR (400 MHz, CDCl3): δ 7.26 (dd, J = 8.5, 6.3 Hz, 

2H), 7.20 – 7.11 (m, 3H), 2.70 – 2.47 (m, 2H), 1.66 – 1.58 (m, 2H), 1.50 – 1.40 (m, 

2H), 1.39 – 1.30 (m, 2H), 1.23 (s, 12H), 0.78 (t, J = 7.7 Hz, 2H) ppm. 13C NMR (101 

MHz, CDCl3): δ 143.1, 128.6, 128.3, 125.6, 83.0, 36.0, 32.1, 31.4, 24.9 (2C), 24.0 

ppm. 11B NMR (128 MHz, CDCl3) δ 34.2 ppm. IR (neat, cm-1): 2978, 2928, 2857, 

1371, 1317, 1143, 968, 847, 745, 698. HRMS calcd. for (C17H27BNaO2) [M+Na]+: 

297.1996 found 297.1992. 

 

4,4,5,5-tetramethyl-2-(2-methyl-7-phenylheptan-3-yl)-1,3,2-dioxaborolane 

(2.5.3u): Following the general procedure A, but using 2-(1-bromo-2-methylpropyl) 

-4,4,5,5-tetramethyl-1,3,2-dioxaborolane and (52.6 mg, 0.20 mmol) and 

NiBr2·diglyme (7.0 mg, 10 mol%) afforded 2.5.3u (32.0 mg, 51% yield) as a light 

yellow oil after stirring the reaction at 40 ºC for 24 h. In an independent experiment, 

31.0 mg (49% yield) were obtained, giving an average of 50% yield. 1H NMR (400 

MHz, CDCl3): δ 7.26 (dd, J = 8.6, 6.6 Hz, 2H), 7.20 – 7.13 (m, 3H), 2.60 (t, J = 7.7 

Hz, 2H), 1.73 – 1.56 (m, 3H), 1.47 – 1.36 (m, 2H), 1.22 (s, 6H), 1.21 (s, 6H), 1.12 –

1.08 (m, 1H), 0.93 (d, J = 6.8 Hz, 3H), 0.91 (d, J = 6.8 Hz, 3H), 0.86 – 0.79 (m, 2H) 

ppm. 13C NMR (101 MHz, CDCl3): δ 143.0, 128.6, 128.3, 125.6, 82.9, 36.1, 31.9, 

29.8, 29.4, 29.3, 25.1, 25.0, 22.5, 22.0 ppm. 11B NMR (128 MHz, CDCl3) δ 34.2 ppm. 

IR (neat, cm-1): 2977, 2955, 2928, 2861, 1454, 1379, 1314, 1142, 969, 849, 745, 697. 

HRMS calcd. for (C20H33BNaO2) [M+Na]+: 339.2466 found 339.2459. 

 

2-(1-cyclohexyl-5-phenylpentyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.3v): 

Following the general procedure A, but using 2-(bromo(cyclohexyl)methyl) 

-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (60.6 mg, 0.20 mmol) and NiBr2·diglyme 

(7.0 mg, 10 mol%), afforded 2.5.3v (37.0 mg, 52% yield) as a light yellow oil after 

stirring the reaction at 40 ºC for 24 h. In an independent experiment, 40.0 mg (56%) 

were obtained, giving an average of 54% yield. 1H NMR (400 MHz, CDCl3) δ 7.30 – 

7.22 (dd, J = 7.6, 6.0 Hz, 2H), 7.20 – 7.11 (m, 3H), 2.60 (t, J = 7.6 Hz, 2H), 1.77 – 

1.54 (m, 6H), 1.48 – 1.36 (m, 2H), 1.29 – 1.23 (m, 6H), 1.22 (s, 6H), 1.21 (s, 6H), 
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1.04 – 0.82 (m, 4H) ppm. 13C NMR (101 MHz, CDCl3): δ 143.0, 128.6, 128.3, 125.6, 

82.9, 39.9, 36.0, 33.0, 32.7, 31.9, 29.4, 28.8, 27.0, 26.9, 25.1, 25.0, 24.9 ppm. 11B 

NMR (128 MHz, CDCl3) δ 34.2 ppm. IR (neat, cm-1): 2977, 2921, 2851, 1448, 1378, 

1313, 1143, 970, 847, 697. GC-MS: (C23H37BO2) [M]+: found t = 13.589 min, m/z 

356.3. 

2.8.6 Ni-Catalyzed Reductive Coupling with Internal Olefins  

 

General procedure B: An oven-dried 8 mL screw-cap tube containing a stirring bar 

was charged with NiI2 (6.2 mg, 10 mol%), L2.5.12 (4.9 mg, 12 mol%) and Na2CO3 

(21.2 mg, 0.10 mol). Subsequently, the tube was sealed with a Teflon-lined screw cap, 

then evacuated and back-filled with Ar (3 times). Then, the corresponding 

-haloborane (0.30 mmol, 1.5 equiv), olefin (0.20 mmol, 1.0 equiv), DEMS (48 L, 
0.3 mmol, 1.50 equiv), DMA (0.6 mL) were added via syringe. Then, the tube was 

stirred at room temperature for 18 h. After the reaction was completed, the mixture 

was diluted with EtOAc and filtered through silica gel and concentrated. The 

corresponding product was purified by column chromatography on silica gel. 

 
4,4,5,5-tetramethyl-2-(tetradecan-7-yl)-1,3,2-dioxaborolane (2.5.7a): Following 

the general procedure B, but using trans-2-heptene (28 L, 0.20 mmol) afforded 
2.5.7a (43.0 mg, 66% yield) as a light-yellow oil. In an independent experiment, 42.0 

mg (65% yield) were obtained, giving an average of 66% yield, 44:1 regioisomeric 

ratio. Following the general procedure B, but using trans-3-heptene (28 L, 0.20 

mmol), afforded 2.5.7a (39.0 mg, 60% yield) as a colorless oil. In an independent 

experiment, 41.0 mg (63% yield) were obtained, giving an average of 62% yield, 28:1 

regioisomeric ratio. 1H NMR (400 MHz, CDCl3): δ 1.49 – 1.24 (m, 22H), 1.23 (s, 

12H), 0.94 (tt, J = 9.3, 5.7 Hz, 1H), 0.87 (t, J = 6.8 Hz, 6H) ppm. 13C NMR (101 

MHz, CDCl3): δ 82.9, 32.1, 32.0, 31.7, 31.6, 30.0, 29.8, 29.5, 29.4 (2C), 24.9 (2C), 
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22.8, 22.7, 14.3, 14.2 ppm. 11B NMR (128 MHz, CDCl3) δ 34.2 ppm. IR (neat, cm-1): 

2977, 2957, 2922, 2853, 1465, 1386, 1379, 1371, 1313, 1144, 968, 864. HRMS calcd. 

for (C20H41BNaO2) [M+Na]+: 347.3128 found 347.3078. 

 

4,4,5,5-tetramethyl-2-(pentadecan-7-yl)-1,3,2-dioxaborolane (2.5.7b): Following 

the general procedure B, but using (E)-oct-4-ene (31.3 L, 0.20 mmol), afforded 
2.5.7b (42.0 mg, 62% yield) as a light-yellow oil. In a separate experiment, 44.0 mg 

(65% yield) were obtained, giving an average of 64% yield, 24:1 regioisomeric ratio. 
1H NMR (500 MHz, CDCl3): δ 1.43 – 1.35 (m, 2H), 1.34 – 1.25 (m, 22H), 1.24 (s, 

12H), 0.94 (tt, J = 9.2, 5.7 Hz, 1H), 0.87 (t, J = 8.0 Hz, 3H), 0.86 (t, J = 6.8 Hz, 3H) 

ppm. 13C NMR (126 MHz, CDCl3): δ 82.9, 32.1, 32.0, 31.7 (2C), 30.1, 29.8, 29.7, 

29.5, 29.4, 29.3, 24.9 (2C), 22.8, 22.7, 14.3, 14.2 ppm. 11B NMR (128 MHz, CDCl3) 

δ 34.0 ppm. IR (neat, cm-1): 2977, 2957, 2922, 2854, 1465, 1378, 1371, 1313, 1144, 

968, 864. GC-MS: (C21H43BO2) [M]+: found t = 10.980 min, m/z 338.3. 

 

4,4,5,5-tetramethyl-2-(1-phenyldodecan-6-yl)-1,3,2-dioxaborolane (2.5.7c): 

Following the general procedure B, but using pent-3-en-1-ylbenzene (E/Z mixture) 

(29.2 mg, 0.20 mmol), afforded 2.5.7c (45.0 mg, 60% yield) as a light yellow oil after 

stirring the reaction at 10 ºC for 36 h. In an independent experiment, 48.0 mg (64% 

yield) were obtained, giving an average of 62% yield, 10:1 regioisomeric ratio. 1H 

NMR (400 MHz, CDCl3) δ 7.28 (dd, J = 8.1, 6.8 Hz, 2H), 7.21 – 7.10 (m, 3H), 2.61 (t, 

J = 7.8 Hz, 2H), 1.68 – 1.58 (m, 2H), 1.49 – 1.27 (m, 16H), 1.26 (s, 12H), 1.01 – 0.95 

(m, 1H), 0.90 (t, J = 6.8 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ 143.1, 128.5, 

128.3, 125.6, 82.9, 36.1, 32.0, 31.6 (2C), 31.5, 29.7 (2C), 29.4, 29.3, 24.9 (2C), 22.8, 

14.2 ppm. 11B NMR (128 MHz, CDCl3) δ 35.0 ppm. IR (neat, cm-1): 2977, 2956, 

2923, 2854, 1454, 1379, 1370, 1313, 1143, 967, 863, 698. HRMS calcd. for 

(C24H41BNaO2) [M+Na]+: 395.3092 found 395.3085. 



  Site-Selective Ni-Catalyzed Reductive 
Coupling of -Haloboranes with Unactivated Olefins 

150 
 

 
2-(15-chloropentadecan-7-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.7d): 

Following the general procedure B, but using (Z)-8-chlorooct-3-ene (34 l, 0.20 

mmol), afforded 2.5.7d (35.8 mg, 48% yield) as a light-yellow oil. In an independent 

experiment, 37.2 mg (50%) were obtained, giving an average of 49% yield 34:1 

regioisomeric ratio. 1H NMR (400 MHz, CDCl3): δ 3.52 (t, J = 6.8 Hz, 2H), 1.81 – 

1.70 (m, 2H), 1.45 – 1.35 (m, 4H), 1.33 – 1.20 (m, 30H), 0.96 – 0.91 (m, 1H), 0.91 – 

0.82 (m, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ 82.9, 45.3, 32.8, 32.0, 31.6, 31.5, 

29.9, 29.8, 29.5, 29.4, 29.3, 29.0, 27.0, 24.9 (2C), 22.8, 14.2. 11B NMR (128 MHz, 

CDCl3) δ 34.4 ppm. IR (neat, cm-1): 2979, 2925, 2854, 1465, 1381, 1313, 1143, 906, 

728, 649. HRMS calcd. for (C21H42BClNaO2) [M+Na] +: 395.2859 found 395.2851. 

 

4,4,5,5-tetramethyl-2-((7S)-16,18,18-trimethylnonadecan-7-yl)-1,3,2-diox 

aborolane (2.5.7e): Following the general procedure B, but using 

2,2,4-trimethyldodec-6-ene (E/Z mixture) (42.0 mg, 0.20 mmol), afforded 2.5.7e (48.0 

mg, 55% yield) as a light yellow oil. In an independent experiment, 50.0 mg (57% 

yield) were obtained, giving an average of 56% yield as a 1:1 mixture of 

diastereoisomers, 20:1 regioisomeric ratio. 1H NMR (400 MHz, CDCl3): δ 1.48 – 

1.16 (m, 32H), 1.25 (s, 6H), 1.24 (s, 6H), 0.98 – 0.92 (m, 1H), 0.91 – 0.82 (m, 12H) 

ppm. 13C NMR (101 MHz, CDCl3): δ 82.9, 51.5, 39.8, 32.1, 32.0, 31.7, 31.2, 30.2, 

30.1, 30.0, 29.9, 29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 27.4, 25.0 (2C), 22.8, 

22.7, 14.3, 14.2 ppm. 11B NMR (128 MHz, CDCl3) δ 34.5 ppm. IR (neat, cm-1): 2976, 

2955, 2922, 2853, 1465, 1386, 1378, 1370, 1313, 1144, 968, 864, 688. HRMS calcd. 

for (C28H58BO2) [M+H]+: 437.4524 found 437.4525. 

 
tert-butyl-4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)decyl)piperidine-1- 
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carboxylate (2.5.7f): Following the general procedure B, but using tert-butyl 

4-(prop-1-en-1-yl)piperidine-1-carboxylate (E/Z mixture) (48 L, 0.20 mmol), 

afforded 2.5.7f (65.9 mg, 73% yield) as a light yellow oil. In an independent 

experiment, 61.3 mg (68%) were obtained, giving an average of 70% yield, 44:1 

regioisomeric ratio. 1H NMR (400 MHz, CDCl3): δ 4.03 (s, 2H), 2.64 (t, J = 12.6 Hz, 

2H), 1.67 – 1.54 (m, 2H), 1.43 (s, 9H), 1.32 – 1.17 (m, 29H), 1.11 – 0.88 (m, 3H), 

0.91 – 0.80 (m, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ155.0, 82.9, 79.2, 44.2, 

36.9, 36.0, 32.3, 31.9, 31.7, 31.6, 29.7, 29.4, 28.6, 26.4, 24.9, 24.8, 22.7, 14.2 ppm. 
11B NMR (128 MHz, CDCl3) δ 33.7 ppm. IR (neat, cm-1): 2976, 2923, 2852, 1695, 

1420, 1388, 1366, 1314, 1244, 1144, 967, 920, 864, 732. HRMS calcd. for 

(C26H50BNNaO4) [M+Na] +: 474.3731 found 474.3707. 

 

2-(12,16-dimethylheptadec-15-en-7-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(2.5.7g): Following the general procedure B, but using 2,6-dimethyldeca-2,8-diene 

(E/Z mixture) (44 L, 0.20 mmol), afforded 2.5.7g (49.4 mg, 63% yield) as a light 

yellow oil. In an independent experiment, 50.3 mg (64%) were obtained, giving an 

average of 63% yield, as a 1:1 mixture of diastereoisomers, 25:1 regioisomeric ratio. 
1H NMR (400 MHz, CDCl3): δ 5.15 – 5.04 (m, 1H), 2.04 – 1.86 (m, 2H), 1.67 (s, 3H), 

1.59 (s, 3H), 1.43 – 1.19 (m, 33H), 0.96 – 0.92 (m, 1H), 0.89 – 0.80 (m, 6H) ppm. 13C 

NMR (101 MHz, CDCl3): δ 131.0, 125.3, 82.9, 37.3, 37.1, 32.5, 32.0, 31.7, 31.6, 29.8, 

29.7, 29.4, 27.5, 27.4, 25.9, 25.7, 24.9, 22.8, 19.7, 17.8, 14.3 ppm. 11B NMR (128 

MHz, CDCl3) δ 34.2 ppm. IR (neat, cm-1): 2957, 2922, 2853, 1460, 1378, 1313, 1261, 

1215, 1144, 968, 863. HRMS calcd. for (C25H50BO2) [M+H]+: 393.3898 found 

393.3900. 

 
2-(1-cyclohexylheptyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.7h): 

Following the general procedure, but using cyclohexene (27.9 mg, 0.20 mmol), NiI2 

(6.2 mg, 10 mol%) and 4-isopropyl-2-(6-methylpyridin-2-yl)-4,5-dihydrooxazole 

(L2.5.12, 4.9 mg, 12 mol%), afforded 2.5.7h (32.6 mg, 53% yield) as a light yellow 
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oil. In an independent experiment, 30.8 mg (50% yield) were obtained, giving an 

average of 52% yield. 1H NMR (300 MHz, CDCl3): δ 1.78 – 1.59 (m, 5H), 1.43 – 

1.10 (m, 26H), 1.06 – 0.91 (m, 2H), 0.89 – 0.77 (m, 4H). ppm. 13C NMR (126 MHz, 

CDCl3): δ 82.9, 39.9, 33.1, 32.7, 32.0, 29.8, 29.0, 27.0, 26.9, 25.1, 25.0, 22.8, 14.2 

ppm. 11B NMR (160 MHz, CDCl3) δ 34.2 ppm. IR (neat, cm-1): 2977, 2921, 2851, 

1448, 1378, 1311, 1236, 1143, 969, 865, 846. GC-MS: (C19H37BO2) [M]+: found t = 

10.436 min, m/z 308.2. 

 

9-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentadecyl 4-methylbenzoate 

(2.5.7i): Following general procedure B, but using 2-(1-chloroheptyl) 

-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (104.0 mg, 0.40 mmol), (Z)-oct-5-en-1-yl 

4-methylbenzoate (49.2 mg, 0.20 mmol) and NiBr2·diglyme (7.0 mg, 10 mol%), 

afforded 2.5.7i (47.8 mg, 51% yield) as a light yellow oil after stirring the reaction at 

room temperature for 24 h. In an independent experiment, 51.6 mg (55% yield) were 

obtained, giving an average of 53% yield, 20:1 regioisomeric ratio. 1H NMR (400 

MHz, CDCl3): δ 7.91 (d, J = 8.2 Hz, 2H), 7.21 (d, J = 8.0 Hz, 2H), 4.27 (t, J = 6.7 Hz, 

2H), 2.38 (s, 3H), 1.84 – 1.66 (m, 2H), 1.47 – 1.23 (m, 22H), 1.22 (s, 12H), 0.99 – 

0.90 (m, 1H), 0.86 (t, J = 6.8 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ 166.8, 

143.4, 129.7, 129.1, 127.9, 82.8, 65.0, 31.9, 31.6, 31.5, 29.9, 29.7, 29.6, 29.4 (3C), 

28.9, 26.2, 24.9 (2C), 22.7, 21.7, 14.2 ppm. 11B NMR (128 MHz, CDCl3) δ 33.5 ppm. 

IR (neat, cm-1): 2977, 2956, 2923, 2854, 1719, 1613, 1464, 1386, 1312, 1271, 1177, 

1144, 1106, 1021, 968, 841, 753. HRMS calcd. for (C29H49BNaO4) [M+Na]+: 

495.3652 found 495.3618. 

 

2-(9-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentadecyl)isoindoline-1,3- 

dione (2.5.7j): Following the general procedure B, using 

2-(oct-5-en-1-yl)isoindoline-1,3-dione (E/Z mixtures) (50 L, 0.20 mmol), afforded 
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2.5.7j (58.0 mg, 60% yield) as a light yellow oil. In an independent experiment, 52.2 

mg (54%) were obtained, giving an average of 57% yield 41:1 regioisomeric ratio. 1H 

NMR (400 MHz, CDCl3): δ 7.82 (dd, J = 5.4, 3.1 Hz, 2H), 7.69 (dd, J = 5.4, 3.0 Hz, 

2H), 3.65 (t, J = 7.3, 3.0 Hz, 2H), 1.64 (t, J = 6.9, 3.0 Hz, 2H), 1.33 – 1.19 (m, 34H), 

0.94 – 0.89 (m, 1H), 0.89 – 0.81 (m, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ 168.6, 

133.9, 132.3, 123.2, 82.9, 38.2, 32.0, 31.6, 31.5, 30.0, 29.7, 29.6, 29.4 (2C), 29.3, 28.8, 

27.0, 24.9 (2C), 22.7, 14.2 ppm. 11B NMR (128 MHz, CDCl3) δ 34.7 ppm. IR (neat, 

cm-1): 2976, 2923, 2853, 1774, 1712, 1466, 1437, 1393, 1369, 1313, 1264, 1143, 

1057, 718. HRMS calcd. for (C29H46BNNaO4) [M+Na] +: 506.3412 found 506.3420. 

 
2-(18-(1,3-dioxolan-2-yl)octadecan-7-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(2.5.7k): Following the general procedure B, but using 2-(1-chloroheptyl)-4,4,5,5 

-tetramethyl-1,3,2-dioxaborolane (104.0 mg, 0.4 mmol), 2-(undec-9-en-1-yl) 

-1,3-dioxolane (E/Z mixtures) (45.2 mg, 0.20 mmol) and NiBr2·diglyme (7.0 mg, 10 

mol%) afforded 2.5.7k (50.0 mg, 55% yield) as a light yellow oil after stirring the 

reaction at room temperature for 24 h. In an independent experiment, 49.0 mg (54% 

yield) were obtained, giving an average of 54% yield, 17:1 regioisomeric ratio. 1H 

NMR (400 MHz, CDCl3): δ 4.83 (t, J = 4.8 Hz, 1H), 3.98 – 3.92 (m, 2H), 3.86 – 3.81 

(m, 2H), 1.68 – 1.60 (m, 2H), 1.45 – 1.23 (m, 30H), 1.23 (s, 12H), 0.98 – 0.90 (m, 

1H), 0.86 (t, J = 6.8 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ 104.9, 82.9, 65.0 

(2C), 34.1, 32.0, 31.6 (2C), 30.1, 29.8, 29.7 (2C) (right), 29.6 (3C), 29.5, 29.4, 24.9 

(2C), 24.2, 22.8, 14.2 ppm. 11B NMR (128 MHz, CDCl3) δ 34.8 ppm. IR (neat, cm-1): 

2976, 2922, 2853, 1464, 1409, 1387, 1371, 1313, 1263, 1215, 1143, 1037, 967, 863. 

HRMS calcd. for (C27H53BNaO4) [M+Na]+: 475.3965 found 475.3923. 

 
3-methyl-1-(9-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentadecyl)-1H- 

indole (2.5.7l): Following the general procedure B, but using 

3-methyl-1-(oct-5-en-1-yl)-1H-indole (E/Z mixture) (51 L, 0.20 mmol), afforded 

2.5.7l (56.0 mg, 60% yield) as a light-yellow oil. In an independent experiment, 57.0 
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mg (61%) were obtained, giving an average of 61% yield, 15:1 regioisomeric ratio. 
1H NMR (400 MHz, CDCl3): δ 7.65 – 7.50 (m, 1H), 7.34 – 7.27 (m, 1H), 7.23 – 7.16 

(m, 1H), 7.12 – 7.03 (m, 1H), 6.89 – 6.84 (m, 1H), 4.04 (t, J = 7.2 Hz, 2H), 2.34 (d, J 

= 1.1 Hz, 3H), 1.80 (t, J = 7.2 Hz, 2H), 1.46 – 1.16 (m, 34H), 0.96 – 0.94 (m, 1H), 

0.94 – 0.84 (m, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ 136.4, 128.8, 125.6, 121.3, 

119.1, 118.5, 110.1, 109.3, 82.9, 46.2, 32.0, 31.6, 31.5, 30.5, 30.0, 29.9, 29.8, 29.6, 

29.4, 29.3 (2C, right), 27.2, 24.9, 22.8, 14.3, 9.7 ppm. 11B NMR (128 MHz, CDCl3) δ 

34.1 ppm. IR (neat, cm-1): 2922, 2853, 1467, 1386, 1314, 1260, 1143, 735. HRMS 

calcd. for (C30H50BNNaO2) [M+Na] +: 490.3832 found 490.3827. 

 
4,4,5,5-tetramethyl-2-(1-phenyldecan-3-yl)-1,3,2-dioxaborolane (2.5.7m): 

Following the general procedure B, but using 2-(1-chloro-3-phenylpropyl) 

-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (84 mg, 0.20 mmol), afforded 2.5.7m (53.0 

mg, 77% yield) as a light yellow oil. In an independent experiment, 55.0 mg (80% 

yield) were obtained, giving an average of 78% yield, 21:1 regioisomeric ratio. 1H 

NMR (400 MHz, CDCl3) δ 7.27 (dd, J = 7.6, 6.8 Hz, 2H), 7.23 – 7.11 (m, 3H), 2.74 – 

2.44 (m, 2H), 1.87 – 1.57 (m, 2H), 1.52 – 1.34 (m, 2H), 1.32 – 1.23 (m, 10H), 1.26 (s, 

J = 8.7 Hz, 12H), 1.11 – 0.98 (m, 1H), 0.89 (t, J = 6.8 Hz, 3H) ppm. 13C NMR (101 

MHz, CDCl3): δ 143.3, 128.5, 128.3, 125.7, 83.0, 35.8, 33.7, 32.0, 31.4, 30.0, 29.4, 

29.3, 25.0 (left), 25.0 (right), 22.8, 14.3 ppm. 11B NMR (128 MHz, CDCl3) δ 34.6 

ppm. IR (neat, cm-1): 2977, 2956, 2923, 2854, 1455, 1379, 1371, 1314, 1143, 967, 

851, 746, 698. HRMS calcd. for (C22H37BNaO2) [M+Na]+: 367.2815 found 367.2797. 

 
2-(1-ethoxydecan-3-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.7n): 

Following the general procedure B, but using 2-(1-chloro-3-ethoxypropyl) 

-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (74.4 mg, 0.20 mmol) afforded 2.5.7n (37.0 

mg, 59% yield) as a light yellow oil. In an independent experiment, 36.0 mg (58% 

yield) were obtained, giving an average of 58% yield, 24:1 regioisomeric ratio. 1H 

NMR (500 MHz, CDCl3) δ 3.45 (q, J = 7.0 Hz, 2H), 3.39 (t, J = 7.0 Hz, 2H), 1.75 – 

1.53 (m, 2H), 1.46 – 1.24 (m, 12H), 1.23 (s, 12H), 1.17 (t, J = 7.1 Hz, 3H), 1.04 – 



Chapter 2.   

155 
 

0.95 (m, 1H), 0.86 (t, J = 6.8 Hz, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ 83.0, 

70.5, 66.1, 32.0, 31.5 (left), 31.5 (right), 29.9, 29.4, 29.3, 24.9, 24.8, 22.8, 15.3, 14.2 

ppm. 11B NMR (128 MHz, CDCl3) δ 35.0 ppm. IR (neat, cm-1): 2976, 2924, 2854, 

1460, 1378, 1313, 1144, 1110, 968, 856. HRMS calcd. for (C18H37BNaO3) [M+Na]+: 

335.2764 found 335.2701. 

 
trimethyl(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)undecyl)silane (2.5.7o): 

Following the general procedure B, but using (4-chloro-4-(4,4,5,5-tetramethyl 

-1,3,2-dioxaborolan-2-yl)butyl)trimethylsilane (87.0 mg, 0.20 mmol), afforded 2.5.7o 

(39.0 mg, 55% yield) as a light yellow oil. In an independent experiment, 41.0 mg (58% 

yield) were obtained, giving an average of 56% yield, 99:1 regioisomeric ratio. 1H 

NMR (400 MHz, CDCl3) δ 1.48 – 1.24 (m, 16H), 1.23 (s, 12H), 1.04 – 0.92 (m, 1H), 

0.87 (t, J = 6.8 Hz, 3H), 0.55 – 0.38 (m, 2H), -0.05 (s, 9H) ppm. 13C NMR (101 MHz, 

CDCl3) δ 82.9, 35.8, 32.0, 31.7, 30.0, 29.5, 29.4, 25.0 (2C), 23.8, 22.8, 17.2, 14.3, 

-1.5 ppm. 11B NMR (128 MHz, CDCl3) δ 33.8 ppm. IR (neat, cm-1): 2978, 2954, 

2922, 2854, 1459, 1378, 1371, 1315, 1247, 1214, 1144, 969, 857, 834, 690. GC-MS: 

(C20H43SiBO2) [M]+: found t = 10.596 min, m/z 354.2.  

 
tert-butyldimethyl((7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)tetradecyl)oxy) 

silane (2.5.7p): Following the general procedure B, using 

tert-butyl((7-chloro-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)heptyl)oxy)dimet

hylsilane (117.0 mg, 0.20 mmol), afforded 2.5.7p (60.0 mg, 66% yield) as a light 

yellow oil. In an independent experiment, 55.0 mg (60% yield) were obtained, giving 

an average of 63% yield, 24:1 regioisomeric ratio. 1H NMR (500 MHz, CDCl3) δ 

3.57 (t, J = 6.6 Hz, 2H), 1.53 – 1.44 (m, 2H), 1.42 – 1.23 (m, 20H), 1.22 (s, 12H), 

0.97 – 0.91 (m, 1H), 0.88 (s, 9H), 0.85 (t, J = 7.1 Hz, 3H), 0.03 (s, 6H) ppm. 13C 

NMR (126 MHz, CDCl3) δ 82.9, 63.5, 33.0, 32.0, 31.6, 31.5, 30.0, 29.9, 29.5, 29.4, 

29.3, 26.1, 26.0, 25.9, 24.9, 22.8, 18.5, 14.3, -5.1 ppm. 11B NMR (128 MHz, CDCl3) 

δ 35.3 ppm. IR (neat, cm-1): 2977, 2927, 2856, 1463, 1378, 1371, 1315, 1253, 1145, 
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1109, 968, 834, 774. HRMS calcd. for (C26H55SiBNaO3) [M+Na]+: 477.3942 found 

477.3900. 

 
2-(1-chlorotetradecan-7-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.7q): 

Following the general procedure B, but using 2-(1,7-dichloroheptyl)-4,4,5,5 

-tetramethyl-1,3,2-dioxaborolane (88.2 mg, 0.20 mmol), afforded 2.5.7q (53.0 mg, 74% 

yield) as a light yellow oil. In an independent experiment, 50.0 mg (70% yield) were 

obtained, giving an average of 72% yield, 30:1 regioisomeric ratio. 1H NMR (400 

MHz, CDCl3) δ 3.49 (t, J = 6.8 Hz, 2H), 1.86 – 1.60 (m, 2H), 1.44 – 1.34 (m, 4H), 

1.34 – 1.23 (m, 16H), 1.22 (s, 12H), 0.97 – 0.90 (m, 1H), 0.85 (t, J = 6.8 Hz, 3H) ppm. 
13C NMR (101MHz, CDCl3) δ 82.9, 45.2, 32.8, 32.0, 31.6, 31.4, 30.0, 29.4 (2C), 29.2, 

29.1, 26.9, 24.9 (2C), 22.8, 14.2 ppm. 11B NMR (128 MHz, CDCl3) δ 34.6 ppm. IR 

(neat, cm-1): 2977, 2956, 2923, 2854, 1463, 1386, 1371, 1313, 1143, 967, 860, 726. 

HRMS calcd. for (C20H40BClNaO2) [M+Na]+: 381.2738 found 381.2726. 

 

8-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentadecanenitrile (2.5.7r): 

Following the general procedure B, but using 8-chloro-8-(4,4,5,5-tetramethyl 

-1,3,2-dioxaborolan-2-yl)octanenitrile (85.5 mg, 0.20 mmol), afforded 2.5.7r (54.0 

mg, 77% yield) as a light yellow oil. In an independent experiment, 50.0 mg (71% 

yield) were obtained, giving an average of 74% yield, 21:1 regioisomeric ratio. 1H 

NMR (400 MHz, CDCl3) δ 2.30 (t, J = 7.2 Hz, 2H), 1.70 – 1.57 (m, 2H), 1.46 – 1.34 

(m, 4H), 1.33 – 1.24 (m, 16H), 1.22 (s, 12H), 0.97 – 0.88 (m, 1H), 0.85 (m, J = 6.8 Hz, 

3H) ppm. 13C NMR (101MHz, CDCl3): δ 119.9, 82.9, 31.9, 31.5, 31.4, 30.0, 29.4 

(2C), 29.1, 29.0, 28.7, 25.5, 24.9 (2C), 22.8, 17.2, 14.2 ppm. 11B NMR (128 MHz, 

CDCl3) δ 35.1 ppm. IR (neat, cm-1): 2977, 2923, 2854, 1463, 1386, 1380, 1315, 1143, 

967, 860. HRMS calcd. for (C21H40BNNaO2) [M+Na]+: 372.3081 found 372.3026. 
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4,4,5,5-tetramethyl-2-octyl-1,3,2-dioxaborolane (2.5.7s): Following the general 

procedure B, but using 2-(chloromethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(52.8 mg, 0.20 mmol), afforded 2.5.7s (29.8 mg, 62% yield) as a light-yellow oil. In 

an independent experiment, 29.8 mg (62% yield) were obtained, giving an average of 

62% yield, 3.5:1 regioisomeric ratio. 1H NMR (400 MHz, CDCl3) δ 1.38 (m, 2H), 

1.32 – 1.24 (m, 10H), 1.24 (s, 12H), 0.87 (t, J = 7.2 Hz, 3H), 0.76 (t, J = 7.7 Hz, 2H) 

ppm. 13C NMR (101 MHz, CDCl3): δ 83.0, 82.9, 39.8, 32.6, 32.3, 32.0, 29.7, 29.5, 

29.4, 27.1, 25.0 (left), 25.0 (right, 2C), 24.9 (2C), 24.2, 22.8, 22.6, 14.3, 14.2 ppm. 
11B NMR (128 MHz, CDCl3) δ 34.0 ppm. IR (neat, cm-1): 2978, 2957, 2924, 2856, 

1466, 1406, 1370, 1315, 1144, 968, 847. Spectroscopic data for 2.5.7s match those 

previously reported in the literature.19 

2.8.7 Gram Scale Reaction and Iterative C-C Bond Formations 

 

An oven-dried 50 mL schlenk tube containing a stirring bar was charged with NiI2 

(186 mg, 10 mol%), L2.5.2 (168 mg, 12 mol%) and Na2CO3 (477 mg, 4.50 mmol). 

Subsequently, the tube was sealed with a Teflon screw cap, then evacuated and 

back-filled with argon (3 times). Afterwards, 2-(chloromethyl)-4,4,5,5-tetramethyl 

-1,3,2-dioxaborolane (2.5.1h, 1.06 g, 6.0 mmol, 1.0 equiv), 2.5.2a (1.8 mL, 12.0 

mmol, 2.0 equiv), DEMS (1.44 mL, 9.0 mmol, 1.5 equiv), DMA and THF (3:1, 12 

mL) were added via syringe. Then, the tube was stirred at room temperature (around 

25 ºC) for 48 h. After the reaction was completed, the mixture was diluted with 

EtOAc, filtered through silica gel and then concentrated under vacuum. The residue 

was purified by column chromatography on silica gel (Hexane/EtOAc = 50:1), 

obtaining 2.5.3t as colorless oil 1.12 g (68% yield). 

 
2-(1-chloro-6-phenylhexyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.8): To an 

oven dried round flask equipped with a stirring bar was added CH2Cl2 (4.5 mmol, 
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0.29 mL) and THF (6 mL) by syringe, and the solution was cooled to −100°C. Then 
n-butyllithium (2.5 M solution in Hexane, 3.3 mmol, 1.10 equiv) was added dropwise 

under −100 oC. After stirring for 45 min, a solution of 4,4,5,5-tetramethyl 

-2-(5-phenylpentyl)-1,3,2-dioxaborolane (0.82 g, 3.0 mmol, 1.0 equiv) in diethyl ether 

was directly added via syringe. Then, the reaction mixture was allowed to slowly 

warm to room temperature overnight. After the reaction was completed, 10 mL of 

DCM was added to precipitate the LiCl (optional), filtered, and concentrated under 

reduced pressure. The resulting crude product was purified by silica gel flash 

chromatography (Hexane/EtOAc = 30:1 to 10:1) obtained 2.5.8 as colorless oil 724 

mg (75%). 1H NMR (400 MHz, CDCl3) δ 7.28 (dd, J = 7.8, 7.6 Hz, 2H), 7.22 – 7.10 

(m, 3H), 3.41 (t, J = 7.4 Hz, 1H), 2.61 (t, J = 7.6 Hz, 2H), 1.93 – 1.76 (m, 2H), 1.69 – 

1.60 (m, 2H), 1.48 – 1.32 (m, 4H), 1.29 (s, 12H) ppm. 13C NMR (101 MHz, CDCl3) δ 

142.8, 128.5, 128.4, 125.8, 84.5, 35.9, 34.1, 31.4, 28.9, 27.3, 24.8, 24.7 ppm. 11B 

NMR (128 MHz, CDCl3) δ 31.7 ppm. IR (neat, cm-1): 2979, 2931, 2857, 1726, 1454, 

1382, 1373, 1342, 1141, 967, 848, 746, 699. HRMS calcd. for (C18H28ClBNaO2) 

[M+Na]+: 345.1799 found 345.1765. 

 
4,4,5,5-tetramethyl-2-(1-phenyltridecan-6-yl)-1,3,2-dioxaborolane (2.5.9): An 

oven-dried 8 mL screw-cap vial containing a stirring bar was charged with NiI2 (9.1 

mg, 10 mol%), L2.5.12 (8.4 mg, 12 mol%) and Na2CO3 (31.8 mg, 0.3 mmol). 

Subsequently, the tube was sealed with a Teflon-lined screw cap, then evacuated and 

back-filled with Ar (3 times). Then, 2-(1-chloro-6-phenylhexyl)-4,4,5,5-tetramethy 

l-1,3,2-dioxaborolane (96.6 mg, 0.45 mmol, 1.5 equiv), the mixture of 1-heptene, 

trans-2-heptene and trans-3-heptene (42 L, 1:1:1 ratio, 0.30 mmol, 1.0 equiv), 

DEMS (72 L, 0.45 mmol, 1.50 equiv) and DMA (0.90 mL) were added via syringe. 

Then, the tube was stirred at room temperature for 18 h. After the reaction was 

completed, the mixture was diluted with EtOAc, filtered through silica gel and 

concentrated under vacuum. The corresponding product was purified by column 

chromatography on silica gel (Hexane/EtOAc = 100:1), obtained 2.5.9 as light-yellow 

oil 76 mg (66%), 44:1 regioisomeric ratio. 1H NMR (400 MHz, CDCl3) δ 7.31 – 7.24 

(dd, J = 8.2, 7.2 Hz, 2H), 7.20 – 7.08 (m, 3H), 2.60 (t, J = 7.8 Hz, 2H), 1.71 – 1.54 (m, 

2H), 1.48 – 1.27 (m, 18H), 1.25 (s, 12H), 1.02 – 0.92 (m, 1H), 0.89 (t, J = 6.8 Hz, 3H) 
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ppm. 13C NMR (101 MHz, CDCl3) δ 143.1, 128.5, 128.3, 125.7, 82.9, 36.1, 32.0, 

31.6 (left), 31.6 (right), 31.5, 30.0, 29.8, 29.4 (left), 29.4 (right), 29.3, 24.9 (2C), 22.8, 

14.3 ppm. 11B NMR (128 MHz, CDCl3) δ 34.8 ppm. IR (neat, cm-1): 2977, 2923, 

2853, 1455, 1386, 1370, 1313, 1143, 967, 856, 745, 697. HRMS calcd. for 

(C25H43BNaO2) [M+Na]+: 409.3285 found 409.3242. 

 
12-phenyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)dodecyl 4-fluoro 

benzoate (2.5.10): An oven-dried 8 mL screw-cap vial containing a stirring bar was 

charged with NiI2 (6.2 mg, 10 mol%), L2.5.2 (5.6 mg, 12 mol%) and Na2CO3 (15.9 

mg, 0.075 mol). Subsequently, the tube was sealed with a Teflon-lined screw cap and 

then evacuated and backfilled with Ar (3 times). Then, the 2-(1-chloro-6-phenylhexyl) 

-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (64.4 mg, 0.20 mmol, 1.0 equiv), olefin 

(75.5 mg, 0.34 mmol, 1.70 equiv), DEMS (48 L, 0.30 mmol, 1.50 equiv), DMA and 

THF (3:1, 0.40 mL) were added via syringe. Then, the tube was stirred at room 

temperature for 15 h. After the reaction was completed, the mixture was diluted with 

EtOAc, filtered through silica gel and then concentrated under vacuum. The 

corresponding product was purified by column chromatography on silica gel 

(Hexane/EtOAc = 40:1 to 20:1), obtaining 2.5.10 as light yellow oil 59 mg (58%). 1H 

NMR (400 MHz, CDCl3) δ 8.06 (dd, J = 8.9, 5.5 Hz, 2H), 7.31 – 7.22 (dd, J = 8.0, 

7.6 Hz, 2H), 7.17 – 7.14 (m, 3H), 7.10 (dd, J = 8.7, 8.4 Hz, 2H), 4.30 (t, J = 6.7 Hz, 

2H), 2.60 (t, J = 7.8 Hz, 2H), 1.82 – 1.70 (m, 2H), 1.66 – 1.57 (m, 2H), 1.49 – 1.27 (m, 

14H), 1.24 (s, 12H), 1.02 – 0.93 (m, 1H) ppm. 13C NMR (101 MHz, CDCl3) δ 165.8, 

165.8 (d, J = 254.5 Hz), 143.0, 132.2 (d, J = 9.2 Hz), 128.4 (d, J = 19.2 Hz), 126.9 (d, 

J = 3.0 Hz), 125.6, 115.6, 115.4, 82.9, 65.4, 36.0, 31.6, 31.5, 31.4, 29.7, 29.6, 29.2 

(2C), 28.8, 26.1 24.9 (2C) ppm. 11B NMR (128 MHz, CDCl3) δ 35.5 ppm. 19F NMR 

(376 MHz, CDCl3) δ -106.16. IR (neat, cm-1): 2977, 2926, 2854, 1720, 1603, 1508, 

1455, 1386, 1312, 1269, 1238, 1143, 1111, 1090, 967, 854, 768, 698. HRMS calcd. 

for (C31H44FBNaO4) [M+Na]+: 533.3245 found 533.3228. 
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2-(1-bromo-6-phenylhexyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.11): 

2-(1-chloro-6-phenylhexyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (322 mg, 1.0 

mmol) was dissolved in 5 mL of acetone, and then added sodium bromide (5 equiv). 

The reaction mixture was stirred at 50 oC. Then, the mixture was extracted with 

EtOAc (3 x 10 mL), dried over MgSO4, filtered and concentrated under reduced 

pressure. The resulting crude product was purified by column chromatography 

(Hexane/EtOAc = 30:1 to 10:1), obtained 2.5.11 as colourless oil 290 mg (79%). 1H 

NMR (400 MHz, CDCl3) δ 7.28 (t, J = 7.6 Hz, 2H), 7.20 – 7.16 (m, 3H), 3.32 (t, J = 

7.8 Hz, 1H), 2.61 (t, J = 7.8 Hz, 2H), 1.93 – 1.87 (m, 2H), 1.68 – 1.60 (m, 2H), 1.57 – 

1.35 (m, 4H), 1.29 (s, 12H) ppm. 13C NMR (101 MHz, CDCl3) δ 142.7, 128.5, 128.4, 

125.7, 84.3, 35.9, 34.1, 31.3, 28.7, 28.6, 24.6, 24.5 ppm. 11B NMR (128 MHz, CDCl3) 

δ 31.6 ppm. IR (neat, cm-1): 2978, 2929, 2856, 1454, 1380, 1372, 1340, 1142, 967, 

848, 745, 697. HRMS calcd. for (C18H28BrBNaO2) [M+Na]+: 389.1294 found 

389.1256. 

 
hex-5-en-1-yl-4-(6-phenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2yl)hexyl) 

benzoate (2.5.12): An oven-dried screw-cap vial containing a stirring bar was 

charged with Zn dust (0.4 mmol, 26.0 mg), and 4,4'-dimethoxy-2,2'-bipyridine 

(L2.5.1, 4.4 mg, 10 mol%). Subsequently the vial was introduced into a 

nitrogen-filled glove box and charged with the Ni(COD)2 (5.60 mg, 10 mol%), THF 

(1 mL) and DMPU (50 L). The tube was sealed with a Teflon-lined screw cap and 

taken out from the glovebox. Then the 2-(1-bromo-6-phenylhexyl)-4,4,5,5- 

tetramethyl-1,3,2-dioxaborolane (2.5.11, 67.2 mg, 0.20 mmol, 1.0 equiv), and 

hex-5-en-1-yl 4-bromobenzoate (62 mg, 0.22 mmol, 1.10 equiv) were added via 

syringe. Then, the tube was stirred at 30 ºC for 12 hours. After the reaction was 

completed, the mixture was diluted with EtOAc, filtered through silica gel and 

concentrated under vacuum. The product was purified by column chromatography on 

silica gel (Hexane/EtOAc = 40:1 to 20:1), obtaining 2.5.12 as light yellow oil 65 mg 

(66%). Note: the product is rather unstable, and therefore should be worked up and 

isolated as soon as possible, preferably storing it in the freezer at temperatures below 
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0 ºC. 1H NMR (400 MHz, CDCl3) δ 7.93 (d, J = 8.3 Hz, 2H), 7.28 – 7.24 (m, 4H), 

7.19 – 7.13 (m, 3H), 5.88 – 5.77 (m, 1H), 5.06 – 4.97 (m, 2H), 4.30 (t, J = 6.6 Hz, 2H), 

2.56 (t, J = 7.6 Hz, 2H), 2.37 (t, J = 7.9 Hz, 1H), 2.16 – 2.11 (m, 2H), 1.90 – 1.74 (m, 

3H), 1.71 – 1.52 (m, 5H), 1.37 – 1.25 (m, 4H), 1.19 (s, 6H), 1.18 (s, 6H) ppm. 13C 

NMR (101 MHz, CDCl3) δ 167.0, 149.4, 142.9, 138.5, 129.7, 128.5, 128.4, 128.3, 

127.5, 125.7, 115.0, 83.6, 64.7, 36.0, 33.5, 32.2, 31.4, 29.3, 29.2, 28.4, 25.5, 24.7, 

24.6 ppm. 11B NMR (128 MHz, CDCl3) δ 34.3 ppm. IR (neat, cm-1): 2977, 2929, 

2856, 1715, 1608, 1454, 1357, 1324, 1269, 1178, 1141, 1105, 1020, 967, 910, 857, 

698. HRMS calcd. for (C31H43BNaO4) [M+Na]+: 513.3183 found 513.3137. 

2.8.8 Mechanistic Experiments  

2.8.8.1 Studying the Regioselectivity of 2.5.13 and 2.5.14. 

v 

2.8.8.2 Studying the Regioselectivity of 2.5.13a and 2.5.14a. 
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tert-butyl-2-(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)heptyl)pyrrolidine-1-

carboxylate (2.5.15). Following the general procedure A, but using tert-butyl 

2,5-dihydro-1H-pyrrole-1-carboxylate (2.5.13, 57.5 mg), NiI2 (3.1 mg, 5 mol%) and 

L2.5.2 (2.8 mg, 6 mol%) afforded light yellow oil 2.5.15 (50.0 mg, 63% yield) as a 

7:1 mixture of diastereoisomers. Following the general procedure B, using tert-butyl 

2,5-dihydro-1H-pyrrole-1-carboxylate (2.5.13, 33.8 mg), NiI2 (6.2 mg, 10 mol%) and 

L2.5.12 (4.9 mg, 12 mol%) afforded light yellow oil 2.5.15 (63.2 mg, 80% yield) as a 

1.7:1 mixture of diastereoisomers. Following the general procedure A, using 

tert-butyl 2,3-dihydro-1H-pyrrole-1-carboxylate (2.5.13a, 57.5 mg), NiI2 (3.1 mg, 5 

mol%) and L2.5.2 (2.8 mg, 6 mol%) afforded light yellow oil 2.5.15 (46.8 mg, 63% 

yield) as a 7:1 mixture of diastereoisomers. 1H NMR (400 MHz, CDCl3): δ 3.95 – 

3.77 (m, 1H), 3.60 – 3.37 (m, 1H), 3.22 – 3.10 (m, 1H), 1.93 – 1.57 (m, 5H), 1.47 – 

1.40 (m, 9H), 1.34 – 1.14 (m, 22H), 0.84 (t, J = 6.6 Hz, 3H) ppm. 13C NMR (101 

MHz, CDCl3): δ. 155.1, 154.9, 83.2, 82.8, 79.0, 78.5, 58.9, 58.1, 47.4, 46.9, 46.3, 31.9, 

31.8, 30.6, 30.0, 29.7, 29.6, 28.9, 28.6, 28.5, 28.5, 25.1, 25.0, 24.8, 24.1, 23.5, 22.7, 

18.4, 18.3, 18.2 (left), 18.2 (right), 14.1 ppm. 11B NMR (128 MHz, CDCl3) δ 34.1 

ppm. IR (neat, cm-1): 2975, 2926, 2872, 2858, 1690, 1456, 1389, 1366, 1318, 1255, 

1165, 1142, 1108, 863, 732. HRMS calcd. for (C22H42BNNaO4) [M+Na] +: 418.3099 

found 418.3101.  

 
4,4,5,5-tetramethyl-2-(1-(tetrahydrofuran-2-yl)heptyl)-1,3,2-dioxaborolane 

(2.5.16): Following the general procedure A, but using 2,5-dihydrofuran (2.5.14, 23.8 

mg), NiBr2·diglyme (7.0 mg, 10 mol%) and  L2.5.2 (5.6 mg, 12 mol%), afforded 

light yellow oil 2.5.16 (21.9 mg, 37% yield) as a 2.2:1 mixture of diastereoisomers. 

Following the general procedure B, but using 2,5-dihydrofuran (2.5.14, 14.0 mg), NiI2 

(6.2 mg, 10 mol%) and L3.5.12 (4.9 mg, 12 mol%) afforded light yellow oil 2.5.16 

(23.7 mg, 40% yield) as a 1.7:1 mixture of diastereoisomers. Following the general 

procedure A, but using 2,3-dihydrofuran (2.5.14a, 23.8 mg), NiBr2·diglyme (7.0 mg, 

10 mol%) and L2.5.2 (5.6 mg, 12 mol%), afforded light yellow oil 2.5.16 (26.6 mg, 

45% yield) as a 2.2:1 mixture of diastereoisomers. 1H NMR (400 MHz, CDCl3): δ 
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3.87 – 3.76 (m, 2H), 3.73 – 3.60 (m, 1H), 1.99 – 1.75 (m, 3H), 1.67 – 1.37 (m, 3H), 

1.31 – 1.19 (m, 21H), 0.86 (t, J = 6.9 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3): 

83.1, 83.0, 81.7, 80.9, 67.7, 67.4, 31.9, 31.8, 31.2, 31.1, 29.8, 29.7, 29.6, 29.5, 29.4, 

29.2, 28.5, 26.0, 25.8, 25.1, 25.0, 24.9, 24.8, 24.7, 22.7, 14.2 ppm. 11B NMR (128 

MHz, CDCl3) δ 33.6 ppm. IR (neat, cm-1): 2975, 2959, 2925, 2856, 1460, 1405, 1378, 

1371, 1316, 1144, 1058, 966, 867, 846. HRMS calcd. for (C17H33BNaO3) [M+Na] +: 

319.2415 found 319.2414. 

2.8.8.3 Determining the Regioselectivity 

 

The C2 regioselectivity was confirmed comparing the 1H NMR of the corresponding 

purified diastereomeric alcohols with the 1H NMR of two structurally related 

diastereoisomers previously reported in the literature, namely tert-butyl 

(S)-2-((R)-1-hydroxypentyl)pyrrolidine-1-carboxylate and tert-butyl (S)-2-((S)- 

1-hydroxypentyl)pyrrolidine-1-carboxylate.20 The 1H NMR signal integration and 

multiplicity of these products also confirms the C2 selectivity. 

 

tert-butyl (S)-2-((R)-1-hydroxyheptyl)pyrrolidine-1-carboxylate (2.5.15a). 1H 

NMR (500 MHz, CDCl3) δ 3.96 – 3.67 (m, 2H), 3.53 (s, 1H), 3.32 – 3.16 (m, 1H), 

1.96 (s, 1H), 1.86 (s, 1H), 1.78 – 1.67 (m, 2H), 1.59 – 1.52 (m, 1H), 1.46 (s, 9H), 1.35 

– 1.23 (m, 9H), 0.87 (t, J = 6.8 Hz, 3H) ppm. 

 

tert-butyl (S)-2-((S)-1-hydroxyheptyl)pyrrolidine-1-carboxylate (2.5.15b). 1H 

NMR (500 MHz, CDCl3) δ 4.78 (s, 1H), 3.80 (td, J = 8.3, 4.1 Hz, 1H), 3.46 (s, 2H), 

3.28 (ddd, J = 10.9, 7.3, 5.5 Hz, 1H), 2.00 – 1.89 (m, 1H), 1.88 – 1.72 (m, 2H), 1.46 

(s, 12H), 1.36 – 1.23 (m, 8H), 0.87 (t, J = 6.8 Hz, 3H) ppm. 
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2.8.8.4 Control Experiments to Explore the Isomerization of 2.5.13 in the absence 

of 2.5.1a 

 

 

General procedure for the isomerization of 2.5.13a with Ni/L2.5.2 system: An 

oven-dried 8 mL screw-cap vial containing a stirring bar was charged with NiI2 (6.2 

mg, 5 mol%), L2.5.2 (5.6 mg, 6 mol%), Na2CO3 (31.8 mg, 0.3 mmol) and 1-decane 

(78 L, 0.4 mmol). Subsequently, the tube was sealed with a Teflon-lined screw cap, 

then evacuated and backfilled with Ar (3 times), Then, tert-butyl 2,5-dihydro 

-1H-pyrrole-1-carboxylate (2.5.13, 67.6 mg, 0.4 mmol), DEMS (96 L, 0.6 mmol, 

1.50 equiv), DMA and THF (3:1, 0.8 mL) were added by syringe. Then, the tube was 

stirred at room temperature for the indicated time. The yields of 2.5.13a were 

determined by GC FID taking aliquots using 1-decane as internal standard.  

General procedure to form 2.5.13a with Ni/L2.5.12 system: An oven-dried 8 mL 

screw-cap vial containing a stirring bar was charged with NiI2 (12.4 mg, 10 mol%), 

L2.5.12 (9.8 mg, 6 mol%), Na2CO3 (42.4 mg, 0.4 mmol) and 1-decane (78 L, 0.4 

mmol). Subsequently, the tube was sealed with a Teflon-lined screw cap, then 

evacuated and backfilled with Ar (3 times). Then, tert-butyl 2,5-dihydro-1H-pyrrole 

-1-carboxylate (2.5.13, 67.6 mg, 0.4 mmol), DEMS (96 L, 0.60 mmol, 1.50 equiv) 
and DMA (1.2 mL) were added via syringe. Then, the tube was stirred at room 

temperature. The yields of 2.5.13a were determined by GC FID taking aliquots using 

1-decane as internal standard. 
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2.8.8.5 Experiments with Radical Probes 

 

General procedure en route to 2.5.19 and 2.5.20: An oven-dried 8 mL screw-cap 

vial containing a stirring bar was charged with NiI2 (3.1 mg, 5 mol%), L2.5.2 (2.8 mg, 

6 mol%) and Na2CO3 (15.9 mg, 0.75 mmol). Subsequently, the tube was sealed with a 

Teflon-lined screw cap, then evacuated and backfilled with Ar (3 times). Then, 2.5.1a 

(52.0 mg, 0.20 mmol, 1.0 equiv), (1-vinylcyclopropyl)benzene (2.5.17, 49.0 mg, 0.34 

mmol, 1.70 equiv), DEMS (48 L, 0.3 mmol, 1.5 equiv), DMA and THF (3:1, 0.40 

mL) were added via syringe. Then, the tube was stirred at room temperature for 15 h. 

After the reaction was completed, the mixture was diluted with EtOAc, filtered 

through silica gel and then concentrated under vacuum. The crude mixture was 

purified by silica gel chromatography, obtaining 2.5.19 and 2.5.20 (27.4 mg, 37% 

yield) as 3.8:1 mixture (as determined by NMR and GC analysis) (light yellow oil). 
1H NMR (400 MHz, CDCl3): δ 7.35 – 7.31 (m, 2.35H), 7.31 – 7.21 (m, 16H), 7.20 – 

7.16 (m, 1.8H), 7.16 – 7.09 (m, 4.2H), 5.73 (q, J = 6.9 Hz, 1H), 2.48 – 2.44 (m, 2H), 

2.34 –2.25 (m, 1H), 1.79 (d, J = 6.9 Hz, 3H), 1.58 – 1.48 (m, 8.8H), 1.42 – 1.23 (m, 

56.6H), 1.22 – 1.20 (m, 58H), 1.02 – 0.92 (m, 3.4H), 0.90 – 0.83 (m, 14.4H), 0.80 – 

0.71 (m, 8.2H), 0.68 – 0.60 (m, 7.6H) ppm. 13C NMR (101 MHz, CDCl3): δ 145.6, 

143.5, 141.3, 128.9, 128.2, 128.1, 126.4, 126.3, 125.7, 122.6, 83.0, 82.9, 39.9, 32.0, 

31.9, 31.6, 31.4, 30.4, 29.9, 29.7 (left), 29.7 (right), 29.6, 29.4, 29.3, 29.0, 25.8, 25.1, 

25.0, 25.0, 24.9, 22.8 (2C), 14.3, 14.2, 13.5 (left), 13.5 (right) ppm. HRMS calcd. for 

(C24H39BNaO2) [M+Na] +: 393.2935 found 393.2933. 
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General procedure en route to 2.5.21: An oven-dried 8 mL screw-cap vial 

containing a stirring bar was charged with NiI2 (6.2 mg, 10 mol%), L2.5.12 (4.9 mg, 

12 mol%) and Na2CO3 (21.2 mg, 1.0 mmol). Subsequently, the tube was sealed with a 

Teflon-lined screw cap, then evacuated and backfilled with Ar (3 times). Then, 2.5.1a 

(78.0 mg, 0.30 mmol, 1.5 equiv), (1-(prop-1-en-1-yl)cyclopropyl)benzene (2.5.18, 

31.6 mg, 0.20 mmol, 1.0 equiv), DEMS (48 L, 0.3 mmol, 1.5 equiv) and DMA (0.60 

mL) were added via syringe. Then, the tube was stirred at room temperature for 18 h. 

After the reaction was completed, the mixture was diluted with EtOAc, filtered 

through silica gel and then concentrated under vacuum. The crude mixture was 

purified by silica gel chromatography, obtaining 2.5.21 (26.9 mg, 35% yield) (light 

yellow oil). 1H NMR (400 MHz, CDCl3): δ 7.32 – 7.23 (m, 4H), 7.18 – 7.13 (m, 1H), 

1.58 – 1.53 (m, 2H), 1.40 – 1.22 (m, 15H), 1.18 (d, J = 4.1 Hz, 12H), 0.92 – 0.87 (m, 

3H), 0.80 – 0.77 (m, 2H), 0.68 – 0.65 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3): δ 

145.6, 128.9, 127.9, 125.6, 82.7, 40.7, 31.8, 31.7, 31.6, 29.6, 29.3, 26.9, 25.7, 24.7, 

24.6, 22.6, 14.1, 13.1, 12.9 ppm. 11B NMR (128 MHz, CDCl3) δ 35.09 ppm. IR (neat, 

cm-1): 2975, 2925, 2855, 1693, 1459, 1388, 1315, 1257, 1165, 1142, 1109, 967, 863, 

761, 700. HRMS calcd. for (C25H41BNaO2) [M+Na] +: 407.3092 found 407.3088. 

 

General procedure en route to 2.5.22 and 2.5.23: An oven-dried 8 mL screw-cap 

reaction tube containing a stirring bar was charged with NiI2 (3.1 mg, 5 mol%), 

L2.5.2 (2.8 mg, 6 mol%) and Na2CO3 (15.9 mg, 0.75 mol). Subsequently, the tube 

was sealed with a Teflon-lined screw cap, then evacuated and back-filled with Ar (3 

times). Then 2-(1-chlorohex-5-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(2.5.1k, 48.8 mg, 0.20 mmol, 1 equiv), 4-phenyl-1-butene (2.5.2a, 51 uL, 0.34 mmol, 

1.7 equiv) and DEMS (48 uL, 0.3 mmol, 1.5 equiv) were added via syringe. Finally, 

DMA and THF (3:1, 0.4 mL) were added via syringe. Once added, the tube was 

stirred at room temperature (around 25 oC) for 15 h. After the reaction was complete, 
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the mixture was diluted with EtOAc, filtered through silica gel and concentrated. The 

crude product mixture was purified by silica-gel chromatography, obtaining an 

inseparable mixture of 2.5.22 and 2.5.23 (13 mg, 27% yield) (light yellow oil) in a 

1:1.8 ratio between non-cyclized (2.5.22) and cyclized products (2.5.23) as 

determined by GC and GC-MS. 1H NMR (400 MHz, CDCl3): δ 7.27 – 7.22 (m, 

2.73H), 7.16 – 7.14 (m, 3.17H), 5.46 – 5.34 (m, 0.36H), 2.58 (t, J = 7.8 Hz, 2.19H), 

2.08 –1.93 (m, 1.21H), 1.80 – 1.73 (m, 1.17H), 1.70 – 1.63 (m, 1.41H), 1.62 – 1.55 

(m, 4.8H), 1.50 – 1.44 (m, 1.12H), 1.41 – 1.28 (m, 6.43H), 1.25 – 1.19 (m, 16.1H), 

1.11 – 1.04 (m, 0.38H), 0.95 – 0.84 (m, 1.9H) ppm. 13C NMR (126 MHz, CDCl3): δ 

143.3, 143.2, 128.8 (left), 128.8 (right), 128.7, 128.5 (left), 128.5 (middle), 128.5 

(right), 125.9, 125.8, 83.1 (left), 83.1 (right), 43. 7, 42.8, 36.9, 36.4, 36.3 (left), 36.3 

(right), 36.2, 34.2 (left), 34.2 (right), 32.7, 31.9 (left), 31.9 (right), 30.1, 30.0, 29.9, 

29.1 (left), 29.1 (middle), 29.1 (right), 27.8, 26.5, 25.6, 25.3, 25.2 (left), 25.2 (middle), 

25.2 (right), 25.1 (left), 25.1 (right) ppm. 11B NMR (128 MHz, CDCl3) δ 34.19 ppm. 
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Trans-2-(5-phenylpentyl)cyclopentan-1-ol (2.5.24): The mixture of 2.5.22 and 

2.5.23 (17 mg, 0.05 mmol) was dissolved in THF and H2O (1:1, 1 mL), and 

NaBO3·4H2O (81.8 mg, 0.10 mmol) was added. The reaction mixture was stirred at 

room temperature for 4 h. After the reaction was completed, water (5 mL) was added. 

The aqueous phase was extracted with EtOAc (3 x 10 mL), and the combined organic 

phases were dried over MgSO4 and concentrated. The residue was purified by column 

chromatography and the two diastereoisomers were separated. The trans 

diastereoisomers 2.5.24 was characterized and the configuration confirmed comparing 

the 1H NMR with a related compound reported in the literature.21 1H NMR (400 

MHz, CDCl3) δ 7.40 – 7.21 (m, 2H), 7.21 – 7.02 (m, 3H), 3.80 (q, J = 5.6 Hz, 1H), 

2.61 (t, J = 7.6 Hz, 2H), 1.95 –1.84 (m, 2H), 1.76 – 1.44 (m, 8H), 1.42 – 1.31 (m, 4H), 

1.20 – 1.11 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3): δ 143.0, 128.5, 128.4, 125.7, 

79.5, 48.5, 36.1, 34.8, 33.9, 31.6, 30.2, 29.7, 28.3, 22.0 ppm. IR (neat, cm-1): 3362, 

2925, 2854, 1495, 1453, 1343, 1074, 745, 698. HRMS calcd. for C16H23O [M-H]+: 

231.1743 found 231.1742. 
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2.8.9 Preliminary Enantioconvergent Coupling Reaction 

2.8.9.1 General Procedure for Enantioconvergent Coupling Reaction 

 

 
(R)-1-phenylundecan-5-ol (2.5.25): An oven-dried 8 mL screw-cap vial containing a 

stirring bar was charged with NiBr2·diglyme (10 mol%), L2.5.24 (15 mol%) and 

Na2CO3 (1.5 mmol, 15.9 mg). Subsequently, the tube was sealed with a Teflon-lined 

screw cap, then evacuated and backfilled with Ar (3 times). Then, DMA was added 

and it was stirred at room temperature 30 minutes. Subsequently, 

2-(1-bromoheptyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5.1a, 60.8 mg, 0.20 

mmol, 1.0 equiv), 4-phenyl-1-butene (2.5.2a, 51 L, 0.34 mmol, 1.70 equiv) and 

DEMS (64 L, 0.4 mmol, 2.0 equiv) were added via syringe and the tube was stirred 

at 10 ºC for 15 h. After the reaction was completed, the mixture was diluted with 

EtOAc, filtered through silica gel and then concentrated under reduced pressure. The 

residue was dissolved in a mixture of THF and H2O (1:1, 4 mL) and NaBO3·4H2O 

(327.2 mg, 0.40 mmol) was added. The reaction mixture was stirred at room 

temperature for 4 h. After the reaction was completed, water (20 mL) was added. The 

aqueous phase was extracted with EtOAc (3 x 20 mL), and the combined organic 

phases were dried over MgSO4 and concentrated. The residue was purified by column 

chromatography, affording the corresponding product 2.5.25 (36 mg, 72%, 30% ee) as 

a colorless oil. The enantiomeric excess was determined via HPLC. 1H NMR (400 

MHz, CDCl3) δ 7.32 – 7.25 (m, 2H), 7.21 – 7.14 (m, 3H), 3.59 (s, 1H), 2.62 (t, J = 7.7 

Hz, 2H), 1.71 – 1.60 (m, 2H), 1.53 – 1.37 (m, 7H), 1.34 – 1.24 (m, 8H), 0.89 (t, J = 

5.7 Hz, 3H) ppm. 13C NMR (126 MHz, CDCl3): δ 142.6, 128.4, 128.3, 125.6, 71.9, 

37.5, 37.3, 35.9, 31.8, 31.5, 29.3, 25.6, 25.3, 22.6, 14.1 ppm. IR (neat, cm-1): 3350, 

3026, 2926, 2855, 1454, 1377, 1030, 697. HPLC analysis: The ee was determined 

via HPLC on a CHIRALPAK IB column (2% 2‐PrOH in hexane, 1.0 mL/min) with tR 
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= 6.0 min, 6.56 min; [α]D
26 = -9.23 (c = 0.1000, CH2Cl2).  
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2.8.9.2 Preparation of the R- and S-MTPA-esters 

 

2.5.25a and 2.5.25b were synthetized following a procedure described in the 

literature.22 An oven-dried screw-cap vial containing a stirring bar was charged with 

2.5.25 (25.0 mg, 0.1 mmol), (S)-(−)--Methoxy--(trifluoromethyl)phenylacetyl 

chloride (38 L, 0.2 mmol, 2.0 equiv), and dry pyridine (24.8 L, 0.31 mmol, 3.1 

equiv) in 2 ml dry DCM at room temperature were added. The resulting solution was 

stirred at room temperature, and the reaction progress was monitored by TLC 

(Hexane/EtOAc = 5:1). After complete consumption of 2.5.25, the reaction mixture 

was quenched by the addition of water and EtOAc. The aqueous phase was extracted 

with EtOAc (3 x 20 mL), and the combined organic phases were dried over MgSO4 

and concentrated. The crude product mixture was purified by silica gel 

chromatography (Hexane/EtOAc = 20:1) to give the R-MTPA-ester 2.5.25a (43 mg, 

94%) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.60 – 7.50 (m, 4H), 7.43 – 

7.35 (m, 6H), 7.30 – 7.23 (m, 4H), 7.22 – 7.10 (m, 6H), 5.08 (ddd, J = 7.2, 4.7, 2.0 Hz, 

2H), 3.54 (d, J = 1.3 Hz, 3H, minor), 3.51 (d, J = 1.3 Hz, 3H, major), 2.59 (t, J = 7.6 

Hz, 2Ha, major), 2.52 (t, J = 7.7 Hz, 2H, minor), 1.68 – 1.50 (m, 12H), 1.35 – 1.13 (m, 

20H), 0.86 (t, J = 7.4 Hz, 6H) ppm. 19F NMR (376 MHz, CDCl3) δ -71.3 ppm. 

In an analogous fashion, the S-MTPA-ester 2.5.25b (45 mg, 96%) was prepared 

using (R)-(−)--Methoxy--(trifluoromethyl)phenylacetyl chloride (38 L, 0.2 mmol, 

2.0 equiv). 1H NMR (400 MHz, CDCl3) δ 7.55 (m, 4H), 7.42 – 7.36 (m, 6H), 7.26 (m, 

4H), 7.22 – 7.11 (m, 6H), 5.09 (td, J = 6.0, 5.0, 2.0 Hz, 2H), 3.55 (d, J = 1.4 Hz, 3H, 

major), 3.51 (d, J = 1.4 Hz, 3H, minor), 2.59 (t, J = 7.6 Hz, 2H, minor), 2.52 (t, J = 

7.7 Hz, 2Ha, major), 1.69 – 1.53 (m, 12H), 1.28 (d, J = 13.7 Hz, 20H), 0.87 (m, 6H) 

ppm. 19F NMR (376 MHz, CDCl3) δ -71.3 ppm. Through the 1H NMR SR(1Ha) < 0, 
19F NMR δSR(19F) CF3 < 0 analysis, we determined that the major enantiomer found 

in our catalytic umpolung alkylation had R configuration.23 
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2.8.11 NMR Spectra 
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3.1 General Introduction 

In modern synthetic chemistry, transition metal catalyzed cross-coupling 

reactions became one of the most powerful synthetic tool for the construction of C−C 

and C-heteroatom bonds.1 At present, traditional cross-coupling reactions rely on the 

use of organic halides as electrophilic coupling partners.1,2 Despite the elegant 

advances realized, the difficulty in the preparation of the corresponding alkyl halides 

in a chemo- and regioselective fashion and the inherent toxicity of halide waste still 

constitute important drawbacks when designing cross-coupling reactions. Aiming to 

overcome these shortcomings, chemists made efforts to explore alternative alkyl 

electrophiles featured by easy and reliable synthesis, and by general application 

practicality for the construction of new C−C bonds. Recently, a diversity of C−O 

electrophiles (such as triflates, carboxylates, methyl ethers),3 redox-active esters4 and 

others5 were developed as alternatives to alkyl halides in C−C bond forming reactions, 

particularly in nickel6 and metallaphotoredox7 catalysis (Scheme 3.1). In contrast, the 

utilization of unactivated, primary alkyl amine derivatives as electrophiles in 

cross-coupling reactions remains an unmet challenge in organic synthesis and 

catalysis.8,9 On one hand, the high bond–dissociation-energy (BDE)− around 85 

kcal/mol −makes the sp3 C–N bond cleavage more difficult compared to the C-halide 
bond cleavage (BDE of C–Br around 69 kcal/mol) (Scheme 3.2).10 Moreover, the high 

affinity of the nitrogen’s lone pair for transition-metals inhibits the start and/or 

propagation of a catalytic cycle. In contrast the higher electronegativity of oxygen 

compared to nitrogen makes oxygen’s lone pairs less prone to coordinate to metals 

and the use of electron-withdrawing group on oxygen can easily modify the 

electrophilicity and reduce their affinity for transition metals further.3 

 

Scheme 3.1. The development of electrophiles in cross-coupling reactions 
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Scheme 3.2. Challenges for the sp3 C−N bond activation 

Nonetheless, some recent advances have been made in this area exploiting a 

diversity of approaches, all devoted to weaken the C–N bond and make it susceptible 

of selective cleavage.9,11 However, the aim of this chapter is not to furnish an 

extensive summary of all the existing methods for C–N cleavage but it will focus on 

the use of amine-derived redox-active functional groups employed in 

transition-metal-catalyzed cross-coupling reactions. 

3.2 Pyridinium Salts as Electrophiles in Cross-Coupling 

Reactions 

Driven by the wide prevalence of alkyl amines in natural products, 

pharmaceuticals, and life science molecules,11 the development of deaminative 

functionalization strategies will be ideal in organic synthesis, particularly in the 

late-stage functionalization of drug candidates.12 Early efforts were focused on the 

utilization of benzylic, allylic and ring-strained amines as activated electrophiles in 

cross-coupling reactions due to higher proclivity of the C–N bond.9 In contrast, using 

abundant unactivated alkyl amines as electrophiles has not been well investigated. In 

the late 1970s, the Katritzky group found primary alkyl amines could be used as 

alkylation reagents when converted to bench-stable N-substituted pyridinium salts.13 

Encouraged by these pioneering discoveries, the deaminative functionalization of a 

particular class of pyridinium salts (the so called Katritzky salts) via sp3 C–N bond 

activation has drawn considerable attention.14  
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Scheme 3.3. Amine containing drug molecules  

Among the amine-derivatives used in cross-coupling reactions, pyridinium salts 

stand as the most used electrophiles. These organic salts are widely found in many 

nature products, bioactive molecules and organic materials,15 and N-substituted 

derivatives have been employed as valuable synthetic intermediates in organic 

synthesis due to their air- and moisture- stability as well as easy availability.16 In the 

past decades, a variety of N-functionalized pyridinium salts have been employed in 

synthetic methodology, such as the F–, CF3–, N– or O– substituted pyridinium salts 

(Scheme 3.4).14a,14b     

 

Scheme 3.4. Examples of pyridinium salt derivatives employed in organic synthesis 

In 1981, Katritzky reported the alkylation of nitronate anions using N-alkyl 

pyridinium salts as electrophiles (Scheme 3.5).13a This class of N-alkyl pyridinium 

salts (then called Katritzky salts) were prepared from primary alkyl amines with 

2,4,6-triphenylpyrylium tetrafluoroborate under very mild conditions. Noteworthy, 

mechanistic studies suggested that the nucleophilic substitution by the nitrone 

proceeds through a nonchain radicaloid pathway with the intermediacy of an electron 

donor-acceptor (EDA) complex between the pyridinium salt and the nitronate 

anion.17  
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Scheme 3.5. Alkylation of nitronate anions with pyridinium salts 

3.2.1 Catalytic Deaminative Alkylation of (Hetero)Arenes with 

Pyridinium Salts    

Inspired by Katritzky’s work, the utilization of alkyl pyridinium salts as alkyl 

electrophiles in organic synthesis has blossomed in recent years. In 2017, the Watson 

group pioneered a Ni-catalyzed deaminative Suzuki-Miyaura coupling of aryl boronic 

acids with bench-stable pyridinium salts as alkyl electrophiles (Scheme 3.6).18 The 

combination of Ni(OAc)2·4H2O and bidentate bathophenanthroline ligand (BPhen), 

provided the deaminative arylation products in good yields. In this case, amines 

bearing either primary or secondary alkyl substituents were successfully employed, 

even in the context of late-stage functionalization. Interestingly, the addition of 5 

equivalents of EtOH dramatically increased the yield probably due to its hydrotropic 

effect. Preliminary mechanistic studies suggested the involvement of a radical 

pathway within a Ni(I)/Ni(III) catalytic cycle: single-electon-transfer (SET) from a 

Ni(I) intermediate to the pyridinium moiety triggered the fragmentation of the alkyl 

pyridinium salt, generating an alkyl radical. The alkyl radical subsequently 

recombined with the Ar–Ni(II)–X species delivering an alkyl–Ni(III)–Ar intermediate, 

which afforded the Suzuki-Miyaura coupling product and Ni(I) species upon 

reductive elimination. However, the reaction initiation process and the oxidative 

addition mechanism were still unclear. Upon a slight modification of reaction 

conditions, the same group subsequently disclosed the deaminative Suzuki-Miyaura 

coupling of more active benzylic pyridinium salts19,20 and amino acid-derived 

pyridinium salts.21 Both of the methodologies displayed broad substrate scope and 

good functional group tolerance.  
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Scheme 3.6. Ni-catalyzed deaminative Suzuki-Miyaura coupling reported by Watson 

and co-workers 

Considering that alkyl radicals could also be generated via oxidative quenching 

of an excited photocatalyst, in 2017, Glorius and co-workers developed a 

photocatalyzed deaminative Minisci-type reaction of alkyl pyridinium salts with 

heteroarenes (Scheme 3.7).22 In this case, the alkyl radical species were formed from 

the redox-active Katritzky salts under mild, visible-light-mediated conditions. A range 

of alkyl pyridinium salts were prepared from amines bearing secondary alkyl groups 

and were successfully applied in this reaction. Noteworthy, pyridinium salts 

derivatized from a series of natural and unnatural amino acids were efficiently 

coupled with electron-rich heteroarenes such indoles and pyrrole, taking advantage of 

the polarity match between electrophilic radicals and electron-rich heteroarenes.  
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Scheme 3.7. Visible-light-mediated deaminative alkylation of heteroarenes 

Very recently, the same group extended the scope of this deaminative Csp3–Csp2 

bond forming strategy using amino acid derived pyridinium salts with electron-rich 

heteroarenes or enamines. The latter could be formed in-situ by premixing the 

corresponding carbonyl compounds with pyrrolidine (Scheme 3.8).23 This protocol 

was enabled by the photoinduced-electron-transfer (PET) of an 

electron-donor-acceptor (EDA) complex formed between electron-deficient 

pyridinium salts and electron-rich heteroarenes or enamines. A subsequent concerted 

base-promoted proton-coupled-electron transfer (PCET) from the benzylic radical 

intermediate (Int 3.8) to a second molecule of the Katritzky salt propagates the 

process. 

 

Scheme 3.8. Photo-induced deaminative alkylation of heteroarenes and enamines via 

electron-donor-acceptor (EDA) complex 
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Forseeing the advantage of employing Ni-catalyzed cross-electrophiles coupling, 

Watson,24 Rueping25 and our group26 independently developed a Ni-catalyzed 

reductive deaminative alkylation of aryl halides using N-alkyl pyridinium salts as 

alkyl electrophiles (Scheme 3.9, middle). Additionally, our group realized that 

Hantzsch ester could be employed as an organic reductant instead of Mn under 

photoredox/nickel dual catalysis. Such an achievement represented a remarkable 

improvement in the field due to the toxicity and the difficult removal of metal waste. 

Conversely, Han, Wang, Yan and co-worker described the reductive deaminative 

coupling reaction with Zn as reductant (Scheme 3.9, bottom left).27 The employment 

of a tridentate ligand (L3.3) was crucial for the reaction success, and the substrate 

scope could be extended to alkyl and alkynyl bromides. Preliminary mechanistic 

studies and control experiments conducted in all these reports suggested the existence 

of a transient alkyl radical intermediate resulting from reductive fragmentation of the 

corresponding pyridinium salt. Noteworthy, our group found that in the presence of 

stoichiometric amounts of Mn, TEMPO and pyridinium salt, the corresponding 

TEMPO-adduct could be afforded in good yield, providing compelling evidence for 

Mn-mediated rather than low valent Ni-mediated SET process.   

 

Scheme 3.9 Ni-catalyzed deaminative reductive cross-coupling with aryl halides 

Another important contribution to the field was reported by the group of 

Molander, which developed a reductive alkylation of aryl bromides using pyridinium 
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salts as alkyl radical precursors through photoredox/nickel dual catalysis, employing 

Et3N as the terminal organic reductant (Scheme 3.9, bottom right).28 The proposed 

mechanism started with the quenching of the photo-excited [4CzIPN]* (E1/2 = 1.35 V 

vs SCE) by Et3N (E1/2 = 1.0 V vs SCE) to form the reduced state [4CzIPN]−• (Scheme 

3.10). The alkyl radical II, generated from the pyridinium salt I via SET, was 

intercepted by a Ni(0) complex to afford an alkyl–Ni(I) intermediate III. Subsequent 

oxidative addition of aryl bromide, followed by reductive elimination, afforded the 

desired product and Ni(I)−Br species V. Eventually, V was reduced to Ni(0) by 

[4CzIPN]−• (E1/2 = −1.21 V vs SCE) closing the catalytic cycle. However, it still 

remined to be understood if the alkyl radical was generated by SET from 4CzIPN 

(E1/2 = −1.21 V vs SCE) or from low valent nickel species.  

 

Scheme 3.10. Mechanistic proposal for the dual catalytic reductive alkylation of aryl 

bromides 

3.2.2 Catalytic Deaminative Alkylation Strategies for the Synthesis of 

Alkenes and Alkynes 

As previously discussed, efforts have been taken on the development of new 

strategies for the deaminative alkylation of (hetero)arenes starting from aryl halides or 

heteroarenes. However, there is still a lack of general approaches for the preparation 

of alkenes and alkynes by catalytic deaminative alkylation processes. In 2018, Gryko 

and co-workers reported a metal-free photoredox strategy for the construction of new 

Csp3−Csp and Csp3−Csp2 bonds starting from redox-active Katritzky salts and vinyl 
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sulfones or alkynyl p-tolylsulfones, respectively (Scheme 3.11).29 The method 

employed an organic dye (eosin Y) as a photocatalyst, where their method was 

successfully applied to a series of secondary alkyl-, benzyl-, and allyl-pyridinium salts. 

Conversely, unactivated primary alkyl and electron-rich benzyl Katritzky salts only 

delivered traces of the desired product, even after prolonged reaction time. This is 

probably due to the low stability of primary radicals and slow reaction rates for their 

formation. Interestingly, the deaminative alkylation of vinyl sulfones uniformly 

provided the thermodynamic more stable (E)-alkenes.  

 

Scheme 3.11. Photo-catalyzed deaminative alkylation of vinyl- and alkynylsulfones 

In the past decades, the transition-metal-catalyzed Heck reaction of aryl halides 

with olefins has been recognized as one of the most powerful methods for the 

preparation of an array of unsaturated products.30 However the “alkyl-Heck” reaction, 

namely the coupling between an olefin and alkyl halides, is still challenging due to the 

instability of alkyl-metal intermediates towards -hydride elimination. Recently, 
intensive efforts have been made in this field by replacing traditional two-electron 

processes with radical pathways through using redox-active reagents.31 In 2018, Xiao 

and co-workers reported a photoinduced deaminative alkyl Heck-type reaction of 

pyridinium salts with 1,1-diarylethylenes (Scheme 3.12, top left).32 This platform 

provided a complementary method to Pd-catalyzed Heck reaction for the construction 

of aryl-substituted alkenes.30 The authors proposed that the transformation occurred 

via an oxidative quenching of the photocatalyst, followed by the fragmentation of the 

pyridinium salt and Giese-type addition of the newly formed alkyl radical to the olefin. 

The redox cycle was closed by converting the benzyl-radical to the corresponding 
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carbocation, which underwent deprotonation by the base, delivering the final olefinic 

product. 

Recently, Uchiyama and co-workers described a similar tranformation for the 

preparation of 1,2-disubstitued alkenes by using alkyl pyridinium salts as radical 

precursors (Scheme 3.12, top right).33 It is worth noting that the E/Z-selectivity of the 

reaction could be switched by the appropriate choice of photocatalyst. For example, 

trans isomers were obtained by using [Ru(bpy)3](PF6)2, whereas the cis isomers could 

be accessed with fac-Ir(ppy)3, due to E/Z isomerization promoted by the Ir-based 

photocatalyst.  

Additionally, Fu and co-workers demonstrated that the combination of NaI/PAr3 

represented an efficient photoredox catalytic system, promoting the deaminative alkyl 

Heck-type reactions of alkyl pyridinium salts with 1,1-diarylethylene (Scheme 3.12, 

top left).34 The authors proposed that the alkyl radical was produced by 

photofragmentation of a charger-transfer-complex (CTC), generated between the 

alkyl pyridinium salt, NaI and PAr3.  

Scheme 3.12. Visible-light-mediated deaminative alkyl-Heck-type reactions  

Another contribution to the field has been described by the Liu group, which 

disclosed a mild and efficient Ni-catalyzed regio- and stereo-selective hydroalkylation 

of internal alkynes with alkyl pyridinium salts (Scheme 3.13).35 This method provided 

a unique strategy for the synthesis of a wide of tri-substituted alkenes starting from 

alkyl amine-derivatives. High regio-selectivities were obtained with a series of aryl 

alkynes and symmetrical internal alkynes, however, small electronic and/or steric 

difference of the alkyl substituents in unsymmetrical internal alkynes resulted in 
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lower yields. Preliminary mechanistic studies suggested that the reaction combined a 

SET-initiated radical process and a Ni-catalyzed alkylation. However, whether the 

reaction occurred through Ni-hydride insertion to alkyne or Ni-alkyl species insertion 

to alkyne remains unclear. 

 

Scheme 3.13. Ni-catalyzed deaminative alkylation of internal alkynes 

3.2.3 Catalytic Deaminative Alkylation Strategies for the Formation 

of New Csp3-Csp3 Bonds 

The prevalence of Csp3–Csp3 bonds in bioactive molecules has led to intense 

efforts in developing methods to couple saturated reaction partners.36 Recently, the 

Liu group developed a visible-light-mediated allylation reaction of alkyl pyridinium 

salts with allyl sulfones via a sp3 C–N bond cleavage strategy (Scheme 3.14).37 Using 

Ir[(ppy)2(dtbbpy)]PF6 as the photocatalyst and i-Pr2NEt as the terminal reductant, this 

mild approach provided facile access to new Csp3–Csp3 bonds by using abundant 

primary amines, where even -amino acids could be used as alkyl radical precursors. 

The generality of this protocol was demonstrated and a series of functional groups 

proved to be well tolerated. 

 

Scheme 3.14. Catalytic deaminative alkylation with allyl sulfones 
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The photofragmentation of the Katritzky salt has not been achieved exclusively 

by the employment of a photocatalyst, as shown by Aggarwal and co-workers who 

developed a catalyst-free deaminative Giese-type reaction of alkyl pyridinium salts 

with a range of Michael acceptors (Scheme 3.15).38 The authors found that the alkyl 

pyridinium salt and Hantzsch ester (or Et3N) could form an electron-donor-acceptor 

(EDA) complex, and an alkyl radical could be released by an internal 

photoinduced-electron-transfer (PET).39 They proposed the addition of the alkyl 

radical to the Michael acceptor to form an electrophilic radical intermediate. The latter 

underwent hydrogen-atom-transfer (HAT) with dihydropyridine radical cation III 

(BDFE = 31 kcal/mol)40 generated upon PET or with another molecule of the 

Hantzsch ester (BDFE = 69 kcal/mol)40 to deliver the product (BDFE ≈ 96 kcal/mol)41 

(Scheme 4.15, right). Noteworthy, this mild and catalyst-free deaminative alkylation 

protocol was also expanded to a wide range of transformations, such as the 

desulfonylative allylation, alkynylation and alkenylation of sulfone reagents as well as 

the thioetherification of disulfides. 

 

Scheme 3.15. Catalyst-free deaminative alkylation of Michael acceptors and allyl 

sulfones reported by Aggarwal and co-workers 

Another approach for the construction of new Csp3−Csp3 bonds is the catalytic 
regioselective difunctionalization of olefins.42 In this context, Glorius, Lautens and 

co-workers described a visible-light mediated three-component 
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dicarbofunctionalization of styrenes with benzyl pyridinium salts and electron-rich 

heteroarenes (Scheme 3.16).43 Key to the success of this strategy was the the use of 

rationally designed benzylic pyridinium salts (E1/2 = –0.92 V vs SCE in DMF) as 

radical precursors, which could be reduced by SET from [Ir(ppy)2(dtbbpy)](PF6), 

[E(IrIII*/IrIV) = –0.96 V vs SCE in MeCN]. According to the mechanistic 

investigations undertaken in the paper, the authors proposed that the benzylic radical 

added to the double bond, thus generating a stabilized benzylic radical. This 

intermediate then underwent single-electron oxidation by the oxidized form of the 

photocatalyst to form a benzylic cation. The benzylic carbocation subsequently 

reacted with the electron-rich heteroarene via an electrophilic aromatic substitution to 

provide the desired product. Interestingly, amino acids-derived pyridinium salts could 

also be successfully applied as radical precursors in this reaction.  

Scheme 3.16. Photocatalytic dicarbofunctionalization of styenes with alkyl 

pyridinium salts and heteroarenes 

Aiming to expand the scope of these deaminative coupling strategies, Watson 

and co-workers described a Ni-catalyzed deaminative Negishi coupling of alkyl 

pyridinium salts with alkylzinc reagents for the construction of Csp3–Csp3 bonds 

(Scheme 3.17).44 In this case, the ligand effect played a crucial role for the reaction 

success, indeed the combination of Ni(acac)2·xH2O with  

4,4’,4’’-tri-tert-butyl-terpyridine (ttbtpy) allowed the using of primary alkyl 

pyridinium salts as substrates, while the less sterically hindered 

2,6-bis(1H-pyrazol-1-yl)pyridine (1-bpp) ligand was efficient for the reaction of 

secondary alkyl pyridinium salts. Notably, this protocol allowed for the formal 

displacement of an amino group by a sterically isosteric methyl group if methylzinc 
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iodide was used as coupling partner, thus offering opportunities for 

structure-activity-relationship (SAR) studies. Similarly, the amino group could also be 

converted into the synthetically versatile -methylpinacolboronate (-CH2BPin) handle 
by the employment of the appropriate alkylzinc reagent. Noteworthy, the authors 

proved the feasibility of telescoping the reaction as demonstrated by the synthesis of 

3.17g, which was prepared from the corresponding free amine without the need for 

isolating the pyridinium salt intermediate. 

 

Scheme 3.17. Ni-catalyzed Negishi coupling of alkyl pyridinium salts with alkylzinc 

reagents 

3.2.4 Catalytic Deaminative Borylation of Alkyl Pyridinium Salts  

Prompted by the versatility and synthetic applicability of organoboron reagents, 

chemists have been challenged to design new synthetic routes for their preparation.45 

The renaissance of radical chemistry and the blossom of photochemical methods for 

their generation has stimulated the development of new strategies to forge Csp3–B 

bonds by the exploitation of SET pathways starting from a variety of alkyl radical 

precursors.46 In 2017, Aggarwal and co-workers described a decarboxylative 

borylation of carboxylic acid derivatives via a visible light mediated SET process.47 

Recently, they extended this strategy to the synthesis of alkylboronates by a 
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photoinduced deaminative borylation approach in the absence of any catalyst and 

additive (Scheme 3.18).48 Concurrently, the Glorius group reported a similar 

transformation,49 independently. In both cases, the authors proposed the formation of 

an EDA complex I between the alkyl pyridinium salt and B2Cat2. This was proposed 

to undergo photoinduced SET, forming alkyl radical III and DMA-stabilized 

boron-centered radical IV upon fragmentation (Scheme 3.19, top).  

In 2018, Shi and co-workers reported a Lewis base promoted deaminative 

borylation of pyridinium salts with B2Cat2.50 The reaction occurred in DMA at 100 oC 

in presence of catalytic amount of dtbppy. Mechanistic studies and DFT calculations 

suggested that the Lewis-base (dtbppy) promoted the homolytic cleavage of B2Cat2 

while coordination of a molecule of DMA stabilized the resulting boron-centered 

radical (Scheme 3.19, bottom).  

Scheme 3.18. Catalytic deaminative borylation of pyridinium salts 
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Scheme 3.19. Radical generation via EDA complex or Lewis base promoted 

homolysis 

3.2.5 Catalytic Deaminative Cross-Coupling of N-Aryl Pyridinium 

Salts 

Alkyl pyridinium salts have successfully been employed in cross-coupling 

reactions for the conversion Csp3–NH2 bonds to C–C or C-heteroatom bonds.14 

However, the extension of this concept to the derivatization of Csp2–NH2 still remains 

an enormous challenge in organic synthesis. Inspired by the work from the Katritzky 

group in rendering the amine functionality a more suitable leaving group for SN2 

reactions, recently, Cornella and co-workers developed a selective SNAr 

functionalization of N-heteroaryl pyridinium salts which were prepared from 

corresponding heterocyclic amines (Scheme 3.20).51 This protocol proved to be very 

general and allowed for the synthesis of a variety of C–O, C–N, C–S, and C–SO2R 

bonds starting from an array of heterocyclic amines. Very recently, they extended the 

applicability of this strategy to the synthesis of aryl boronic esters from aromatic 

amines.52 

 

Scheme 3.20 Deaminative heteroarylation strategies for the synthesis of C–X bond 

reported by Cornella and co-workers 
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3.3 General Aim of the Project 

Alkyl amines are ubiquitous compounds found in natural products, 

pharmaceuticals and preclinical drug candidates; therefore, chemists have recently 

tackled the challenged to design new catalytic method for the sp3 C−N cleavage. Such 

techniques would open avenues for the straightforward construction of fully saturated 

compounds and would  represent a new tactic for lead generation in drug 

discovery.11,12 Significant breakthroughs have been made in sp3 C−N bond cleavage 

of primary amines since Watson reported the first Ni-catalyzed deaminative 

Suzuki-Miyaura coupling by using redox active Katritzky salts as alkyl 

electrophiles.18 Despite the elegant advances realized, C−C bond-forming processes 

still rely on the use of well-defined organometallic reagents, organic halide 

counterparts, or biased electron-deficient olefins (Scheme 3.21, path a and b).14 Based 

on previous achievement reported by our group on Ni-catalyzed site-selective 

functionalization of unactivated olefins,53,54 we questioned whether a site-selective 

catalytic deaminative alkylation could be implemented with unactivated -olefins or 

even internal olefins, chemical feedstocks derived from the petroleum processes 

(Scheme 3.21, bottom). If successful, such uncharted territory might not only provide 

an unrecognized opportunity to explore currently inaccessible chemical space in both 

olefin functionalization and deamination events, but would also offer a new strategic 

approach for rapidly and reliably generating structural diversity via unconventional 

Csp3−Csp3 bond disconnections. 

 

Scheme 3.21 Catalytic site-selective deaminative alkylation of unactivated olefins 
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3.4 Site-Selective Ni-Catalyzed Deaminative Alkylation of 

Unactivated Olefins 

3.4.1 Catalytic Deaminative Alkylation of -Olefins 

3.4.1.1 Optimization of the Reaction Conditions 

The feasibility of the deaminative alkylation of unactivated olefins with alkyl 

pyridinium salts was initially studied using 3.4.1a and phenyl-1-butene (3.4.2a) as 

model substrates. The choice of the model system was based on the previous project 

carried out on the site-selective alkylation of unactivated olefins with a-haloboranes, 

which presents some similarities with the one aimed to develop.53 We began our 

investigation by using L3.4.1 as bidentate ligand and diethoxymethylsilane (DEMS) 

as the hydride source, however, only trace amount of hydroalkylation product was 

detected by GC-MS, but this discovery augured well for the feasibility of the process. 

Based on our knowledge on nickel catalysis, we thought that the nature of ligand 

probably plays the crucial role for reaction success,55 therefore, we decided to initially 

study the effect of ligands on our reaction (Table 3.1). As anticipated, bipyridine 

ligands without any substituent at the ortho position with respect to the nitrogen atom 

(entries 3-7) provided 3.4.3a in good yields, specifically, 

4,4'-di-tert-butyl-2,2'-bipyridine (dtbppy, L3.4.6) resulted in the best yield, along with 

some hydrolysis side product (3.4.4a). Interestingly, the use of bipyridine ligands 

possessing a methyl group at the ortho position (entries 1-2 and 8-9) or PyOx ligands 

(entries 10-11) significantly suppressed the reaction, whereas large amount of 

hydrolysis 3.4.4a and trace amount of homocoupling side product 3.4.4b were 

detected. The formation of side product 3.4.4b was probably due to the olefin 

migration via nickel hydrides species, followed by the homocoupling of benzyl-Ni 

intermediates.56 However, in all cases, we could not detect any deaminative alkylation 

product at the remote, benzylic position, which would be produced via chain-walking 

processes.57  
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a Reaction Conditions: 3.4.1a (0.20 mmol, 1.0 equiv), 3.4.2a (0.60 mmol, 3.0 equiv), NiBr2·DME (10 

mol%), Ligand (15 mol%), DEMS (0.60 mmol, 3.0 equiv), Na2HPO4 (0.40 mmol, 2.0 equiv), NMP 

(1.0 mL), 40 oC, 24 h. b Yields were determined by GC FID, using 1-decane as the internal standard. 

DEMS = Diethoxymethylsilane ((EtO)2MeSiH).  

Table 3.1 Screening of ligands 

With dtbppy (L3.4.6) as the optimal ligand, we next studied the effect of nickel 

precatalyst on the reaction outcome (Table 3.2). We found that NiBr2·DME provided 

the best results whereas increasing amounts of side products were obtained when 

using other Ni(II) precatalysts. The use of Ni(COD)2 resulted the desired product in 

lower yields, probably due to the competition between COD and substrate for metal 

binding. 

Next, the effect of solvents on the reaction outcome was studied (Table 3.3). 

Amide containing solvents such as DMA, NMP performed better than ethereal 

solvents (THF and dioxane). Unfortunately, after the screening of a number of 

solvents, we found no improvement of the reaction yield with a single solvent system. 
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Based on our experience on the hydrofunctionlization of unsaturated compounds, we 

anticipated that the use of co-solvent system might lead to better results. Indeed, the 

use of NMP and 1,4-dioxane in a 4:1 ratio, provided the product 3.4.3a in 81% yield.  

The role of the co-solvent system is still unclear, but it might be possible that the 

solvent coordinates to nickel center, thus stabilizing the alkyl–Ni species. 

 
a Reaction Conditions: 3.4.1a (0.20 mmol, 1.0 equiv), 3.4.2a (0.60 mmol, 3.0 equiv), Ni cat. (10 

mol%), L3.4.6 (15 mol%), DEMS (0.60 mmol, 3.0 equiv), Na2HPO4 (0.40 mmol, 2.0 equiv), NMP (1.0 

mL), 40 oC, 24 h. b Yields were determined by GC FID, using 1-decane as the internal standard. DEMS 

= Diethoxymethylsilane ((EtO)2MeSiH). 

Table 3.2 Screening of nickel precatalysts 
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a Reaction Conditions: 3.4.1a (0.20 mmol, 1.0 equiv), 3.4.2a (0.60 mmol, 3.0 equiv), NiBr2·DME (10 

mol%), L3.4.6 (15 mol%), DEMS (0.60 mmol, 3.0 equiv), Na2HPO4 (0.40 mmol, 2.0 equiv), Sol. (1.0 

mL), 40 oC, 24 h. b Yields were determined by GC FID, using 1-decane as the internal standard. DEMS 

= Diethoxymethylsilane ((EtO)2MeSiH). 

Table 3.3 Screening of solvents 

We then undertook the evaluation of other parameters, such as the hydride source 

and the inorganic base. As shown in Table 3.4, other alkoxy silanes showed some 

reactivity, whereas Ph3SiH and Et3SiH completely suppressed the reaction. The 

investigation of inorganic bases revealed Na2HPO4 as the optimal choice since all the 

other tested produced higher amount of side products (Table 3.5). 
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a Reaction Conditions: 3.4.1a (0.20 mmol, 1.0 equiv), 3.4.2a (0.60 mmol, 3.0 equiv), NiBr2·DME (10 

mol%), L3.4.6 (15 mol%), Silane (0.60 mmol, 3.0 equiv), Na2HPO4 (0.40 mmol, 2.0 equiv), NMP: 

1,4-Dioxane (4:1, 1.0 mL), 40 oC, 24 h. b Yields were determined by GC FID, using 1-decane as the 

internal standard. DEMS = Diethoxymethylsilane. PMHS = Poly(methylhydrosiloxane). 

Table 3.4 Screening of hydride source 

 
a Reaction Conditions: 3.4.1a (0.20 mmol, 1.0 equiv), 3.4.2a (0.60 mmol, 3.0 equiv), NiBr2·DME (10 

mol%), L3.4.6 (15 mol%), DEMS (0.60 mmol, 3.0 equiv), Base (0.40 mmol, 2.0 equiv), NMP: 

1,4-Dioxane (4:1, 1.0 mL), 40 oC, 24 h. b Yields were determined by GC FID, using 1-decane as the 

internal standard.  

Table 3.5 Screening of bases 
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With the robust Ni/L3.4.6 catalytic system found we next evaluated the effect of 

temperature on this transformation (Table 3.6). The best outcome was found when 

conducting the reaction at 40 oC, obtaining Csp3–Csp3 coupling product in 81% GC 

yield, while lowering the temperatures to 30 oC or to room temperature resulted in 

significant amounts of side-products (entries 1 and 2). Finally, control experiments 

were carried out in order to ensure that all the reaction parameters were essential for 

the deaminative alkylation to take place. Indeed, as shown in Table 3.7, no product 

was formed in the absence of nickel catalyst, ligand, silane and base (entries 2-5). 

After this intense screening campaign, the optimal reaction conditions were 

determined to be the combination of NiBr2∙DME/L3.4.6 system, with DEMS as 

hydride source and Na2HPO4 as base in a 4:1 NMP/1,4-dioxane mixture.  

 
a Reaction Conditions: 3.4.1a (0.20 mmol, 1.0 equiv), 3.4.2a (0.60 mmol, 3.0 equiv), NiBr2·DME (10 

mol%), L3.4.6 (15 mol%), DEMS (0.60 mmol, 3.0 equiv), Na2HPO4 (0.40 mmol, 2.0 equiv), NMP: 

1,4-Dioxane (4:1, 1.0 mL), T oC, 24 h. b Yields were determined by GC FID, using 1-decane as the 

internal standard. DEMS = Diethoxymethylsilane ((EtO)2MeSiH).  

Table 3.6 Screening of reaction temperature 
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a Reaction Conditions: 3.4.1a (0.20 mmol, 1.0 equiv), 3.4.2a (0.60 mmol, 3.0 equiv), NiBr2·DME (10 

mol%), L3.4.6 (15 mol%), DEMS (0.60 mmol, 3.0 equiv), Na2HPO4 (0.40 mmol, 2.0 equiv), 

NMP:1,4-Dioxane (4:1, 1.0 mL), 40 oC, 24 h. b Yields were determined by GC FID, using 1-decane as 

the internal standard. c Isolated yield. DEMS = Diethoxymethylsilane ((EtO)2MeSiH).  

Table 3.7 Control experiments 

3.4.1.2 Scope of the Deaminative Alkylation of -Olefins 

With a robust set of reaction conditions in hand, we turned our attention to study 

the generality of the deaminative alkylation of pyridinium salts with unactivated 

-olefins. As evident from the results compiled in Scheme 3.22, a wide range of 

functionalized -olefins and pyridinium salts could be applied as substrates, providing 
the target product in good yields with excellent chemo- and regioselectivity. For 

example, nitriles (3.4.3d), esters (3.4.3h, 3.4.3w), carbamates (3.4.3n, 3.4.3s), silyl 

ethers (3.4.3c) or ketones (3.4.3q, 3.4.3r, 3.4.3v) were perfectly accommodated, thus 

illustrating the chemoselectivity profile of our method. Notably, alkylboronates 

(3.4.3g), alkyl halides (3.4.3e, 3.4.3f, 3.4.3r) and aryl halides (3.4.3h, 3.4.3j, 3.4.3w) 

were well-tolerated, thus providing ample opportunities for further derivatization via 

conventional cross-coupling reactions.1 The presence of free alcohol moieties, which 

might potentially interfere with the catalytic cycle, posed no problems as shown by 

the formation of products 3.4.3i and 3.4.3w. Noteworthy, the deaminative alkylation 

of substrates possessing multiple unsaturation motifs occurred exclusively at the 
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less-substituted olefin (3.4.3l, 3.4.3m). Importantly, 1,1-disubstituted alkenes as 

substrates demonstrated no problems (3.4.3n-3.4.3p).  

 

a Reaction Conditions: 3.4.1 (0.20 mmol, 1.0 equiv), 3.4.2 (0.60 mmol, 3.0 equiv), NiBr2·DME (10 

mol%), L3.4.6 (15 mol%), DEMS (0.60 mmol, 3.0 equiv), Na2HPO4 (0.40 mmol, 2.0 equiv), 

NMP:1,4-Dioxane (4:1, 1.0 mL), 40 oC, 24 h; yield of isolated product, average of at least two 

independent runs. b 2.0 mmol scale. c NiI2 (10 mol%), L3.4.10 (20 mol%), in DMSO/1,4-Dioxane (3:1, 

1.2 mL) at 35 oC. d dr = 1.5:1. DEMS = Diethoxymethylsilane ((EtO)2MeSiH).  

Scheme 3.22 Scope of the deaminative alkylation with -olefins 

Encouraged by these initial findings, we turned our attention to exploring the 
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substitution pattern on the alkyl amine counterpart. Much to our satisfaction, the 

targeted Csp3–Csp3 bond-formation could be obtained with both cyclic analogues 

(3.4.3q-3.4.3u) and acyclic N-alkyl pyridinium derivatives (3.4.3v, 3.4.3w). It is 

worth noting that 3.4.3s was obtained with identical diastereomeric ratios with respect 

to the parent pyridinium salts, this result suggested that the diasteroselectivity was not 

dictated by the conformational preference of the substituents on the cyclohexyl ring 

during the product-forming step. Notably, the reaction delivering 3.4.3l could be 

carried out on a 2 mmol scale without significant erosion in yield (56% vs 69% yield). 

3.4.2 Catalytic Deaminative Alkylation with Internal Olefins 

3.4.2.1 Optimization of the Reaction Conditions 

Having established a reliable method for the deaminative alkylation of a-olefins, 

we wondered if we could exploit the group knowledge on the Ni-catalyzed to achieve 

the remote alkylation of internal olefins. Such a method would allow the use of more 

challenging yet more available internal olefins as precursor to attain functionalization 

at a distal position onto a hydrocarbon chain. At the very beginning, we decided to 

study the remote, benzylic sp3 C–H alkylation of phenyl-1-butene (3.4.2a).57 

Unfortunately, we could not detect any benzylic alkylation product by the screening 

of all the reaction parameters. We then envisioned that the remote alkylation might 

occur at the less sterically-hindered, primary sp3 C–H site. To our delight, the remote, 

primary sp3 C–H alkylation product was obtained in 30% yield with excellent 

regioselectivity by using trans-2-heptene (3.4.2r) as substrate under Ni/L3.4.10 

catalysis (Table 3.8). No desired product was observed when L3.4.6 was used as 

ligand, while 3.4.11 yielded only 7% of 3.4.5a, although it represented the optimal 

ligand in a related remote functionalization method recently reported by our group. 
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a Reaction Conditions: 3.4.1a (0.20 mmol, 1.0 equiv), 3.4.2r (0.60 mmol, 3.0 equiv), NiI2 (10 mol%), 

Ligand (20 mol%), DEMS (0.40 mmol, 2.0 equiv), Na2HPO4 (0.80 mmol, 4.0 equiv), NMP (1.2 mL), 

30 oC, 24 h; b Yields were determined by GC FID, using 1-decane as the internal standard.  

Table 3.8 Preliminary screening for the remote deaminative alkylation of internal 

olefins 

Encouraged by these preliminary results, we turned our attention to evaluate the 

effect of solvents on this remote sp3 C–H alkylation strategy (Table 3.9). We quickly 

found that DMSO provided better results than other amide-containing solvents such 

DMA and NMP. Based on the experience gained during the development of the 

deaminative alkylation of -olefins, we investigated the use of co-solvent system and 
found that the combination of DMSO and 1,4-dioxane in a 3:1 ratio, provided the best 

results.  

 
a Reaction Conditions: 3.4.1a (0.20 mmol, 1.0 equiv), 3.4.2r (0.60 mmol, 3.0 equiv), NiI2 (10 mol%), 

L3.4.10 (20 mol%), DEMS (0.40 mmol, 2.0 equiv), Na2HPO4 (0.80 mmol, 4.0 equiv), Solvents (1.2 

mL), 30 oC, 24 h; b Yields were determined by GC FID, using 1-decane as the internal standard.  

Table 3.9 Screening of the solvents 
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Next, we decided to study the effect of the hydride source on this remote sp3 

C−H alkylation (Table 3.10). As anticipated, alkoxy silanes provided better results, 

and (EtO)3SiH was the best hydride source for the reaction success.   

 
a Reaction Conditions: 3.4.1a (0.20 mmol, 1.0 equiv), 3.4.2r (0.60 mmol, 3.0 equiv), NiI2 (10 mol%), 

L3.4.10 (20 mol%), Silane (0.40 mmol, 2.0 equiv), Na2HPO4 (0.80 mmol, 4.0 equiv), 

DMSO/1,4-Dioxane (3:1, 1.2 mL), 30 oC, 24 h; b Yields were determined by GC FID, using 1-decane as 

the internal standard. c L3.4.10 (15 mol%). PMHS = Poly(methylhydrosiloxane). 

Table 3.10 Screening of the hydride source 

With these results in hand, we then focused on studying the effect of ligands. As 

shown in Table 3.11, the nature of the ligand played a crucial role for the reaction 

success. 6-methyl substituted PyOx ligand L3.4.10 provided the best results. The 

ortho-disubstituted bipyridine and phenanthroline-type ligands which have previously 

been used in chain-walking transformations were not effective in this 

transformation.56 Notably, a 1:2 ratio of nickel precatalyst and ligand was also critical 

for the reaction outcome and only 36% product was obtained by changing the ratio to 

1:1.5.  
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a Reaction Conditions: 3.4.1a (0.20 mmol, 1.0 equiv), 3.4.2r (0.60 mmol, 3.0 equiv), NiI2 (10 mol%), 

Ligand (20 mol%), (EtO)3SiH (0.40 mmol, 2.0 equiv), Na2HPO4 (0.80 mmol, 4.0 equiv), 

DMSO/1,4-Dioxane (3:1, 1.2 mL), 30 oC, 24 h; b Yields were determined by GC FID, using 1-decane 

as the internal standard. c L3.4.10 (15 mol%). 

Table 3.10 Screening of the ligands 

With the robust NiI2/L3.4.10 catalytic system in hand, we next evaluated the 

effect of temperature of this transformation (Table 3.11). The yield was slightly 

improved when increasing the temperature to 35 oC. After judicious evaluation of the 

reaction parameters, we found that the combination of NiI2 (10 mol%), L3.4.10 (20 

mol%), (EtO)3SiH (0.40 mmol), Na2HPO4 (0.80 mmol) in DMSO/1,4-Dioxane at 35 
oC, providing the remote sp3 C–H alkylation product in 60% GC-yield with 36:1 

regioselectivity.  
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a Reaction Conditions: 3.4.1a (0.20 mmol, 1.0 equiv), 3.4.2r (0.60 mmol, 3.0 equiv), NiI2 (10 mol%), 

L3.4.10 (20 mol%), (EtO)3SiH (0.40 mmol, 2.0 equiv), Na2HPO4 (0.80 mmol, 4.0 equiv), 

DMSO/1,4-Dioxane (3:1, 1.2 mL), T. ℃, 24 h; b Yields were determined by GC FID, using 1-decane as 

the internal standard.  

Table 3.11 Screening of the reaction temperature 

3.4.2.2 Scope of remote Deaminative Alkylation with Internal Olefins 

Having optimized the reaction conditions, the scope of the remote sp3 C–H 

alkylation was studied by evaluating a range of unactivated internal olefins in 

combination with pyridinium salts (Scheme 3.23). Overall, the mild reaction 

conditions, characteristic of chain-walking processes, allowed to forge Csp3–Csp3 

bonds with high chemo- and regio-selectivity, and in satisfactory yields. As shown, 

the reaction could also accommodate silyl ethers (3.4.3c), phthalimides (3.4.5e), 

aldehydes (3.4.5f), alkyl halides (3.4.3e), carbamates (3.4.5i, 3.4.5j) or 

nitrogen-containing heterocycles (3.4.5g). Importantly, excellent site-selectivity for 

Csp3–Csp3 bond-formation at distal primary sp3 C–H sites was found regardless of the 

position of the double bond, even at long-range (3.4.5f). Even branched substituents 

or trisubstituted olefins (3.4.5d) do not compete with the efficacy of the reaction, with 

deaminative alkylation invariably occurring at the less-sterically hindered primary sp3 

C–H site. 
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a Reaction Conditions: 3.4.1 (0.20 mmol, 1.0 equiv), 3.4.2 (0.60 mmol, 3.0 equiv), NiI2 (10 mol%), 

L3.4.10 (20 mol%), (EtO)3SiH (0.40 mmol, 2.0 equiv), Na2HPO4 (0.80 mmol, 4.0 equiv), 

DMSO/1,4-Dioxane (3:1, 1.2 mL), 35 oC, 24 h; yield of isolated product, average of at least two 

independent runs. b dr = 1.5:1.  

Scheme 3.23 Scope of remote deaminative alkylation with internal olefins 

3.4.3 Late-stage Functionalization 

Promoted by the generality of the site-selective deaminative alkylation, we 

anticipated that our protocol might be applied within the context of late-stage 

functionalization.58 To this end, we found that a wide variety of pharmaceuticals 

possessing either olefins or alkyl amines underwent late-stage alkylation with 

excellent chemo- and regio-selectivity (Scheme 4.24). Although modest yields were 

obtained in certain cases, these results should be interpreted against the challenge that 

is addressed, particularly with substrates possessing multiple functional groups such 

as linalool (3.4.6a), paclonbutrazol (3.4.6c), galactose (3.4.6f) or valencene (3.4.6g), 

with C–C bond-formation taking place exclusively at the least substituted olefin site. 

Similarly, -pinene (3.4.6d), camphene (3.4.6e) or estrone derivatives (3.4.6b) posed 
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no problems. Interestingly, the reaction could also be extended to amino acid 

derivatives (3.4.6h, 3.4.6i, 3.4.6k, 3.4.6l), either using glycine-derivative (3.4.6h, 

3.4.6i) or the -substituted ones (3.4.6k, 3.4.6l). Particularly noteworthy, a single 
regioisomer was obtained by using an internal olefin as substrate (3.4.6l), thus 

indicating that late-stage deaminative alkylation is not limited to -olefins. As shown 
for compounds 3.4.6m-3.4.6q, this technique could be employed to derivatized 

mexiletine, isoxepac or indomethacin via sp3 C–N bond-cleavage with simple olefin 

counterparts. It is worth noting that the protocol allowed the coupling of two different 

drug-derivatives (3.4.6p, 3.4.6q), thus showing high potential in late-stage 

functionalization of drug candidates. 

 

a Reaction Conditions: a-olefins: as Scheme 3.22; internal olefins: as Scheme 3.23; yield of isolated 

product, average of at least two independent runs. b 3.4.6d (dr = 97:3), 3.4.6e (dr = 46:40:7:7), 3.4.6g 

(dr = 9:1). c 80 oC. d NiBr2·DME (15 mol%). 

Scheme 3.23 Late-stage functionalization by catalytic deaminative alkylation 
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3.4.4 Unsuccessful Substrates 

Unfortunately, the deaminative alkylation technique displayed some limitations 

in a series of substrates, probably due to the presence of functional groups that either 

shut down or hamper the desired reactivity (Scheme 3.25). For example, the substrate 

bearing aryl bromide (3.4.7a), provided the desired sp3–sp3 bond formation in only 30% 

yield, probably due to the competitive oxidative addition and proton-dehalogenation 

with nickel species. Moreover, substrates possessing strong coordinating groups, 

resulted in lower yields (3.4.7f, 3.4.7g) or were completely unreactive (3.4.2ba). On 

the other hand, an activated vinyl boronic ester provided the sp3–sp3 bond formation 

with a mixture of linear and branched regioisomers in 2:1 ratio.59 The formation of 

both regioisomers is a strong indication that the reaction does not proceed through a 

radical addition pathway. The linear and branched mixtures were obtained by using 

activated vinyl boronic ester, suggesting that the reaction did not undergo through a 

radical addition pathway. Additionally, sterically-crowded substrates such as (3.4.7d, 

3.4.7e and 3.4.7h) resulted desired product in lower yields.  

Notably, a mixture of regioisomers were obtained when the substrate possessing 

multiple, similar reactivity primary sp3 C–H bonds (3.4.7h). Unfortunately, 

,-unsaturated esters (3.4.2bb, 3.4.2bc) completely suppressed the reaction, 
probably due to the strong binding of the conjugated system to the nickel center. Not 

surprisingly, the allylic acetate (3.4.2bd) delivered only trace amount of product, 

probably due to the formation of -allyl-Ni species, resulting from the oxidative 

addition to the allylic system.60  

In addition to some functionalized olefins, our deaminative alkylation also failed 

with unactivated, primary pyridinium salts (3.4.1aa-3.4.1ac). On the other hand, an 

untraceable crude mixture was obtained when the standard reaction conditions were 

applied to the Tamiflu-derived substrate 3.4.1ad. Moreover, it was not possible to test 

the reactivity of Katritzky salts carrying a free carboxylic acid (s3.1a) or both an 

aromatic and aliphatic amine (s3.1b) because their synthesis was not met with 

success.  
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Scheme 3.25 Unsuccessful substrates 

3.4.5 Synthetic Applications 

In order to further illustrate the synthetic value of the catalytic deaminative 

alkylation technique, we decided to telescope the preparation of the Katritzky salt, by 

directly submitting 3.4.8 to the catalytic conditions without intermediate purification. 

As shown in Scheme 3.26, 3.4.3a was within reach from N-Boc 4-aminopiperidine 

(3.4.8) without the need for isolating pyridinium 3.4.1a, thus showing the feasibility 

of this approach. 

 



Chapter 3.   

311 
 

 

Scheme 3.26 One-pot deaminative alkylation without isolation of pyridinium salts 

The opportunity to apply the present methodology to a mixture of positional 

isomers of the olefin would unlock the possibility to use inexpensive and largely 

available industrial raw materials derived directly from petrochemical sources. 

Therefore, unveiling a regioconvergent process to produce value-added chemicals 

would be of considerable interest. As a proof of concept, subjecting statistical 

mixtures of olefins under the standard conditions, invariably led to 3.4.5a as a single 

regioisomer in 67% yield (Scheme 3.27). Importantly, even ethylene – the 

largest-volume chemical produced in industry–could be employed as substrate under 

atmospheric pressure en route to 3.4.9 (Scheme 3.28).61  

 

Scheme 3.27 Regioconvergent deaminative alkylation of statistical mixture of olefins 

 

Scheme 3.28 Catalytic deaminative alkylation using ethylene as coupling partner 

3.4.6 Mechanistic Investigation 

In order to shed light on the mechanism of the catalytic deaminative alkylation 

reaction, some experiments were conducted. As shown in Scheme 3.29, two 

conceivable pathways might be viable for the catalytic deaminative alkylation of 

unactivated olefins, similarly to the Ni-catalyzed hydroalkylation of unactivated 

olefins previously reported by our group53: (a) single-electron-transfer (SET) from 
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low-valent Ni(0)Ln complexes to pyridinium salt 3.4.1, followed by the addition of the 

resulting alkyl radical to the olefin; (b) initial hydrometallation of the olefin by a 

nickel hydride species and subsequent oxidative addition of the pyridinium salt 3.4.1. 

At present, we believe that the former manifold makes a minor contribution, if any, to 

productive sp3–sp3 bond-formation due to an unfavorable polarity-mismatch addition 

of a nucleophilic radical intermediates to an electron-rich olefin. 

3.4.6.1 Regioselectivity Studies 

Additional support to the abovementioned statement was gained by the outcome 

observed for the reaction of tert-butyl 2,5-dihydro-1H-pyrrole-1-carboxylate (3.4.10) 

as olefinic partner (Scheme 3.29, bottom). If an initial SET to pyridinium salt 3.4.1 is 

operative, radical addition to the olefin would ultimately lead to C3-functionalized 

product 4.4.11a. As shown, C2-functionalization en route to 3.4.11 was solely 

observed, thus supporting a catalytic scenario consisting of an olefin isomerization 

triggered by the intermediacy of nickel hydrides prior to the C–C bond-forming step 

(top right). The olefin isomerization process was further confirmed via a control 

experiment run in the absence of 3.4.1 (Table 3.12). As expected, the isomerization of 

tert-butyl 2,5-dihydro-1H-pyrrole-1-carboxylate (3.4.10) was obtained under both 

Ni/L3.4.6 and Ni/L3.4.10 catalytic system. 

 

Scheme 3.29 Regioselectivity studies of 3.4.10 
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Table 3.12 To explore the isomerization of 3.4.10 in absence of 3.4.1 

3.4.6.2 Reaction Stereospecificity  

The intermediacy of an alkyl radical was supported by the outcome of the 

reaction run in presence of an enantioenriched Katritzky salt. Racemic product 3.4.12 

was obtained, reinforcing the hypothesis of a SET process from the Ni-center to the 

pyridinium salt (Scheme 3.30). 

 

Scheme 3.30 Stereospecificity of the reaction with pyridinium salts derived from 

L-alanine 

3.4.6.3 Radical Clock Experiments with Radical Probe 3.4.13 

A radical clock experiment was designed in order to gain additional information 

about the mechanism. The Katritzky salt 3.4.1 was reacted with the radical probe 

(1-vinylcyclopropyl)benzene (3.4.13) (Scheme 3.31). As expected, a mixture of the 

cyclopropyl-derived (3.4.14) and ring-opened (3.4.15) products was obtained, 

supporting the notion of a cyclopropylmethyl radical generated upon SET. More 

interestingly, the ratio between these two products remained constant (2.6:1) at 

different Ni/L ratios, even at particularly low loadings, thus arguing against a radical 

escape-rebound mechanism.62  
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Scheme 3.31 Radical clock experiments with the radical probe 3.4.13 
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3.5 Conclusions 

This chapter summarizes the efforts towards the development of a site-selective 

Ni-catalyzed reductive alkylation of unactivated olefins by using redox-active 

Katritzky salts as alkyl electrophiles. This protocol could be applied to either 

unactivated -olefins or internal olefins, with the latter undergoing alkylation at 

remote, primary sp3 C–H site via a chain-walking mechanism. This technique 

operated under mild reaction conditions and showcased broad substrate scope and 

excellent chemo- and regio-selectivity. The use of statistical isomeric mixtures of 

olefins has been showed to produce a single product in a regioconvergent process and 

even the highly valuable ethylene gas could be successfully employed. Importantly, a 

wide range of drug derivatives could be modified in a late-stage functionalization 

setting, thus witnessing the potential of the deaminative alkylation technique for lead 

generation in drug discovery.  

Presently, this methodology is restricted to the use of secondary and activated 

primary alkyl pyridinium salts, therefore further optimization of the reaction 

conditions will be required to improve the reactivity of these substrates. 

Preliminary mechanistic experiments were carried out, indicating that the 

hydrofunctionalization of olefin occurred initially via nickel hydride species, which 

then coupled with alkyl pyridinium salt. However, further experimental evidences are 

required in order to confirm origin of such Ni-hydride intermediate and to elucidate 

the subtleties of the chain-walking process.  
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3.7 Experimental Section 

3.7.1 General Considerations 

Reagents. Commercially available materials were used as received without further 

purification. NiI2 and NiBr2·DME (97% purity) were purchased from Aldrich, 

(EtO)2MeSiH (DEMS, 97% purity) and (EtO)3SiH were purchased from Fluorochem 

and Alfa Aesar. Sodium phosphate dibasic (Na2HPO4) was purchased from Scharlau. 

Anhydrous N, N-Dimethylacetamide (NMP, 99.5% purity), Anhydrous 1,4-dioxane 

(99.5% purity) and Dimethyl sulfoxide (DMSO, 99.5 purity) were purchased from 

Acros.  

 

Analytical methods. 1H and 13C NMR spectra were recorded on Bruker 300 MHz, 

Bruker 400 MHz and Bruker 500 MHz at 20 °C. All 1H NMR spectra are reported in 

parts per million (ppm) downfield of TMS and were calibrated using the residual 

solvent peak of CHCl3 (7.26 ppm), unless otherwise indicated. All 13C NMR spectra 

are reported in ppm relative to TMS, were calibrated using the signal of residual 

CHCl3 (77.16 ppm), 11B NMR and 19F NMR were obtained with 1H decoupling unless 

otherwise indicated. Coupling constants, J, are reported in Hertz. Melting points were 

measured using open glass capillaries in a Büchi B540 apparatus. Gas 

chromatographic analyses were performed on Hewlett-Packard 6890 gas 

chromatography instrument with FID detector. Flash chromatography was performed 

with EM Science silica gel 60 (230-400 mesh). Thin layer chromatography was used 

to monitor reaction progress and analyze fractions from column chromatography. To 

this purpose TLC Silica gel 60 F254 aluminium sheets from Merck were used and 

visualization was achieved using UV irradiation and/or staining with KMnO4. The 

yields reported in scheme 3.22-3.24 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 Schemes of 

the manuscript. In the cases the High-Resolution Mass Spectra of the molecular ion 

could not be obtained using ESI and APCI ionization modes the GC-MS of the 

compound was given.  
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3.7.2 Optimization of the Reaction Conditions 

General procedure: An oven-dried 8 mL screw-cap test tube containing a stirring bar 

was charged with NiBr2·DME (6.2 mg, 10 mol%), the corresponding ligand (15 

mol%), Na2HPO4 (0.4 mmol, 56.8 mg) and 1-(1-(tert-butoxycarbonyl) piperidin-4-yl) 

-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1a, 113.6 mg, 0.2 mmol). 

Subsequently, the tube was sealed with a Teflon-lined screw cap, then evacuated and 

back-filled with Ar (3 times). Afterwards, 4-phenyl-1-butene (3.4.2a, 90 L, 0.6 

mmol, 3.0 equiv), (EtO)2MeSiH (DEMS, 96 L, 0.60 mmol, 3.0 equiv), NMP and 
1.4-dioxane (4:1, 1.0 mL) were added via syringe. Then, the tube was stirred at 40 ℃ 

for 24 h. After the reaction was completed, the mixture was diluted with EtOAc, 

filtered through silica gel and concentrated under vacuum. The yields were 

determined by GC FID analysis using 1-decane as internal standard, and the product 

was purified by column chromatography on silica gel (Hexane/EtOAc = 120:1 to 

60:1). 

3.7.3 Synthesis of Ligands and Starting Materials 

Commercially available compounds were used as received without further 

purification. 2-(6-methylpyridin-2-yl)-4,5-dihydrooxazole (L3.4.10),1 

4-isopropyl-2-(6-methylpyridin-2-yl)-4,5-dihydrooxazole (L3.4.11),1 

1-(1-(tert-butoxycarbonyl)piperidin-4-yl)-2,4,6-triphenylpyridin-1-ium 

tetrafluoroborate (3.4.1a),2 1-cyclohexyl-2,4,6-triphenylpyridin-1-ium 

tetrafluoroborate (3.4.1b),2 1-(4,4-difluorocyclohexyl)-2,4,6-triphenylpyridin-1-ium  

tetrafluoroborate (3.4.1c),2 2,4,6-triphenyl-1-(tetrahydro-2H-pyran-4-yl)pyridin-1-ium 

tetrafluoroborate (3.4.1e),2 1-(1-(tert-butoxycarbonyl)pyrrolidin-3-yl)-2,4,6 

-triphenylpyridin-1-ium tetrafluoroborate (3.4.1f),3 2,4,6-triphenyl-1-(4-phenylbutan 

-2-yl)pyridin-1-ium tetrafluoroborate (3.4.1g),2 1-(1-methoxy-4-methyl 

-1-oxopentan-2-yl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1j),4 

1-(1-(2,6-dimethylphenoxy)propan-2-yl)-2,4,6-triphenylpyridin-1-ium 

tetrafluoroborate (3.4.1l),2 (S)-1-(1-methoxy-1-oxopropan-2-yl)-2,4,6- 

triphenylpyridin-1-ium tetrafluoroborate (3.4.1n),5 ((allyloxy)methyl)benzene 

(3.4.2b),6 tert-butyl(hex-5-en-1-yloxy) dimethylsilane (3.4.2c),7 Hex-5-en-1-yl 

4-fluorobenzoate (3.4.2h),8 (E)-tert-butyl(hex-4-en-1-yloxy) dimethylsilane (3.4.2u),9 
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2-(oct-5-en-1-yl)isoindoline-1,3-dione (3.4.2x),10 3-methyl-1-(oct-5-en-1-yl)-1H 

-indole (3.4.2z),1 tert-butyl 4-(prop-1-en-1-yl)piperidine-1-carboxylate (3.4.2aa),11 

(8R,9S,13S,14S)-3-(hex-5-en-1-yloxy)-13-methyl-6,7,8,9,11,12,13,14,15,16 

-decahydro-17H-cyclopenta [a] phenanthrene-17-one (3.4.2ac),12 tert-butyl 

2,5-dihydro-1H-pyrrole-1-carboxylate (3.4.11a),13 (1-vinylcyclopropyl)benzene 

(3.4.13)14 were prepared by known procedures, the NMR data matched those reported 

previously. 

3.7.3.1 General Procedure for the Preparation of L3.4.9 

 
4,4'-di-tert-butyl-6,6'-dimethyl-2,2'-bipyridine (L3.4.9). To a solution of 

4,4’-di-tert-butyl-2,2’-bipyridine (4.02g, 15.0 mmol, 1 equiv.) in THF (75 mL) at 0 ºC 

under argon atmospheres was added a 1.6 M solution of MeLi in Et2O (47 mL, 75 

mmol, 5.0 equiv.) and the mixture was stirred for 14 h. The solution was then 

quenched water and extracted with Et2O, dried over MgSO4, and concentrated under 

reduced pressure. The latter was then dissolved in DCM (50 mL) and MnO2 (13 g, 

150 mmol, 10 equiv.) was added and the mixture stirred at 60 ℃ for 4 h. At this point 

the solution was filtered through a short pad of silica and concentrated under vacuum. 

The product was purified by flash chromatography (Hexane/EtOAc), obtained pale 

yellow solid 2.58g (58%). Mp 190−192 ℃. 1H NMR (400 MHz, CDCl3): δ 8.13 (d, J 

= 1.8 Hz, 2H), 7.14 (d, J = 1.8 Hz, 2H), 2.63 (s, 6H), 1.37 (s, 18H) ppm. 13C NMR 

(101 MHz, CDCl3): δ 161.0, 157.8, 156.7, 120.2, 115.8, 35.0, 30.8, 25.0 ppm. IR 

(neat, cm-1): 2959, 2903, 2867, 1591, 1557, 1460, 1390, 1290, 917, 863. HRMS calcd. 

for (C20H29N2) [M+H] +: 297.2325 found 297.2316. 

3.7.3.2 General Procedure for the Preparation of Katritzky Pyridinium Salts 

 



Chapter 3.   

329 
 

General Procedure: 2,4,6-triphenylpyrylium tetrafluoroborate (1.0 equiv) and an 

amine (1.2 equiv) were added to a Schlenk containing a stirring bar. This was 

followed by addition of dry EtOH (1.0 M), resulting in a color change from yellow to 

black orange. The mixture was then stirred and heated at reflux in an oil bath at 90 ℃ 

for 5h. At that time, the mixture was allowed to cool to room temperature. Et2O was 

then added (15 mL) and shaken vigorously, forming a solid precipitate that was 

filtered, washed with Et2O (2x15 mL) and dried under high vacuum. If the pyridinium 

salt failed to precipitate, it was subjected to flash column chromatography, eluting 

with DCM/Acetone mixtures. 

 

1-(4-((tert-butoxycarbonyl)amino)cyclohexyl)-2,4,6-triphenylpyridin-1-ium 

tetra-fluoroborate (3.4.1d): Following the general procedure, but using tert-butyl 

(4-aminocyclohexyl)carbamate (trans/cis = 1.5:1 ratio) (1.28 g, 6.0 mmol), afforded 

3.4.1d (1.78 g, 60% yield) as a white solid. Mp 192 – 193 ℃. 1H NMR (400 MHz, 

CDCl3): δ 7.76 – 7.64 (m, 8H), 7.59 – 7.46 (m, 7H), 7.39 (td, J = 8.2, 7.3, 2.4 Hz, 2H), 

4.56 (t, J = 12.2 Hz, 1H), 4.28 – 4.05 (m, 1H), 2.88 (brs, 1H), 2.14 (d, J = 12.2 Hz, 

2H), 1.80 (d, J = 12.8 Hz, 2H), 1.64 – 1.51 (m, 2H), 1.38 – 1.27 (s, 9H), 0.60 (q, J = 

12.5 Hz, 2H) ppm. 13C NMR (101 MHz, CDCl3): δ 157.1, 155.2, 155.0, 134.1, 134.0, 

132.0, 131.1, 129.6, 129.4, 129.0, 128.4, 128.2, 79.5, 70.6, 48.0, 33.0, 31.7, 28.4 ppm.  
19F NMR (376 MHz, CDCl3) δ -152.6 (s), -152.7 (s) ppm. 11B NMR (128 MHz, 

CDCl3) δ -119.2 ppm. IR (neat, cm-1): 3368, 3244, 2944, 1682, 1529, 1181, 1030, 

1026, 853. HRMS calcd. for (C34H37N2O2) [M-BF4] +: 505.2850 found 505.2866. 

 

1-(1-hydroxybutan-2-yl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1h): 

Following the general procedure, but using 2-aminobutan-1-ol (0.54 mL, 6.0 mmol), 

afforded 3.4.1h (1.5 g, 65% yield) as a white solid. Mp 97 – 98 ℃. 1H NMR (400 

MHz, CDCl3): δ 8.11 – 7.67 (m, 6H), 7.66 – 7.29 (m, 11H), 5.17 – 5.00 (m, 1H), 3.81 
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– 3.64 (m, 2H), 3.62 – 3.51 (m, 1H), 1.72 (dt, J = 14.6, 7.3 Hz, 1H), 1.64 (s, 1H), 1.46 

– 1.38 (m, 1H), 0.68 (t, J = 7.4 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ 155.3, 

133.7, 132.5, 129.9, 128.4, 74.0, 63.1, 25.7, 11.2 ppm. 19F NMR (376 MHz, CDCl3) δ 

-153.1 (s), -153.2 (s) ppm. 11B NMR (128 MHz, CDCl3) δ -1.2 ppm. IR (neat, cm-1): 

3524, 3063, 2971, 2881, 1617, 1599, 1561, 1410, 1053, 1049, 890. HRMS calcd. for 

(C27H26NO) [M-BF4] +: 380.2009 found 380.2000. 

 
1-(2-methoxy-2-oxoethyl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1i): 

Following the general procedure, but using glycine methyl ester hydrochloride (753 

mg, 6.0 mmol) and Et3N (0.83 mL, 6 mmol), afforded 3.4.1i (1.68 g, 72% yield) as a 

white solid. Mp 183 – 184 ℃. 1H NMR (400 MHz, CDCl3): δ 7.96 (s, 2H), 7.84 – 

7.79 (m, 2H), 7.71 (brs, 3H), 7.63 – 7.50 (m, 10H), 5.11 (s, 2H), 3.54 (s, 3H) ppm. 
13C NMR (101 MHz, CDCl3): δ 167.5, 157.4, 157.1, 134.0, 132.6, 132.2, 131.5, 

129.9, 129.0, 128.4, 126.3, 56.4, 53.4 ppm. 19F NMR (376 MHz, CDCl3) δ -153.0 (s), 

-153.1(s) ppm. 11B NMR (128 MHz, CDCl3) δ -119.1 ppm. IR (neat, cm-1): 3041, 

3010, 1752, 1619, 1594, 1561, 1414, 1369, 1220, 1184, 1039, 997, 904. HRMS calcd. 

for (C26H22NO2) [M-BF4] +: 380.1645 found 380.1642. 

 
1-(1-(2-(11-oxo-6,11-dihydrodibenzo[b,e]oxepin-2-yl)acetoxy)butan-2-yl)-2,4,6-tri

phenylpyridin-1-ium tetrafluoroborate (3.4.1j): To a solution of 

6,11-Dihydro-11-oxodibenz[b,e]oxepin-2-acetic acid (1.0 mmol, 268 mg) and 

1-(1-hydroxybutan-2-yl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1h, 1.0 

mmol, 437 mg) in dry DCM (10 mL) was added DCC (1.0 mmol, 206 mg) and 

DMAP (0.05 mmol, 6 mg). The reaction mixture was stirring at rt for 24 h, then 

remove the solid by filter. The residue was purified by flash column chromatography 

(DCM/Acetone = 10:1) to provide 3.4.1j (516 mg, 72%) as a white solid. Mp 115 – 

116 ℃. 1H NMR (400 MHz, CDCl3): δ 8.00 (d, J = 2.3 Hz, 1H), 7.94 – 7.65 (m, 7H), 

7.64 – 7.35 (m, 12H), 7.34 – 7.25 (m, 3H), 6.92 (d, J = 8.4 Hz, 1H), 4.98 (d, J = 1.6 
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Hz, 2H), 4.95 – 4.86 (m, 1H), 4.03 – 3.92 (m, 2H), 3.59 (s, 2H), 2.38 – 2.30 (m, 1H), 

1.60 – 1.48 (m, 1H), 0.64 (t, J = 7.3 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3): δ 

190.5, 170.1, 160.7, 155.7, 140.1, 136.2, 135.6, 133.6, 133.2, 132.4, 132.3, 131.3, 

129.7, 129.5, 128.6, 128.1, 127.0, 125.3, 121.5, 73.7, 69.9, 64.1, 40.2, 26.9, 11.5 ppm 

(2 carbons missing due to signal broadening). 19F NMR (376 MHz, CDCl3) δ -153.08 

(s), -153.09 (s) ppm. 11B NMR (128 MHz, CDCl3) δ -1.4 ppm. IR (neat, cm-1): 3061, 

2940, 2928, 2852, 1738, 1644, 1617, 1598, 1562, 1490, 1412, 1300, 1242, 1139, 1050. 

HRMS calcd. for (C43H36NO4) [M-BF4] +: 630.2639 found 630.2630. 

 
1-(1-(2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)acetoxy)butan-2-

yl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1m): To a solution of 

1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-3-indoleacetic Acid (2.0 mmol, 717.6 mg) 

and 1-(1-hydroxybutan-2-yl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1h, 

2mmol, 934 mg) in dry DCM (20 mL) was added DCC (2.0 mmol, 412 mg) and 

DMAP (0.1 mmol, 12 mg). The reaction mixture was stirring at rt for 24 h, then 

remove the solid by filter. The residue was purified by flash column chromatography 

(DCM/Acetone = 10:1) to provide 3.4.1m (1.2 mg, 74%) as a yellow solid. Mp 149 – 

150 ℃. 1H NMR (400 MHz, CDCl3): δ 7.89 – 7.30 (m, 20H), 7.03 (s, 1H), 6.83 (d, J 

= 2.5 Hz, 1H), 6.69 (d, J = 9.0 Hz, 1H), 6.52 (dd, J = 9.0, 2.5 Hz, 1H), 4.91 – 4.84 (m, 

J = 9.7, 5.2 Hz, 1H), 4.03 (dd, J = 12.6, 5.5 Hz, 1H), 3.86 – 3.79 (m, 1H), 3.71 – 3.63 

(s, 5H), 2.29 – 2.23 (m, 4H), 1.61 – 1.48 (m, 1H), 0.60 (t, J = 7.4 Hz, 3H) ppm. 13C 

NMR (101 MHz, CDCl3): δ 169.7, 168.2, 156.1, 155.5, 139.9, 136.1, 133.6, 133.3, 

132.4, 131.3, 130.7, 130.4, 129.7, 129.3, 128.8, 128.7, 128.6, 114.9, 111.8, 111.5, 

101.8, 69.6, 64.0, 55.9, 30.2, 26.9, 13.2, 11.4 ppm. 19F NMR (376 MHz, CDCl3) δ 

-152.8 (s), -152.9(s) ppm. 11B NMR (128 MHz, CDCl3) δ -1.38 ppm. IR (neat, cm-1): 

3064, 2931, 2852, 1739, 1679, 1617, 1598, 1561, 1477, 1457, 1355, 1315, 1256, 1223, 

1143, 1051, 1030. HRMS calcd. for (C46H40ClN2O4) [M-BF4] +: 719.2671 found 

719.2690. 
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3.7.3.3 Procedure for the Preparation of Olefins 

  

6-chloro-2-hexene (3.4.2v): To a stirred solution of the (E)-hex-4-en-1-ol (0.59 mL, 

5.0 mmol) and PPh3 (2.62 g, 10.0 mmol) in dry DCM (10 mL) was added 

2,2,2-trichloroacetamide (1.62 g, 10.0 mmol) under Ar. The reaction mixture was 

stirring at rt for 30 min, then quenched with cold water. The aqueous phase was 

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

MgSO4 then concentrated. The residue was purified by flash column chromatography 

(Hexane/EtOAc = 100:1) to provide 3.4.2v (390 mg, 66%) as a colorless oil. 1H 

NMR (400 MHz, CDCl3): δ 5.56 – 5.43 (m, 1H), 5.43 – 5.31 (m, 1H), 3.53 (t, J = 6.7 

Hz, 2H), 2.16 – 2.10 (m, 2H), 1.85 – 1.78 (m, 2H), 1.65 (dq, J = 6.3, 1.3 Hz, 3H) ppm. 
13C NMR (101 MHz, CDCl3): δ 129.5, 126.5, 44.6, 32.5, 29.8, 18.0 ppm. IR (neat, 

cm-1): 2959, 2936, 2919, 2855, 1441, 1561, 1414, 1283, 965, 734, 653. GC-MS: 

(C6H11Cl) [M]+: found t = 4.663 min, m/z 118.1. 

2,6-dimethylnona-2,7-diene (3.4.2w): To a stirred solution of the 

ethyltriphenylphosphonium iodide (4.6 g, 11.0 mmol) and t-BuOK (1.23 g, 11.0 

mmol) in Et2O (30 mL) was added 2,6-dimethylhept-5-enal (1.59 mL, 10.0 mmol) by 

syringe. The reaction mixture was refluxed for 12 h. The crude reaction mixture was 

purified by flash column chromatography (Hexane/EtOAc = 300:1) to provide 3.4.2w 

(1.08 g, 71%) as a colorless oil. 1H NMR (400 MHz, CDCl3): δ 5.43 – 5.35 (m, 1H), 

5.20 – 5.06 (m, 2H), 2.53 – 2.41 (m, 1H), 2.00 – 1.88 (m, 2H), 1.69 (d, J = 1.4 Hz, 

3H), 1.60 (dd, J = 6.8, 1.8 Hz, 6H), 1.38 – 1.17 (m, 2H), 0.94 (d, J = 6.7 Hz, 3H) ppm. 
13C NMR (101 MHz, CDCl3): δ 137.3, 131.3, 125.0, 122.5, 37.8, 31.1, 26.2, 25.9, 

21.2, 17.8, 13.1 ppm. IR (neat, cm-1): 2963, 2916, 2855, 1452, 1375, 967, 949, 720. 

HRMS calcd. for (C11H19) [M-H]+: 151.1481 found 151.1477. 
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1-((2R,3R)-1-(4-chlorophenyl)-3-(hex-5-en-1-yloxy)-4,4-dimethylpentan-2-yl)-1H-

1,2,4-triazole (3.4.2ad): An oven-dried 50 mL flask containing a stirring bar was 

charged with Paclobutrazol (2.93 g, 10 mmol) and dry DMF (10 mL), cooling down 

to 0 ℃, the 60% NaH ( 720 mg, 30 mmol) was added slowly. The reaction mixture 

was stirring at rt for 15 min until H2 bubbling ceased. 6-bromo-1-hexene (1.55 mL, 11 

mool) was added dropwise and the reaction stirred overnight. The reaction mixture 

was quenched by saturated NH4Cl under 0 ℃, extracted with DCM, dried over 

MgSO4 and the volatiles were removed under vacuum. Flash column chromatography 

(Hexane/EtOAc = 5:1) of the crude mixture afforded the title compound 2.36 g (63%) 

as white solid. Mp 54.5 – 55.6 ℃. 1H NMR (400 MHz, CDCl3): δ 8.38 (s, 1H), 7.75 

(d, J = 2.2 Hz, 1H), 7.18 (dd, J = 8.5, 2.1 Hz, 2H), 6.92 (dd, J = 8.4, 1.8 Hz, 2H), 5.87 

– 5.77 (m, 1H), 5.08 – 4.95 (m, 2H), 4.82 – 4.77 (m, 1H), 3.69 (td, J = 6.4, 1.5 Hz, 

2H), 3.27 – 3.05 (m, 3H), 2.14 – 2.08 (m, 2H), 1.75 – 1.62 (m, 2H), 1.60 – 1.48 (m, 

2H), 0.74 (d, J = 1.5 Hz, 9H) ppm. 13C NMR (101 MHz, CDCl3): δ 150.0, 143.7, 

138.5, 135.4, 133.0, 130.0, 129.0, 115.0, 87.3, 75.5, 63.6, 40.9, 36.4, 33.7, 30.1, 26.6, 

25.8 ppm. IR (neat, cm-1): 2973, 2938, 2897, 2874, 1504, 1491, 1370, 1267, 1139, 

1088, 1014, 906, 754. HRMS calcd. for (C21H31ClN3O) [M+H]+: 376.2150 found 

376.2149. 

(3aR,5R,5aS,8aS,8bR)-5-((hex-5-en-1-yloxy)methyl)-2,2,7,7 tetramethyl 

tetrahydro-5H-bis([1,3]dioxolo)[4,5-b:4',5'-d]pyran (3.4.2ag): An oven-dried 50 

mL flask containing a stirring bar was charged with 1,2:3,4-Di-O-isopropylidene 

--D-galactopyranose (2.6 g, 10 mmol) and dry DMF (10 mL), cooling down to 0 ℃, 
the 60% NaH (720 mg, 30 mmol) was added slowly. The reaction mixture was 

stirring at rt for 15 min until H2 bubbling ceased. 6-bromo-1-hexene (1.55 mL, 11 

mmol) was added dropwise and the reaction stirred overnight. The reaction mixture 

was quenched by saturated NH4Cl under 0 ℃, extracted with DCM, dried over 
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MgSO4 and the volatiles were removed under vacuum. Flash column chromatography 

(Hexane/EtOAc = 5:1) of the crude mixture afforded the title compound 2.4 g (70%) 

as colorless. 1H NMR (400 MHz, CDCl3): δ 4.82 – 5.72 (m, 1H), 5.50 (d, J = 5.0 Hz, 

1H), 5.02 – 4.87 (m, 2H), 4.57 (dd, J = 7.9, 2.4 Hz, 1H), 4.33 – 4.20 (m, 2H), 3.93 (td, 

J = 6.3, 1.9 Hz, 1H), 3.63 – 3.40 (m, 4H), 2.07 – 2.01 (m, 2H), 1.61 – 1.54 (m, 2H), 

1.51 (s, 3H), 1.46 – 1.38 (m, 5H), 1.34 – 1.27 (m, 6H) ppm. 13C NMR (101 MHz, 

CDCl3): δ 139.0, 114.6, 109.3, 108.7, 96.5, 71.5, 71.4, 70.81, 70.80, 69.5, 66.9, 33.7, 

29.2, 26.2, 26.14, 25.5, 25.1, 24.6 ppm. IR (neat, cm-1): 2982, 2934, 2865, 1640, 1380, 

1254, 1210, 1111, 1068, 999, 916. HRMS calcd. for (C18H30NaO6) [M+Na]+: 

365.1935 found 365.1937. 
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3.7.4 Ni-Catalyzed Deaminative Alkylation with Terminal Olefins 

 

General procedure: An oven-dried 8 mL screw-cap test tube containing a stirring bar 
was charged with NiBr2·DME (6.2 mg, 10 mol%), 4,4′-di-tert-butyl-2,2′-dipyridyl 
(L3.4.6, 8.0 mg, 15 mol%), Na2HPO4 (56.8 mg, 0.40 mmol) and pyridinium salt 
(3.4.1, 0.20 mmol). Subsequently, the tube was sealed with a Teflon-lined screw cap, 
then evacuated and back-filled with Ar (3 times). Afterwards, -olefin (3.4.2, 0.6 
mmol), (EtO)2MeSiH (DEMS, 96 L, 0.60 mmol), NMP and 1.4-dioxane (4:1, 1.0 
mL) were added via syringe. Then, the tube was stirred at 40 ℃ for 24 h. After the 
reaction was completed, the mixture was diluted with EtOAc, filtered through silica 
gel and concentrated under vacuum. The corresponding product was purified by 
column chromatography on silica gel. Note: if the corresponding product possesses a 
similar Rf to that of 2,4,6-triphenylpyridine, then toluene should be used as eluent 
followed by Hexane/EtOAc mixtures. 

 

tert-butyl 4-(4-phenylbutyl)piperidine-1-carboxylate (3.4.3a): Following the 
general procedure, but using 4-phenyl-1-butene (90 L, 0.60 mmol), afforded 3.4.3a 
(51 mg, 80% yield) as a colorless oil. In an independent experiment, 46 mg (73% 
yield) were obtained, giving an average of 76% yield. 1H NMR (400 MHz, CDCl3): δ 
7.31 – 7.25 (m, 2H), 7.21 – 7.14 (m, 3H), 4.08 (br, 2H), 2.66 (t, J = 12.8 Hz, 2H), 
2.62 (t, J = 3.6 Hz, 2H), 1.72 – 1.56 (m, 4H), 1.47 (s, 9H), 1.40 – 1.30 (m, 3H), 1.30 – 
1.23 (m, 2H), 1.12 – 1.02 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3): δ 154.9, 142.7, 
128.4, 128.3, 125.7, 79.1, 44.1, 36.4, 36.0, 35.9, 32.3, 31.7, 28.5, 26.3 ppm. IR (neat, 
cm-1): 2975, 2927, 2853, 1689, 1419, 1364, 1277, 1239, 1154, 866. HRMS calcd. for 
(C20H31NNaO2) [M+Na] +: 340.2247 found 340.2244. 

 
tert-butyl 4-(3-(benzyloxy)propyl)piperidine-1-carboxylate (3.4.3b): Following the 
general procedure, but using ((allyloxy)methyl)benzene (88.8 mg, 0.60 mmol), 
afforded 3.4.3b (44 mg, 66% yield) as a colorless oil. In an independent experiment, 
42 mg (63% yield) were obtained, giving an average of 64% yield. 1H NMR (400 
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MHz, CDCl3) δ 7.38 – 7.27 (m, 5H), 4.50 (s, 2H), 4.06 (d, J = 13.1 Hz, 2H), 3.46 (t, J 
= 6.6 Hz, 2H), 2.65 (t, J = 11.9 Hz, 2H), 1.72 – 1.59 (m, 4H), 1.45 (s, 9H), 1.39 – 1.26 
(m, 3H), 1.11 – 1.05 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3): δ 155.0, 138.7, 
128.5, 127.7, 127.6, 79.3, 73.0, 70.6, 44.2, 36.0, 33.1, 32.3, 28.6, 27.0 ppm. IR (neat, 
cm-1): 2974, 2929, 2851, 1688, 1420, 1364, 1277, 1242, 1167, 1145, 1097, 938, 864. 
HRMS calcd. for (C20H31NNaO3) [M+Na] +: 356.2196 found 356.2199. 

 
tert-butyl 4-(6-((tert-butyldimethylsilyl)oxy)hexyl)piperidine-1-carboxylate 
(3.4.3c): Method A: Following the general procedure, but using 
tert-butyl(hex-5-en-1-yloxy)dimethylsilane (128.4 mg, 0.60 mmol), afforded 3.4.3c 
(58 mg, 73% yield) as a colorless oil. In an independent experiment, 60 mg (75% 
yield) were obtained, giving an average of 74% yield. 
Method B: Following the general procedure, but using NiI2 (6.2 mg, 10 mol%), 
2-(6-methylpyridin-2-yl)-4,5-dihydrooxazole (L3.4.10, 6.4 mg, 20 mol%), Na2HPO4 
(113.6 mg, 0.80 mmol), (EtO)3SiH (74 L, 0.40 mmol) in DMSO/1,4-dioxane and 
(E)-tert-butyl(hex-4-en-1-yloxy)dimethylsilane (3.4.2u, 128.4 mg, 0.60 mmol), 
afforded 3.4.3c (38 mg, 48% yield) as a colorless oil. In an independent experiment, 
41 mg (52% yield) were obtained, giving an average of 50% yield, 48:1 ratio. 1H 
NMR (400 MHz, CDCl3) δ 4.05 (d, J = 13.1 Hz, 2H), 3.59 (t, J = 6.6 Hz, 2H), 2.65 (t, 
J = 12.3 Hz, 2H), 1.63 (d, J = 12.9 Hz, 2H), 1.49 (t, J = 6.5 Hz, 2H), 1.44 (s, 9H), 
1.37 – 1.14 (m, 9H), 1.11 – 0.96 (m, 2H), 0.88 (s, 9H), 0.04 (s, 6H) ppm. 13C NMR 
(101 MHz, CDCl3): δ 155.1, 79.2, 63.4, 44.2, 36.6, 36.1, 33.0, 32.4, 29.7, 28.6, 26.7, 
26.1, 25.9, 18.5, -5.1 ppm. IR (neat, cm-1): 2975, 2927, 2855, 1695, 1420, 1364, 1247, 
1160, 1097, 834. HRMS calcd. for (C22H45NNaO3Si) [M+Na] +: 422.3061 found 
422.3069. 

 
tert-butyl 4-(5-cyanopentyl)piperidine-1-carboxylate (3.4.3d): Following the 
general procedure, but using hex-5-enenitrile (68.1 L, 0.60 mmol), afforded 3.4.3d 
(39 mg, 70% yield) as a light yellow oil. In an independent experiment, 38 mg (68% 
yield) were obtained, giving an average of 69% yield. 1H NMR (400 MHz, CDCl3) δ 
4.05 (d, J = 13.4 Hz, 2H), 2.64 (t, J = 12.8 Hz, 2H), 2.32 (t, J = 7.1 Hz, 2H), 1.75 – 
1.55 (m, 4H), 1.43 (s, 9H), 1.43 – 1.38 (m, 2H), 1.38 – 1.28 (m, 3H), 1.27 – 1.19 (m, 
2H), 1.10 – 0.99 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 155.0, 119.8, 79.3, 
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44.1, 36.3, 36.0, 32.2, 28.9, 28.6, 25.9, 25.4, 17.2 ppm. IR (neat, cm-1): 2974, 2927, 
2854, 1687, 1421, 1365, 1276, 1245, 1155, 1088, 865. HRMS calcd. for 
(C16H28N2NaO2) [M+Na] +: 303.2043 found 303.2044. 

 
tert-butyl 4-(6-chlorohexyl)piperidine-1-carboxylate (3.4.3e): Method A: 
Following the general procedure, but using 6-chloro-1-hexene (79 L, 0.60 mmol), 
afforded 3.4.3e (40 mg, 66% yield) as a colorless oil. In an independent experiment, 
40 mg (66% yield) were obtained, giving an average of 66% yield.  
Method B: Following the general procedure, but using NiI2 (6.2 mg, 10 mol%), 
2-(6-methylpyridin-2-yl)-4,5-dihydrooxazole (L3.4.10, 6.4 mg, 20 mol%), Na2HPO4 
(113.6 mg, 0.80 mmol), (EtO)3SiH (74 L, 0.40 mmol) in DMSO/1,4-dioxane and 
(Z)-6-chloro-2-hexene (3.4.2v, 70.8 mg, 0.60 mmol), afforded 3.4.3e (30 mg, 50% 
yield) as a colorless oil. In an independent experiment, 27 mg (45% yield) were 
obtained, giving an average of 47% yield, 28:1 ratio. 1H NMR (400 MHz, CDCl3) δ 
4.05 (d, J = 13.2 Hz, 2H), 3.51 (t, J = 6.7 Hz, 2H), 2.65 (t, J = 12.7 Hz, 2H), 1.79 – 
1.72 (m, 2H), 1.66 – 1.58 (m, 2H), 1.44 (s, 9H), 1.42 – 1.37 (m, 2H), 1.35 – 1.25 (m, 
5H), 1.23 – 1.19 (m, 2H), 1.10 – 0.99 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 
155.0, 79.2, 45.2, 44.2, 36.5, 36.1, 32.7, 32.3, 29.2, 28.6, 27.0, 26.6 ppm. IR (neat, 
cm-1): 2975, 2926, 2853, 1688, 1419, 1364, 1277, 1242, 1153, 965, 868. HRMS calcd. 
for (C16H30ClNNaO2) [M+Na] +: 326.1857 found 326.1859. 

 
tert-butyl 4-(6-bromohexyl)piperidine-1-carboxylate (3.4.3f): Following the 
general procedure, but using 6-bromo-1-hexene (80 L, 0.60 mmol), afforded 3.4.3f 
(49 mg, 71% yield) as a colorless oil. In an independent experiment, 52 mg (75% 
yield) were obtained, giving an average of 73% yield. 1H NMR (400 MHz, CDCl3) δ 
4.05 (d, J = 13.3 Hz, 2H), 3.39 (t, J = 6.8 Hz, 2H), 2.65 (td, J = 12.7, 2.7 Hz, 2H), 
1.93 – 1.77 (m, 2H), 1.62 (dt, J = 13.3, 3.1 Hz, 2H), 1.44 (s, 9H), 1.43 – 1.37 (m, 2H), 
1.36 – 1.27 (m, 5H), 1.25 – 1.16 (m, 2H), 1.10 – 1.00 (m, 2H) ppm. 13C NMR (101 
MHz, CDCl3) δ 155.0, 79.3, 44.2, 36.5, 36.1, 34.1, 32.9, 32.3, 29.1, 28.6, 28.3, 26.5 
ppm. IR (neat, cm-1): 2974, 2926, 2853, 1689, 1420, 1364, 1276, 1242, 1154, 964, 
868. HRMS calcd. for (C16H30BrNNaO2) [M+Na] +: 370.1352 found 370.1356. 
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tert-butyl 4-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propyl)piperidine-1- 
carboxylate (3.4.3g): Following the general procedure, but using 
2-allyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (112.6 L, 0.60 mmol), afforded 
3.4.3g (40 mg, 56% yield) as a colorless oil. In an independent experiment, 41 mg (58% 
yield) were obtained, giving an average of 57% yield. 1H NMR (400 MHz, CDCl3) δ 
4.03 (d, J = 13.2 Hz, 2H), 2.64 (td, J = 14, 2.8 Hz, 2H), 1.72 – 1.56 (m, 2H), 1.43 (s, 
9H), 1.42 – 1.29 (m, 3H), 1.22 (s, 12H), 1.19 (t, J = 3.3 Hz, 2H), 1.09 – 0.98 (m, 2H), 
0.73 (t, J = 7.8 Hz, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 155.1, 83.0, 79.2, 44.2, 
39.4, 36.8, 35.9, 32.3, 28.6, 24.9, 21.2 ppm. 11B NMR (128 MHz, CDCl3) δ 34.2 ppm. 
IR (neat, cm-1): 2976, 2927, 2859, 1693, 1420, 1365, 1319, 1276, 1246, 1144, 966, 
847. HRMS calcd. for (C19H36NNaBO4) [M+Na] +: 375.2666 found 375.2666. 

 
tert-butyl 4-(6-((4-fluorobenzoyl)oxy)hexyl)piperidine-1-carboxylate (3.4.3h): 
Following the general procedure, but using hex-5-en-1-yl 4-fluorobenzoate (133.2 mg, 
0.60 mmol), afforded 3.4.3h (62 mg, 77% yield) as a light yellow oil. In an 
independent experiment, 62 mg (77% yield) were obtained, giving an average of 77% 
yield. 1H NMR (400 MHz, CDCl3) δ 8.02 (dd, J = 8.9, 5.4 Hz, 2H), 7.07 (t, J = 8.7 
Hz, 2H), 4.27 (t, J = 6.7 Hz, 2H), 4.03 (d, J = 13.2 Hz, 2H), 2.73 – 2.56 (m, 2H), 1.77 
– 1.68 (m, 2H), 1.65 – 1.55 (m, 2H), 1.42 (s, 9H), 1.41 – 1.36 (m, 2H), 1.35– 1.26  
(m, 5H), 1.23 – 1.16 (m, 2H), 1.08 – 0.98 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) 
δ 165.7 (d, J = 252.2 Hz), 165.8, 155.0, 132.2 (d, J = 9.3 Hz), 126.9 (d, J = 3.1 Hz), 
115.6 (d, J = 22.1 Hz), 79.2, 65.3, 44.2, 36.5, 36.0, 32.3, 29.5, 28.8, 28.5, 26.6, 26.1 
ppm. 19F NMR (376 MHz, CDCl3) δ -106.1 ppm. IR (neat, cm-1): 2974, 2929, 2856, 
1716, 1693, 1603, 1508, 1412, 1366, 1270, 1239, 1153, 1112, 1090, 854. HRMS 
calcd. for (C23H34FNNaO4) [M+Na] +: 430.2364 found 430.2358. 

 
tert-butyl 4-(6-hydroxyhexyl)piperidine-1-carboxylate (3.4.3i): Following the 
general procedure, but using 5-hexene-1-ol (70.6 L, 0.60 mmol), afforded 3.4.3i (35 
mg, 61% yield) as a light yellow solid. Mp. 47 – 48 ℃. In an independent experiment, 
34 mg (61% yield) were obtained, giving an average of 61% yield. 1H NMR (400 
MHz, CDCl3) δ 4.05 (d, J = 13.2 Hz, 2H), 3.62 (t, J = 6.6 Hz, 2H), 2.65 (td, J = 12.8, 
2.7 Hz, 2H), 1.68 – 1.58 (m, 2H), 1.58 – 1.52 (m, 2H), 1.44 (s, 9H), 1.39 – 1.26 (m, 
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8H), 1.25 – 1.18 (m, 2H), 1.10 – 0.99 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 
155.1, 79.3, 63.1, 44.2, 36.6, 36.1, 32.9, 32.4, 29.7, 28.6, 26.7, 25.9 ppm. IR (neat, 
cm-1): 2971, 2931, 2854, 1686, 1468, 1408, 1365, 1277, 1245, 1171, 1150, 1124, 1095, 
865. The observed spectral data are in agreement with the ones reported in literature.15 

 
tert-butyl 4-(3-(3-chlorophenyl)propyl)piperidine-1-carboxylate (3.4.3j): 
Following the general procedure, but using 1-allyl-3-chlorobenzene (87.2 L, 0.60 
mmol), afforded 3.4.3j (42 mg, 62% yield) as a colorless oil. In an independent 
experiment, 44 mg (65% yield) were obtained, giving an average of 63% yield. 1H 
NMR (400 MHz, CDCl3) δ 7.23 – 7.12 (m, 3H), 7.05 – 7.02  (m, 1H), 4.06 (d, J = 
12.2 Hz, 2H), 2.65 (t, J = 12.7 Hz, 2H), 2.56 (t, J = 7.7 Hz, 2H), 1.79 – 1.54 (m, 4H), 
1.45 (s, 9H), 1.40 – 1.33 (m, 1H), 1.33 – 1.21 (m, 2H), 1.13 – 0.99 (m, 2H) ppm. 13C 
NMR (101 MHz, CDCl3) δ 155.0, 144.7, 134.1, 129.6, 128.6, 126.7, 126.0, 79.3, 44.1, 
36.2, 36.0, 35.9, 32.3, 28.6, 28.4 ppm. IR (neat, cm-1): 2975, 2928, 2854, 1687, 1476, 
1420, 1364, 1276, 1243, 1155, 1120, 1079, 967, 867. HRMS calcd. for 
(C19H28ClNNaO2) [M+Na] +: 360.1701 found 360.1705. 

 
tert-butyl 4-(3,3-dimethylbutyl)piperidine-1-carboxylate (3.4.3k): Following the 
general procedure, but using 3,3-dimethylbut-1-ene (77 L, 0.60 mmol), afforded 
3.4.3k (32 mg, 59% yield) as a colorless oil. In an independent experiment, 33 mg (61% 
yield) were obtained, giving an average of 60% yield. 1H NMR (400 MHz, CDCl3) δ 
4.05 (d, J = 13.1 Hz, 2H), 2.65 (td, J = 12.8, 2.7 Hz, 2H), 1.67 – 1.62 (m, 2H), 1.44 (s, 
9H), 1.30 – 1.22 (m, 1H), 1.17 (d, J = 3.2 Hz, 4H), 1.11 – 1.00 (m, 2H), 0.85 (s, 9H) 
ppm. 13C NMR (101 MHz, CDCl3) δ 155.1, 79.2, 44.3, 41.2, 37.0, 32.5, 31.4, 30.3, 
29.5, 28.6 ppm. IR (neat, cm-1): 2975, 2924, 2855, 1693, 1468, 1420, 1364, 1277, 
1248, 1231, 1156, 965, 868. HRMS calcd. for (C16H31NNaO2) [M+Na] +: 292.2247 
found 292.2240. 

 
 
tert-butyl 4-(5-methylhex-5-en-1-yl)piperidine-1-carboxylate (3.4.3l): Following 
the general procedure, but using 2-methylhexa-1,5-diene (80.9 L, 0.60 mmol), 
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afforded 3.4.3l (38 mg, 68% yield) as a colorless oil. In an independent experiment, 
40 mg (70% yield) were obtained, giving an average of 69% yield. 1H NMR (400 
MHz, CDCl3) δ 4.79 – 4.53 (m, 2H), 4.05 (s, 2H), 2.65 (t, J = 12.8 Hz, 2H), 2.07 – 
1.88 (m, 2H), 1.70 (s, 3H), 1.66 – 1.57 (m, 2H), 1.44 (s, 9H), 1.42 – 1.35 (m, 2H), 
1.34 – 1.16 (m, 5H), 1.10 – 1.00 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 155.1, 
146.2, 109.8, 79.2, 44.2, 37.9, 36.6, 36.1, 32.4, 28.6, 27.9, 26.4, 22.5 ppm. IR (neat, 
cm-1): 2974, 2927, 2853, 1692, 1419, 1364, 1277, 1240, 1155, 970, 884. HRMS calcd. 
for (C17H31NNaO2) [M+Na] +: 304.2247 found 304.2248. 

 
 

tert-butyl 4-(2-(cyclohex-3-en-1-yl)ethyl)piperidine-1-carboxylate (3.4.3m): 
Following the general procedure, but using 4-vinylcyclohex-1-ene (78 L, 0.60 
mmol), afforded 3.4.3m (27 mg, 46% yield) as a colorless oil. In an independent 
experiment, 29 mg (50% yield) were obtained, giving an average of 48% yield. 1H 
NMR (400 MHz, CDCl3) δ 5.77 – 5.40 (m, 2H), 4.06 (d, J = 13.2 Hz, 2H), 2.66 (td, J 
= 13.2 Hz, 2.4 Hz, 2H), 2.22 – 1.91 (m, 3H), 1.81 – 1.53 (m, 4H), 1.45 (s, 9H), 1.52 – 
1.42 (m, 1H), 1.40 – 1.14 (m, 6H), 1.12 – 1.01 (m, 2H) ppm. 13C NMR (101 MHz, 
CDCl3) δ 155.1, 127.2, 126.7, 79.3, 44.2, 36.4, 33.9, 33.8, 33.7, 32.4, 32.1, 29.1, 28.6, 
25.4 ppm. IR (neat, cm-1): 2974, 2915, 2849, 1691, 1420, 1364, 1276, 1239, 1157, 
1127, 967, 868. HRMS calcd. for (C18H31NNaO2) [M+Na] +: 316.2247 found 
316.2258. 

 
di-tert-butyl 4,4'-methylenebis(piperidine-1-carboxylate) (3.4.3n): Following the 
general procedure, but using NiI2 (6.2 mg, 10 mol%), 
2-(6-methylpyridin-2-yl)-4,5-dihydrooxazole (L3.4.10, 6.4 mg, 20 mol%), Na2HPO4 
(113.6 mg, 0.80 mmol), (EtO)3SiH (74 L, 0.40 mmol) and tert-butyl 
4-methylenepiperidine-1-carboxylate (3.4.2n, 122 L 0.60 mmol), in DMSO and 
1.4-dioxane (3:1, 1.2 mL) at 35 oC stirring 24 h, afforded 3.4.3n (46 mg, 60% yield) 
as a light yellow solid. Mp 90 – 91 ℃. In an independent experiment, 46 mg (60% 
yield) were obtained, giving an average of 60% yield. 1H NMR (400 MHz, CDCl3) δ 
4.05 (brs, 4H), 2.65 (t, J = 12.8 Hz, 4H), 1.68 – 1.56 (m, 4H), 1.52 – 1.47 (m, 2H), 
1.44 (s, 18H), 1.14 (t, J = 7.0 Hz, 2H), 1.11 – 0.92 (m, 4H) ppm. 13C NMR (101 MHz, 
CDCl3) δ 155.0, 79.3, 44.1, 43.6, 32.7, 32.5, 28.6 ppm. IR (neat, cm-1): 2972, 2910, 
2845, 1684, 1142, 1364, 1279, 1229, 1165, 1137, 1091, 976, 863. HRMS calcd. for 
(C21H38N2NaO4) [M+Na] +: 405.2724 found 405.2712. 
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tert-butyl 4-(cyclohexylmethyl)piperidine-1-carboxylate (3.4.3o): Following the 
general procedure B, but using NiI2 (6.2 mg, 10 mol%), 
2-(6-methylpyridin-2-yl)-4,5-dihydrooxazole (L3.4.10, 6.4 mg, 20 mol%), Na2HPO4 
(113.6 mg, 0.80 mmol), (EtO)3SiH (74 L, 0.40 mmol, 3.0 equiv) and 
methylenecyclohexane (72.1 L, 0.60 mmol), in DMSO and 1.4-dioxane (3:1, 1.2 mL) 
at 35 oC stirring 24 h, afforded 3.4.3o (33 mg, 59% yield) as a white solid. Mp 47 – 
48 ℃. In an independent experiment, 33 mg (59% yield) were obtained, giving an 
average of 59% yield. 1H NMR (400 MHz, CDCl3) δ 4.05 (d, J = 13.2 Hz, 2H), 2.66 
(td, J = 12.9, 2.7 Hz, 2H), 1.75 – 1.55 (m, 7H), 1.44 (s, 9H), 1.37 – 1.12 (m, 5H), 1.12 
– 0.96 (m, 4H), 0.89 – 0.79 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 155.1, 79.2, 
44.6, 44.2, 34.3, 33.8, 32.9, 32.7, 28.6, 26.8, 26.5 ppm. IR (neat, cm-1): 2980, 2917, 
2848, 1448, 1679, 1447, 1413, 1366, 1281, 1233, 1161, 1118, 1009, 974, 866. HRMS 
calcd. for (C17H31NNaO2) [M+Na] +: 304.2247 found 304.2246. 

 
tert-butyl 4-(cyclobutylmethyl)piperidine-1-carboxylate (3.4.3p): Following the 
general procedure B, but using NiI2 (6.2 mg, 10 mol%), 
2-(6-methylpyridin-2-yl)-4,5-dihydrooxazole (L3.4.10, 6.4 mg, 20 mol%), Na2HPO4 
(113.6 mg, 0.80 mmol), (EtO)3SiH (74 L, 0.40 mmol, 3.0 equiv) and 
methylenecyclobutane (55.5 L, 0.60 mmol), in DMSO and 1.4-dioxane (3:1, 1.2 mL) 
at 35 oC stirring 24 h, afforded 3.4.3p (32 mg, 62% yield) as a colorless oil. In an 
independent experiment, 30 mg (60% yield) were obtained, giving an average of 61% 
yield. 1H NMR (400 MHz, CDCl3) δ 4.03 (d, J = 13.0 Hz, 2H), 2.64 (td, J = 12.9, 2.8 
Hz, 2H), 2.35 (m, 1H), 2.05 – 1.98 (m, 2H), 1.87 – 1.73 (m, 2H), 1.66 – 1.51 (m, 4H), 
1.44 (s, 9H), 1.38 – 1.20 (m, 3H), 1.16 – 0.93 (m, 2H) ppm. 13C NMR (101 MHz, 
CDCl3) δ 142.7, 128.4, 128.3, 125.6, 68.2, 36.8, 36.0, 35.0, 33.3, 31.6, 26.0 ppm. IR 
(neat, cm-1): 2974, 2927, 2850, 1691, 1419, 1364, 1277, 1245, 1164, 1145, 972, 867. 
HRMS calcd. for (C15H27NNaO2) [M+Na] +: 276.1934 found 276.1945. 

 

6-cyclohexylhexan-2-one (3.4.3q): Following the general procedure, but using 
1-cyclohexyl-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1b, 95.8 mg, 0.20 
mmol) and 5-hexene-2-one (69.3 L, 0.60 mmol), afforded 3.4.3q (19 mg, 52% yield) 
as a light-yellow oil. In an independent experiment, 22 mg (60% yield) were obtained, 
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giving an average of 56% yield. 1H NMR (400 MHz, CDCl3) δ 2.41 (t, J = 7.5 Hz, 
2H), 2.13 (s, 3H), 1.76 – 1.59 (m, 5H), 1.54 (dt, J = 14.8, 7.6 Hz, 2H), 1.32 – 1.23 (m, 
3H), 1.23 – 1.10 (m, 5H), 0.95 – 0.72 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 
209.5, 44.0, 37.6, 37.4, 33.5, 30.0, 26.9, 26.57, 26.6, 24.3 ppm. IR (neat, cm-1): 2920, 
2850, 1715, 1448, 1357, 1163, 962, 890. HRMS calcd. for (C12H22NaO) [M+Na] +: 
205.1563 found 205.1558. 

 

6-(4,4-difluorocyclohexyl)hexan-2-one (3.4.3r): Following the general procedure, 
but using 1-(4,4-difluorocyclohexyl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate 
(3.4.1c, 102.6 mg, 0.20 mmol) and 5-hexene-2-one (69.3 L, 0.60 mmol), afforded 
3.4.3r (30 mg, 69% yield) as a light yellow oil. In an independent experiment, 29 mg 
(67% yield) were obtained, giving an average of 68% yield. 1H NMR (400 MHz, 
CDCl3) δ 2.42 (t, J = 7.4 Hz, 2H), 2.13 (s, 3H), 2.10 – 1.99 (m, 2H), 1.84 – 1.67 (m, 
3H), 1.64 – 1.49 (m, 3H), 1.42 – 1.17 (m, 7H). ppm. 13C NMR (101 MHz, CDCl3) δ 
209.2, 124.0 (dd, J = 241.8, 239.4 Hz), 43.8, 35.65 (dd, J = 5.9, 2.1 Hz), 33.6 (dd, J = 
25.4, 22.3 Hz), 30.0, 29.1, 29.0, 26.8, 24.0 ppm. 19F NMR (376 MHz, CDCl3) δ 
-91.55 (d, J = 234.3 Hz), -102.04 (d, J = 234.2 Hz) ppm. IR (neat, cm-1): 2935, 2863, 
1715, 1449, 1358, 1272, 1164, 1115, 1081, 960. GC-MS: (C12H20F2O) [M]+: found t 
= 5.492 min, m/z 218.2.  

 
tert-butyl (4-(4-phenylbutyl)cyclohexyl)carbamate (3.4.3s): Following the general 
procedure, but using 1-(4-((tert-butoxycarbonyl)amino)cyclohexyl) 
-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1d, 118.4 mg, 0.20 mmol) and 
4-phenyl-1-butene (90 L, 0.60 mmol), afforded 3.4.3s (34 mg, 51% yield) as a white 
solid. In an independent experiment, 33 mg (50% yield) were obtained, giving an 
average of 50% yield, as a 1.5:1 ratio of diastereoisomers. Mp 69 – 70 ℃. 1H NMR 
(400 MHz, CDCl3) δ 7.32 – 7.23 (m, 2H), 7.19 – 7.15 (m, 3H), 4.70 – 4.35 (m, 1H), 
3.75 – 3.35 (m, 1H), 2.60 (td, J = 7.7, 3.8 Hz, 2H), 1.97 (d, J = 14.0 Hz, 1H), 1.74 (d, 
J = 12.2 Hz, 1H), 1.68 – 1.49 (m, 5H), 1.45 (s, 9H), 1.39 – 1.16 (m, 4H), 1.17 – 1.08 
(m, 2H), 1.08 – 0.87 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 155.4, 142.94, 
142.91, 128.5, 128.37, 128.36, 125.73, 125.71, 79.1, 50.2, 46.8, 37.0, 36.8, 36.1, 35.8, 
35.6, 33.7, 32.0, 31.9, 31.8, 29.9, 28.60, 28.58, 28.1, 26.9, 26.8 ppm. IR (neat, cm-1): 
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3354, 2980, 2923, 2848, 1680, 1517, 1497, 1389, 1364, 1322, 1240, 1168, 1030, 978, 
880. HRMS calcd. for (C21H33NNaO2) [M+Na] +: 354.2404 found 354.2407. 

 
6-(tetrahydro-2H-pyran-4-yl)hexan-2-one (3.4.3t): Following the general procedure, 
but using 2,4,6-triphenyl-1-(tetrahydro-2H-pyran-4-yl)pyridin-1-ium tetrafluoroborate 
(3.4.1e, 95.8 mg, 0.20 mmol) and 4-phenyl-1-butene (90 L, 0.60 mmol), afforded 
3.4.3t (30 mg, 69% yield) as a colorless oil. In an independent experiment, 30 mg (69% 
yield) were obtained, giving an average of 69% yield. 1H NMR (400 MHz, CDCl3) δ 
7.32 – 7.24 (m, 2H), 7.21 – 7.17 (m, 3H), 4.05 – 3.82 (m, 2H), 3.36 (td, J = 11.8, 2.1 
Hz, 2H), 2.68 – 2.51 (m, 2H), 1.70 – 1.54 (m, 4H), 1.52 – 1.41 (m, 1H), 1.39 – 1.32 
(m, 2H), 1.31 – 1.21 (m, 4H) ppm. 13C NMR (101 MHz, CDCl3) δ 142.8, 128.5, 
128.4, 125.8, 68.3, 36.9, 36.1, 35.1, 33.4, 31.8, 26.1 ppm. IR (neat, cm-1): 2925, 2841, 
1496, 1454, 1386, 1236, 1137, 1094, 1014, 981, 856. HRMS calcd. for (C15H23O) 
[M+H] +: 219.1743 found 219.1746. 

 
tert-butyl-3-(4-phenylbutyl)pyrrolidine-1-carboxylate (3.4.3u): Following the 
general procedure, but using 1-(1-(tert-butoxycarbonyl)pyrrolidin-3-yl) 
-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1f, 112.8 mg, 0.20 mmol) and 
4-phenyl-1-butene (90 L, 0.60 mmol), afforded 3.4.3u (46 mg, 76% yield) as a 
colorless oil. In an independent experiment, 46 mg (76% yield) were obtained, giving 
an average of 76% yield. 1H NMR (400 MHz, CDCl3) δ 7.32 – 7.23 (m, 2H), 7.18 (t, 
J = 6.4 Hz, 3H), 3.57 – 7.23  (m, 2H), 3.28 – 3.17 (m, 1H), 2.84 (dt, J = 19.9, 9.7 Hz, 
1H), 2.61 (dt, J = 7.9, 2.8 Hz, 2H), 2.13 – 2.04 (m, 1H), 1.98 – 1.91 (m, 1H), 1.63 (dt, 
J = 11.2, 3.6 Hz, 2H), 1.46 (s, 9H), 1.44 – 1.31 (m, 5H) ppm. 13C NMR (101 MHz, 
CDCl3) δ 154.7, 142.6, 128.5, 128.4, 125.8, 79.0, 51.8, 51.4, 45.9, 45.6, 39.2, 38.4, 
35.9, 33.2, 32.0, 31.6, 31.3, 28.7, 27.9 ppm. IR (neat, cm-1): 2974, 2929, 2857, 1692, 
1454, 1400, 1365, 1168, 1121, 910, 881. HRMS calcd. for (C19H29NNaO2) [M+Na] +: 
326.2090 found 326.2088. 
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7-methyl-9-phenylnonan-2-one (3.4.3v): Following the general procedure, but using 
2,4,6-triphenyl-1-(4-phenylbutan-2-yl)pyridin-1-ium tetrafluoroborate (3.4.1g, 210.8 
mg, 0.40 mmol) and 5-hexene-2-one (23.1 L, 0.20 mmol), afforded 3.4.3v (19 mg, 
41% yield) as a light yellow oil. In an independent experiment, 21 mg (45% yield) 
were obtained, giving an average of 43% yield. 1H NMR (300 MHz, CDCl3) δ 7.32 – 
7.24 (m, 2H), 7.21 – 7.12 (m, 3H), 2.75 – 2.50 (m, 2H), 2.42 (t, J = 7.4 Hz, 2H), 2.13 
(s, 3H), 1.79 – 1.04 (m, 9H), 0.92 (d, J = 6.2 Hz, 3H) ppm. 13C NMR (75 MHz, 
CDCl3) δ 209.4, 143.2, 128.5, 128.4, 125.7, 43.9, 39.0, 36.8, 33.6, 32.5, 30.0, 26.7, 
24.3, 19.7 ppm. IR (neat, cm-1): 2977, 2928, 2858, 1715, 1454, 1357, 1164, 1030, 957. 
HRMS calcd. for (C16H24NaO) [M+Na] +: 255.1719 found 255.1724. 

 
7-(hydroxymethyl)nonyl 4-fluorobenzoate (3.4.3w): Following the general 
procedure, but using 1-(1-hydroxybutan-2-yl)-2,4,6-triphenylpyridin-1-ium 
tetrafluoroborate (3.4.1h, 93.4 mg, 0.20 mmol) and hex-5-en-1-yl 4-fluorobenzoate 
(133.2 mg, 0.60 mmol), afforded 3.4.3w (30 mg, 51% yield) as a colorless oil. In an 
independent experiment, 29 mg (49% yield) were obtained, giving an average of 50% 
yield. 1H NMR (400 MHz, CDCl3) δ 8.05 (dd, J = 8.9, 5.5 Hz, 2H), 7.10 (t, J = 8.7 
Hz, 2H), 4.30 (t, J = 6.7 Hz, 2H), 3.54 (d, J = 5.1 Hz, 2H), 1.83 – 1.66 (m, 2H), 1.54 – 
1.06 (m, 12H), 0.89 (t, J = 7.3 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 165.9, 
165.8 (d, J = 254.4 Hz), 132.2 (d, J = 9.3 Hz), 126.9 (d, J = 2.8 Hz), 115.6 (d, J = 
22.0 Hz), 65.38, 65.37, 42.1, 30.5, 29.8, 28.8, 26.9, 26.1, 23.5, 11.3 ppm. 19F NMR 
(376 MHz, CDCl3) δ -106.12 (tt, J = 8.5, 5.4 Hz) ppm. IR (neat, cm-1): 3436, 2975, 
2928, 2858, 1718, 1603, 1508, 1462, 1270, 1238, 1153, 1112, 1090, 1037, 854. 
HRMS calcd. for (C17H25FNaO3) [M+Na] +: 319.1680 found 319.1682. 
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3.7.5 Ni-Catalyzed Deaminative Alkylation with Internal Olefins 

 

General procedure B: An oven-dried 8 mL screw-cap test tube containing a stirring bar 
was charged with NiI2 (6.2 mg, 10 mol%), 2-(6-methylpyridin-2-yl)-4,5-dihydrooxazole 
(L3.4.10, 6.4 mg, 20 mol%), Na2HPO4 (113.6 mg, 0.80 mmol) and pyridinium salt (3.4.1, 
0.20 mmol). Subsequently, the tube was sealed with a Teflon-lined screw cap, then 
evacuated and back-filled with Ar (3 times). Afterwards, olefin (3.4.2, 0.60 mmol), 
(EtO)3SiH (74 L, 0.40 mmol, 2.0 equiv), DMSO and 1.4-dioxane (3:1, 1.2 mL) were 
added via syringe. Then, the tube was stirred at 35 ℃ for 24 h. After the reaction was 
completed, the mixture was diluted with EtOAc, filtered through silica gel and 
concentrated under vacuum. The corresponding product was purified by column 
chromatography on silica gel. Note: if the corresponding product possesses a similar Rf 
to that of 2,4,6-triphenylpyridine, then toluene should be used as eluent followed by 
Hexane/EtOAc mixtures. 
 

 

tert-butyl 4-hexylpiperidine-1-carboxylate (3.4.5a): Following the general 
procedure B, but using trans-3-hexene (3.4.2r, 74.5 L, 0.60 mmol), afforded 3.4.5a 
(32 mg, 59% yield) as a colorless oil. In an independent experiment, 31 mg (57% 
yield) were obtained, giving an average of 58% yield, 99:1 ratio. 1H NMR (400 MHz, 
CDCl3) δ 4.05 (brs, 2H), 2.65 (t, J = 12.7 Hz, 2H), 1.62 (d, J = 12.5 Hz, 2H), 1.44 (s, 
9H), 1.42 – 1.16 (m, 11H), 1.10 – 0.99 (m, 2H), 0.87 (t, J = 6.8 Hz, 3H) ppm. 13C 
NMR (101 MHz, CDCl3) δ 155.1, 79.2, 44.2, 36.7, 36.1, 32.4, 32.0, 29.6, 28.6, 26.7, 
22.8, 14.2 ppm. IR (neat, cm-1): 2957, 2923, 2853, 1693, 1449, 1419, 1365, 1277, 
1238, 1169, 1149, 1097, 968, 867. HRMS calcd. for (C16H31NNaO2) [M+Na] +: 
292.2247 found 292.2240. 
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tert-butyl 4-octylpiperidine-1-carboxylate (3.4.5b): Following the general 
procedure B, but using trans-4-octene (3.4.2s, 94.1 L, 0.60 mmol), afforded 3.4.5b 
(40 mg, 67% yield) as a colorless oil. In an independent experiment, 37 mg (63% 
yield) were obtained, giving an average of 65% yield, 39:1 ratio. 1H NMR (400 MHz, 
CDCl3) δ 4.05 (brs, 2H), 2.65 (t, J = 12.9 Hz, 2H), 1.66 – 1.54 (m, 2H), 1.44 (s, 9H), 
1.38 – 1.16 (m, 15H), 1.12 – 0.97 (m, 2H), 0.87 (t, J = 6.8 Hz, 3H) ppm. 13C NMR 
(101 MHz, CDCl3) δ 155.1, 79.2, 44.3, 36.7, 36.1, 32.4, 32.0, 30.0, 29.7, 29.5, 28.6, 
26.8, 22.8, 14.2 ppm. IR (neat, cm-1): 2971, 2922, 2852, 1694, 1449, 1419, 1364, 
1277, 1242, 1164, 1101, 964, 869. HRMS calcd. for (C18H35NNaO2) [M+Na] +: 
320.2560 found 320.2562. 

 
tert-butyl 4-heptylpiperidine-1-carboxylate (3.4.5c): Following the general 
procedure B, but using trans-4-heptene (3.4.2t, 84 L, 0.60 mmol), afforded 3.4.5c 
(33 mg, 58% yield) as a colorless oil. In an independent experiment, 32 mg (56% 
yield) were obtained, giving an average of 57% yield, 36:1 ratio. 1H NMR (400 MHz, 
CDCl3) δ 4.05 (brs, 2H), 2.66 (t, J = 12.5 Hz, 2H), 1.68 – 1.60 (m, 2H), 1.44 (s, 9H), 
1.38 – 1.13 (m, 13H), 1.10 – 0.99 (m, 2H), 0.87 (t, J = 6.8 Hz, 3H) ppm. 13C NMR 
(101 MHz, CDCl3) δ 155.1, 79.2, 44.3, 36.7, 36.1, 32.4, 32.0, 29.9, 29.5, 28.6, 26.8, 
22.8, 14.2 ppm. IR (neat, cm-1): 2975, 2923, 2852, 1694, 1449, 1419, 1365, 1277, 
1245, 1168, 1099, 970, 868. HRMS calcd. for (C17H33NNaO2) [M+Na] +: 306.2404 
found 306.2404. 

 
tert-butyl 4-(4,8-dimethylnon-7-en-1-yl)piperidine-1-carboxylate (3.4.5d): 
Following the general procedure B, but using 2,6-dimethylnona-2,7-diene (3.4.2w, 
99.6 mg, 0.60 mmol), afforded 3.4.5d (34 mg, 50% yield) as a colorless oil. In an 
independent experiment, 31 mg (46% yield) were obtained, giving an average of 48% 
yield, 54:1 ratio. 1H NMR (400 MHz, CDCl3) δ 5.23 – 4.97 (m, 1H), 4.05 (brs, 2H), 
2.66 (t, J = 12.7 Hz, 2H), 2.06 – 1.87 (m, 2H), 1.74 – 1.56 (m, 7H), 1.45 (s, 9H), 1.41 
– 1.16 (m, 9H), 1.15 – 1.01 (m, 4H), 0.85 (d, J = 6.5 Hz, 3H) ppm. 13C NMR (101 
MHz, CDCl3) δ 155.1, 131.1, 125.2, 79.2, 44.3, 37.3, 37.0, 36.2, 32.5, 32.42, 32.37, 
28.6, 25.9, 25.7, 24.1, 19.7, 17.8 ppm. IR (neat, cm-1): 3356, 2977, 2924, 2851, 1694, 
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1421, 1365, 1277, 1244, 1161, 968, 867. HRMS calcd. for (C21H39NNaO2) [M+Na] +: 
360.2873 found 360.2873. 

 
tert-butyl 4-(6-(1,3-dioxoisoindolin-2-yl)hexyl)piperidine-1-carboxylate (3.4.5e): 
Following the general procedure B, but using 2-(hex-4-en-1-yl)isoindoline-1,3-dione 
(3.4.2x, 137.4 mg, 0.60 mmol), afforded 3.4.5e (42 mg, 51% yield) as a colorless oil. 
In an independent experiment, 41 mg (50% yield) were obtained, giving an average of 
50% yield, 40:1 ratio. 1H NMR (400 MHz, CDCl3) δ 7.82 (dd, J = 5.4, 3.0 Hz, 2H), 
7.69 (dd, J = 5.5, 3.0 Hz, 2H), 4.03 (brs, 2H), 3.65 (t, J = 7.8 Hz, 2H), 2.63 (t, J = 
12.7 Hz, 2H), 1.71 – 1.54 (m, 4H), 1.43 (s, 9H), 1.35 – 1.23 (m, 7H), 1.22 – 1.15 (m, 
2H), 1.07 – 0.97 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 168.5, 155.0, 134.0, 
132.3, 123.2, 79.2, 44.2, 38.1, 36.5, 36.0, 32.3, 29.4, 28.6 (left), 28.6 (right), 26.9, 
26.5 ppm. IR (neat, cm-1): 2974, 2926, 2854, 1772, 1710, 1687, 1421, 1394, 1364, 
1238, 1161, 1087, 964, 867. HRMS calcd. for (C24H34N2NaO4) [M+Na] +: 437.2411 
found 437.2415. 

 
tert-butyl 4-(4,8-dimethylnon-7-en-1-yl)piperidine-1-carboxylate (3.4.5f): 
Following the general procedure B, but using 4-decenal (3.4.2y, 108 L, 0.60 mmol), 
afforded 3.4.5f (35 mg, 52% yield) as a light yellow oil. In an independent experiment, 
37 mg (54% yield) were obtained, giving an average of 53% yield, 29:1 ratio. 1H 
NMR (400 MHz, CDCl3) δ 4.10 (t, J = 7.1 Hz, 2H), 2.75 (t, J = 12.7 Hz, 2H), 2.51 – 
2.28 (m, 3H), 1.76 (t, J = 13.5 Hz, 2H), 1.59 – 1.50 (m, 3H), 1.50 – 1.47 (m, 1H), 
1.44 (s, 9H), 1.31 – 1.20 (m, 12H), 0.86 (t, J = 6.8 Hz, 3H) ppm. 13C NMR (101 MHz, 
CDCl3) δ 212.6, 154.8, 79.7, 48.7, 43.4, 40.7, 32.0, 29.5, 29.4, 29.37, 28.6, 27.7, 23.8, 
22.8, 14.2 ppm. IR (neat, cm-1): 2974, 2924, 2854, 1692, 1448, 1420, 1365, 1277, 
1234, 1166, 1132, 1013, 976, 866. HRMS calcd. for (C20H37NNaO3) [M+Na] +: 
362.2666 found 362.2661. 
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tert-butyl-3-(8-(3-methyl-1H-indol-1-yl)octyl)pyrrolidine-1-carboxylate (3.4.5g): 
Following the general procedure B, but using 1-(1-(tert-butoxycarbonyl) 
pyrrolidin-3-yl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1f, 112.8 mg, 0.20 
mmol) and 3-methyl-1-(oct-5-en-1-yl)-1H-indole (3.4.2z, 144.6 mg, 0.60 mmol), 
afforded 3.4.5g (45 mg, 55% yield) as a colorless oil. In an independent experiment, 
45 mg (55% yield) were obtained, giving an average of 55% yield, 99:1 ratio. 1H 
NMR (400 MHz, CDCl3) δ 7.57 (dt, J = 7.9, 1.0 Hz, 1H), 7.29 (dt, J = 8.2, 0.9 Hz, 
1H), 7.19 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H), 7.09 (ddd, J = 7.9, 6.9, 1.0 Hz, 1H), 6.87 (q, 
J = 1.1 Hz, 1H), 4.05 (t, J = 7.1 Hz, 2H), 3. 53 – 3.40 (m, 2H), 3.27 – 3.20 (m, 1H), 
2.83 (t, J = 9.6 Hz, 1H), 2.33 (d, J = 1.1 Hz, 3H), 2.11 – 2.03 (m, 1H), 1.99 – 1.92 (m, 
1H), 1.84 – 1.77 (m, 2H), 1.487 (s, 9H), 1.33 – 1.25 (m, 13H) ppm. 13C NMR (101 
MHz, CDCl3) δ 154.8, 136.4, 128.8, 125.5, 121.3, 119.1, 118.5, 110.1, 109.3, 79.0, 
51.6, 46.2, 45.8, 38.9, 33.3, 31.7, 30.5, 29.8, 29.5, 29.4, 28.7, 28.3, 27.1, 9.7 ppm. IR 
(neat, cm-1): 2975, 2925, 2854, 1693, 1467, 1401, 1364, 1169, 1126, 1110, 882. 
HRMS calcd. for (C26H40N2NaO2) [M+Na] +: 435.2982 found 435.2990. 

 
tert-butyl-3-heptylpyrrolidine-1-carboxylate (3.4.5h): Following the general 
procedure B, but using 1-(1-(tert-butoxycarbonyl)pyrrolidin-3-yl)-2,4,6- 
triphenylpyridin-1-ium tetrafluoroborate (3.4.1f, 112.8 mg, 0.20 mmol) and 
trans-2-heptene (3.4.2t, 84 L, 0.60 mmol), afforded 3.4.5h (43 mg, 80% yield) as a 
light yellow oil. In an independent experiment, 42 mg (78% yield) were obtained, 
giving an average of 79% yield, 99:1 ratio. 1H NMR (400 MHz, CDCl3) δ 3.68 – 3.32 
(m, 2H), 3.30 – 3.11 (m, 1H), 2.82 (dt, J = 19.6, 9.7 Hz, 1H), 2.12 – 2.01 (m, 1H), 
1.98 – 1.91 (m, 1H), 1.44 (s, 9H), 1.40 – 1.11 (m, 13H), 0.87 (t, J = 6.8 Hz, 3H) ppm. 
13C NMR (126 MHz, CDCl3) δ 154.8, 79.0, 51.9, 51.4, 45.9, 45.5, 39.3, 38.4, 33.4, 
32.1, 32.0, 31.3, 29.84, 29.8, 29.4, 28.7, 28.4, 22.8, 14.2 ppm. IR (neat, cm-1): 2977, 
2959, 2924, 2855, 1696, 1455, 1399, 1364, 1254, 1168, 1135, 1111, 883. HRMS 
calcd. for (C16H31NNaO2) [M+Na] +: 292.2247 found 292.2235. 

 
tert-butyl 4-(3-(tetrahydro-2H-pyran-4-yl)propyl)piperidine-1-carboxylate 
(3.4.5i): Following the general procedure B, but using 2,4,6-triphenyl-1-(tetrahydro 
-2H-pyran-4-yl)pyridin-1-ium tetrafluoroborate (3.4.1e, 95.8 mg, 0.20 mmol) and 
tert-butyl-4-(prop-1-en-1-yl)piperidine-1-carboxylate (135.7 mg, 0.60 mmol), 
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afforded 3.4.5i (42 mg, 68% yield) as a colorless oil. In an independent experiment, 
40 mg (64% yield) were obtained, giving an average of 66% yield, 99:1 ratio. 1H 
NMR (400 MHz, CDCl3) δ 4.04 (brs, 2H), 3.92 (ddt, J = 11.5, 4.5, 1.1 Hz, 2H), 3.34 
(td, J = 11.8, 2.1 Hz, 2H), 2.64 (t, J = 12.7 Hz, 2H), 1.70 – 1.51 (m, 4H), 1.46 – 1.38 
(m, 1H), 1.43 (s, 9H), 1.35 – 1.26 (m, 3H), 1.25 – 1.15 (m, 6H), 1.09 – 0.99 (m, 2H) 
ppm. 13C NMR (101 MHz, CDCl3) δ 155.0, 79.2, 68.3, 44.1, 37.2, 36.8, 36.1, 35.0, 
33.3, 32.3, 28.6, 23.4 ppm. IR (neat, cm-1): 2974, 2925, 2856, 2840, 1693, 1401, 1409, 
1363, 1274, 1234, 1163, 1145, 1095, 975, 865. HRMS calcd. for (C18H33NNaO3) 
[M+Na] +: 334.2353 found 334.2345. 

 
tert-butyl 4-(3-(4,4-difluorocyclohexyl)propyl)piperidine-1-carboxylate (3.4.5j): 
Following the general procedure B, but using 1-(4,4-difluorocyclohexyl) 
-2,4,6-triphenylpyridin-1-ium  tetrafluoroborate (3.4.1c, 102.6 mg, 0.20 mmol) and 
tert-butyl-4-(prop-1-en-1-yl)piperidine-1-carboxylate (135.7 mg, 0.60 mmol), 
afforded 3.4.5j (42 mg, 61% yield) as a light yellow oil. In an independent experiment, 
44 mg (64% yield) were obtained, giving an average of 62% yield, 22:1 regioisomeric 
ratio. 1H NMR (400 MHz, CDCl3) δ 4.04 (brs, 2H), 2.65 (t, J = 12.8 Hz, 2H), 2.23 – 
1.95 (m, 2H), 1.77 – 1.70 (m, 3H), 1.67 – 1.58 (m, 3H), 1.44 (s, 9H), 1.39 – 1.16 (m, 
10H), 1.10 –1.00 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 155.0, 124.0 (dd, J = 
241.8, 239.4 Hz), 79.3, 44.2, 36.8, 36.1, 35.9 (dd, J = 17.1, 2.0 Hz), 33.7 (dd, J = 25.4, 
22.2 Hz), 32.3, 29.1, 29.0, 28.6, 24.2 ppm. 19F NMR (376 MHz, CDCl3) δ -91.51 (d, 
J = 234.3 Hz), -102.01 (d, J = 234.0 Hz) ppm. IR (neat, cm-1): 2975, 2927, 2851, 
1689, 1448, 1420, 1364, 1274, 1243, 1166, 1149, 1117, 1081, 961, 869. HRMS calcd. 
for (C19H33F2NNaO2) [M+Na] +: 368.2372 found 368.2373. 

 
tert-butyl (4-heptylcyclohexyl)carbamate (3.4.5k): Following the general procedure 
B, but using 1-(4-((tert-butoxycarbonyl)amino)cyclohexyl)-2,4,6-triphenylpyridin- 
1-ium tetrafluoroborate (3.4.1d, 118.4 mg, 0.20 mmol) and trans-2-heptene (3.4.2t, 
84 L, 0.60 mmol), afforded 3.4.5k (33 mg, 56% yield) as a white solid. In an 
independent experiment, 35 mg (59% yield) were obtained, giving an average of 57% 
yield, as a 1.5:1 mixture of diastereoisomers. Mp 69 – 70 ℃. 1H NMR (400 MHz, 
CDCl3) δ 4.64 – 4.3 (m, 1H), 3.72 – 3.33 (m, 1H), 2.00 – 1.93 (m, 1H), 1.76 – 1.71 (m, 
1H), 1.65 – 1.53 (m, 2H), 1.43 (d, J = 3.0 Hz, 9H), 1.35 – 0.91 (m, 17H), 0.87 (td, J = 
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6.9, 1.9 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 155.4, 79.1, 50.2, 46.8, 37.02 
(left), 37.02 (right), 35.8, 35.7, 33.7, 32.1, 32.0, 30.02, 30.0, 29.95, 29.5, 28.59, 28.57, 
28.1, 27.22, 27.17, 22.8, 14.2 ppm. IR (neat, cm-1): 3370, 3726, 2920, 2849, 1683, 
1515, 1453, 1388, 1363, 1174, 1043, 783. HRMS calcd. for (C18H35NNaO2) [M+Na] 

+: 320.2560 found 320.2558. 
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3.7.6 Deaminative Alkylation in Late-Stage Functionalization  

 
tert-butyl 4-(3-hydroxy-3,7-dimethyloct-6-en-1-yl)piperidine-1-carboxylate 
(3.4.6a): Following the general procedure, but using linalool (106 L, 0.60 mmol), 
afforded 3.4.6a (27 mg, 40% yield) as a colorless oil. In an independent experiment, 
28 mg (41% yield) were obtained, giving an average of 40% yield. 1H NMR (400 
MHz, CDCl3) δ 5.17 – 5.09 (m, 1H), 4.12 – 4.01 (m, 2H), 2.72 – 2.59 (m, 2H), 2.08 – 
1.96 (m, 2H), 1.70 – 1.60 (m, 8H), 1.50 – 1.45 (m, 3H), 1.44 (s, 9H), 1.34 – 1.22 (m, 
5H), 1.15 (s, 3H), 1.13 – 1.03 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 155.0, 
131.9, 124.5, 79.3, 72.8, 44.2, 41.6, 39.0, 36.7, 32.4, 30.8, 28.6, 27.0, 25.8, 22.8, 17.8 
ppm. IR (neat, cm-1): 3451, 2969, 2927, 2855, 1672, 1424, 1365, 1277, 1244, 1157, 
965, 866. HRMS calcd. for (C20H37NNaO3) [M+Na] +: 362.2666 found 362.2654. 

 
tert-butyl 4-(6-(((8R,9S,13S,14S)-13-methyl-17-oxo-7,8,9,11,12,13,14,15,16,17- 
decahydro-6H-cyclopenta[a]phenanthren-3-yl)oxy)hexyl)piperidine-1 
carboxylate (3.4.6b): Following the general procedure, but using 
(8R,9S,13S,14S)-3-(hex-5-en-1-yloxy)-13-methyl-6,7,8,9,11,12,13,14,15,16-decahydr
o-17H cyclopenta [a] phenanthrene-17-one (202.9 mg, 0.60 mmol), afforded 3.4.6b 
(81 mg, 75% yield) as a white solid. In an independent experiment, 81 mg (75% yield) 
were obtained, giving an average of 75% yield. Mp 119−119 ℃. [a]20

D= +84.6° (c = 
0.1, CH2Cl2). 1H NMR (400 MHz, CDCl3) δ 7.18 (dd, J = 8.7, 1.1 Hz, 1H), 6.70 (dd, 
J = 8.6, 2.8 Hz, 1H), 6.63 (d, J = 2.7 Hz, 1H), 4.06 (d, J = 13.2 Hz, 2H), 3.92 (t, J = 
6.5 Hz, 2H), 2.93 – 2.83 (m, 2H), 2.66 (td, J = 12.8, 2.7 Hz, 2H), 2.54 – 2.44 (m, 1H), 
2.41 – 2.35 (m, 1H), 2.29 – 2.19 (m, 1H), 2.18 – 1.90 (m, 4H), 1.79 – 1.69 (m, 2H), 
1.67 – 1.52 (m, 5H), 1.48 – 1.40 (m, 5H), 1.45 (s, 9H), 1.36 – 1.30 (m, 5H), 1.25 – 
1.21 (m, 2H), 1.11 – 1.01 (m, 2H), 0.90 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 
220.9, 157.2, 154.9, 137.7, 126.3, 114.6, 112.1, 79.1, 67.9, 50.4, 48.0, 44.1, 44.0, 38.4, 
36.5, 36.0, 35.9, 32.2, 31.6, 29.7, 29.6, 29.3, 28.5, 26.6, 26.55, 26.1, 25.9, 21.6, 13.9 
ppm. IR (neat, cm-1): 2926, 2851, 2837, 1735, 1694, 1473, 1407, 1366, 1276, 1239, 
1165, 1148, 1096, 1056, 1007, 869. HRMS calcd. for (C34H51NNaO4) [M+Na] +: 
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560.3710 found 560.3720. 

 
tert-butyl 4-(6-(((2S,3S)-1-(4-chlorophenyl)-4,4-dimethyl-2-(1H-1,2,4-triazol-1-yl) 
pentan-3-yl)oxy)hexyl)piperidine-1-carboxylate (3.4.6c): Following the general 
procedure, but using 1-(1-(tert-butoxycarbonyl)piperidin-4-yl)-2,4,6-triphenylpyridin- 
1-ium tetrafluoroborate (3.4.1a, 231.2 mg, 0.40 mmol), 1-((2R,3R)-1-(4-chlorophenyl) 
-3-(hex-5-en-1-yloxy)-4,4-dimethylpentan-2-yl)-1H-1,2,4-triazole (3.4.2 ad, 75 mg, 
0.20 mmol), NiBr2·DME (15 mol%, 9.3 mg) and L3.4.10 (22.5 mol%, 12 mg) 
afforded 3.4.6c (57 mg, 51% yield) as a light yellow oil. In an independent 
experiment, 57 mg (51% yield) were obtained, giving an average of 51% yield. 1H 
NMR (400 MHz, CDCl3) δ 8.39 (s, 1H), 7.74 (s, 1H), 7.21 – 7.13 (m, 2H), 6.95 – 
6.87 (m, 2H), 4.81 – 4.77 (m, 1H), 4.05 (s, 2H), 3.66 (t, J = 6.5 Hz, 2H), 3.23 – 3.05 
(m, 3H), 2.65 (t, J = 12.7 Hz, 2H), 1.70 – 1.58 (m, 4H), 1.43 (s, 9H), 1.42 – 1.39 (m, 
1H), 1.36 – 1.28 (m, 5H), 1.22 (d, J = 6.9 Hz, 3H), 1.10 – 1.00 (m, 2H), 0.72 (s, 9H) 
ppm. 13C NMR (101 MHz, CDCl3) δ 155.0, 149.8, 143.6, 135.4, 132.9, 130.0, 128.9, 
87.2, 79.2, 75.6, 63.6, 44.2, 40.8, 36.6, 36.3, 36.1, 32.3, 30.7, 29.9, 28.6, 26.7, 26.54, 
26.50 ppm. IR (neat, cm-1): 3076, 2982, 2934, 2865, 1457, 1380, 1254, 1210, 1168, 
1111, 1068, 999, 916. HRMS calcd. for (C31H50ClN4O3) [M+H] +: 561.3566 found 
561.3578. 

 
tert-butyl 4-(((1S,5S)-6,6-dimethylbicyclo[3.1.1]heptan-2-yl)methyl)piperidine-1- 
carboxylate (3.4.6d): Following the general procedure B, but using (−)-β-pinene 
(3.4.2ae, 93.6 L, 0.60 mmol), afforded 3.4.6d (48 mg, 75% yield) as a colorless oil. 
In an independent experiment, 49 mg (76% yield) were obtained, giving an average of 
75% yield, as a 97:3 mixture of diastereoisomers. [a]20

D= +4.0° (c = 0.1, CH2Cl2) 1H 
NMR (400 MHz, CDCl3) δ 5.06 (dt, J = 2.5, 1.3 Hz, 1H), 4.05 (brs, 2H), 2.67 (q, J = 
14.2 Hz, 2H), 1.96 – 1.77 (m, 2H), 1.75 – 1.50 (m, 6H), 1.44 (s, 9H), 1.42 – 1.35 (m, 
1H), 1.34 – 1.08 (m, 4H), 0.97 (td, J = 10.2, 5.1 Hz, 2H), 0.90 (s, 3H), 0.75 (s, 3H) 
ppm. 13C NMR (101 MHz, CDCl3) δ 155.0, 133.6, 131.1, 79.2, 44.2, 40.2, 37.0, 34.7, 
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34.0, 33.97, 31.6, 30.5, 29.2, 28.6, 24.9, 23.6, 23.2 ppm. IR (neat, cm-1): 2959, 2923, 
2862, 1692, 1421, 1364, 1278, 1245, 1220, 1165, 1150, 1125, 1069, 967. HRMS 
calcd. for (C20H35NNaO2) [M+Na] +: 344.2560 found 344.2558. 

 

 
tert-butyl-(3R)-3-(((1S,4R)-3,3-dimethylbicyclo[2.2.1]heptan-2-yl)methyl) 
pyrrolidine-1-carboxylate (3.4.6e): Following the general procedure B, but using 
1-(1-(tert-butoxycarbonyl)pyrrolidin-3-yl)-2,4,6-triphenylpyridin-1-iumtetrafluorobor
ate (3.4.1f, 112.8 mg, 0.20 mmol) and camphene (3.4.2af, 96.9 L, 0.60 mmol), 
afforded 3.4.6e (31 mg, 50% yield) as a colorless oil. In an independent experiment, 
25 mg (41% yield) were obtained, giving an average of 46% yield, as a 46:40:7:7 
mixture of diastereoisomers. 1H NMR (400 MHz, CDCl3) δ 3.61 – 3.35 (m, 2H), 3.26 
– 3.15 (m, 1H), 2.94 – 2.71 (m, 1H), 2.18 – 1.86 (m, 3H), 1.74 – 1.53 (m, 3H), 1.45 (s, 
9H), 1.44 – 1.10 (m, 7H), 1.07 – 0.74 (m, 7H) ppm. 13C NMR (101 MHz, CDCl3) δ 
154.8, 79.0, 52.9, 52.5, 52.1, 51.6, 51.3, 49.5, 49.4, 49.2, 49.1, 48.9, 48.8, 48.6, 46.0, 
45.9, 45.7, 45.6, 44.5, 44.48, 44.4, 41.3, 41.2, 41.1, 41.0, 40.6, 38.42, 38.4, 38.2, 
38.11, 38.1, 37.8, 37.77, 37.6, 37.5, 37.46, 37.14, 37.1, 36.6, 35.9, 33.0, 32.5, 32.4, 
32.3, 32.0, 31.9, 31.6, 31.0, 30.3, 30.2, 29.9, 29.8, 29.5, 28.7, 28.1, 25.9, 24.9, 24.8, 
24.2, 23.02, 23.0, 21.9, 21.6, 21.5, 21.0, 20.2, 20.1 ppm. IR (neat, cm-1): 2933, 2874, 
1695, 1478, 1455, 1399, 1364, 1255, 1169, 1118, 883. HRMS calcd. for 
(C19H33NNaO2) [M+Na] +: 330.2404 found 330.2404. 

 
tert-butyl-4-(6-(((3aR,5R,5aS,8aS,8bR)-2,2,7,7-tetramethyltetrahydro-5H-bis 
([1,3]dioxolo)[4,5-b:4',5'-d]pyran-5-yl)methoxy)hexyl)piperidine-1-carboxylate 
(3.4.6f): Following the general procedure, but using (3aR,5R,5aS,8aS,8bR) 
-5-((hex-5-en-1-yloxy)methyl)-2,2,7,7-tetramethyltetrahydro-5H-bis([1,3]dioxolo)[4,
5-b:4',5'-d]pyran (3.4.2ag, 195 mg, 0.60 mmol), afforded 3.4.6f (61 mg, 58% yield) as 
a colorless oil. In an independent experiment, 61 mg (58% yield) were obtained, 
giving an average of 58% yield. 1H NMR (400 MHz, CDCl3) δ 5.51 (d, J = 5.0 Hz, 
1H), 4.57 (dd, J = 7.9, 2.4 Hz, 1H), 4.28 (dd, J = 5.0, 2.4 Hz, 1H), 4.23 (dd, J = 7.9, 
1.9 Hz, 1H), 4.03 (d, J = 13.3 Hz, 2H), 3.93 (td, J = 6.2, 1.9 Hz, 1H), 3.64 – 3.52 (m, 
2H), 3.50 – 3.39 (m, 2H), 2.63 (td, J = 12.9, 2.7 Hz, 2H), 1.64 – 1.52 (m, 5H), 1.51 (s, 
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3H), 1.43 (s, 9H), 1.42 (s, 3H), 1.31 (s, 3H), 1.30 (s, 3H), 1.28 – 1.16 (m, 8H), 1.08 – 
0.97 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 155.0, 109.3, 108.6, 96.5, 79.2, 
71.6, 71.3, 70.8, 70.7, 69.4, 66.8, 44.2, 36.6, 36.1, 32.3, 29.7, 29.67, 28.6, 26.7, 26.2, 
26.13, 26.1, 25.1, 24.6 ppm. IR (neat, cm-1): 2980, 2928, 2855, 1740, 1691, 1422, 
1367, 1244, 1211, 1166, 1111, 1069, 1001, 892. HRMS calcd. for (C28H49NNaO8) 
[M+Na] +: 550.3350 found 550.3334. 

 
tert-butyl 4-(2-((8S,8aR)-8,8a-dimethyl-1,2,3,4,6,7,8,8a-octahydronaphthalen-2-yl) 
propyl)piperidine-1-carboxylate (3.4.6g): Following the general procedure B, but 
using valencene (3.4.2ah, 133 L, 0.60 mmol), afforded 3.4.6g (37 mg, 48% yield) as 
a colorless oil. In an independent experiment, 34 mg (44% yield) were obtained, 
giving an average of 46% yield, as a 9:1 mixture of diastereoisomers. 1H NMR (400 
MHz, CDCl3) δ 5.28 (dt, J = 4.3, 2.0 Hz, 1H), 4.05 (brs, 2H), 2.91 – 2.57 (m, 2H), 
2.34 – 2.15 (m, 1H), 2.12 – 1.80 (m, 2H), 1.77 – 1.54 (m, 5H), 1.44 (s, 9H), 1.49 – 
1.33 (m, 5H), 1.29 – 1.17 (m, 2H), 1.13 – 0.93 (m, 4H), 0.94 – 0.74 (m, 10H) ppm. 
13C NMR (101 MHz, CDCl3) δ 155.0, 144.8 (left), 144.8 (right), 143.97 (left), 143.97 
(right), 119.84, 119.8, 119.3, 119.2, 79.2, 44.4, 44.35, 44.2, 43.9, 42.5, 41.9, 41.44, 
41.4, 41.28, 41.27, 41.0, 40.8, 40.5, 38.8, 38.7, 38.2, 38.1, 38.0, 37.8, 35.1, 34.8, 34.3, 
34.2, 34.0, 33.7, 33.69, 33.6, 33.5, 33.4, 33.1, 32.9, 32.7, 32.68, 31.9, 31.7, 31.28, 
31.26, 30.0, 29.8, 28.6, 28.1, 28.0, 27.33, 27.3, 26.0, 18.68, 18.67, 18.2, 18.18, 16.5, 
16.45, 16.2, 16.1, 15.9, 15.8 ppm. IR (neat, cm-1): 2965, 2918, 2853, 1693, 1422, 
1365, 1277, 1246, 1170, 1149, 973, 910, 865. HRMS calcd. for (C25H43NNaO2) 
[M+Na] +: 412.3186 found 412.3195. 

 
methyl 6-phenylhexanoate (4.4.6h): Following the general procedure, but using 
1-(2-methoxy-2-oxoethyl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1i, 93.6 
mg, 0.2 mmol) and 4-phenyl-1-butene (90 L, 0.60 mmol) at 80 oC, afforded 3.4.6h 
(24 mg, 58% yield) as a light yellow oil. In an independent experiment, 20 mg (52% 
yield) were obtained, giving an average of 55% yield. 1H NMR (400 MHz, CDCl3) δ 
7.31 – 7.25 (m, 2H), 7.21 – 7.14 (m, 3H), 3.67 (s, 3H), 2.62 (t, J = 7.6 Hz, 2H), 2.31 (t, 
J = 7.5 Hz, 2H), 1.72 – 1.59 (m, 4H), 1.43 – 1.32 (m, 2H) ppm. 13C NMR (101 MHz, 
CDCl3) δ 174.3, 142.6, 128.5, 128.4, 125.8, 51.6, 35.8, 34.1, 31.2, 28.9, 24.9 ppm. IR 
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(neat, cm-1): 3027, 2933, 2858, 1734, 1496, 1453, 1368, 1263, 1193, 1158, 1030, 822. 
The observed spectral data are in agreement with the ones reported in literature.16 

 
methyl 8-bromooctanoate (3.4.6i): Following the general procedure, but using 
1-(2-methoxy-2-oxoethyl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1i, 93.6 
mg, 0.2 mmol) and 6-bromo-1-hexene (3.4.2f, 80 L, 0.60 mmol) at 80 oC, afforded 
3.4.6i (23 mg, 49% yield) as a light yellow oil. In an independent experiment, 23 mg 
(49% yield) were obtained, giving an average of 49% yield. 1H NMR (400 MHz, 
CDCl3) δ 3.66 (s, 3H), 3.39 (t, J = 6.8 Hz, 2H), 2.30 (t, J = 7.5 Hz, 2H), 1.89 – 1.80 
(m, 2H), 1.66 – 1.58 (m, 2H), 1.45 – 1.39 (m, 2H), 1.34 – 1.24 (m, 4H) ppm. 13C 
NMR (101 MHz, CDCl3) δ 174.3, 51.6, 34.2, 34.0, 32.8, 29.1, 28.5, 28.1, 25.0 ppm. 
IR (neat, cm-1): 2931, 2856, 1736, 1435, 1361, 1237, 1194, 1170, 1122, 1016, 881. 
The observed spectral data are in agreement with the ones reported in literature.17 

 
5-(3-chlorophenyl)-2-ethylpentyl 2-(11-oxo-6,11-dihydrodibenzo[b,e]oxepin-2-yl) 
acetate (3.4.6j): Following the general procedure, but using 
1-(1-(2-(11-oxo-6,11-dihydrodibenzo[b,e]oxepin-2-yl)acetoxy)butan-2-yl)-2,4,6-triph
enylpyridin-1-ium tetrafluoroborate (3.4.1j, 143 mg, 0.20 mmol) and 
1-allyl-3-chlorobenzene (87.2 L, 0.60 mmol), afforded 3.4.6j (68 mg, 71% yield) as 
a colorless oil. In an independent experiment, 67 mg (70% yield) were obtained, 
giving an average of 70% yield. 1H NMR (400 MHz, CDCl3) δ 8.13 (d, J = 2.4 Hz, 
1H), 7.88 (dd, J = 7.7, 1.4 Hz, 1H), 7.55 (td, J = 7.5, 1.4 Hz, 1H), 7.46 (td, J = 7.6, 1.3 
Hz, 1H), 7.41 (dd, J = 8.4, 2.4 Hz, 1H), 7.36 (dd, J = 7.4, 1.3 Hz, 1H), 7.23 – 7.08 (m, 
3H), 7.04 – 7.00 (m, 2H), 5.17 (s, 2H), 4.02 (dd, J = 5.8, 1.4 Hz, 2H), 3.63 (s, 2H), 
2.53 (t, J = 7.7 Hz, 2H), 1.65 – 1.52 (m, 3H), 1.37 – 1.25 (m, 4H), 0.85 (t, J = 7.5 Hz, 
3H) ppm. 13C NMR (101 MHz, CDCl3) δ 190.9, 171.6, 160.6, 144.6, 140.6, 136.5, 
135.7, 134.1, 132.9, 132.6, 129.6, 129.58, 129.4, 128.6, 128.1, 127.9, 126.7, 126.0, 
125.3, 121.1, 73.7, 67.2, 40.5, 38.8, 35.9, 30.4, 28.3, 23.8, 11.1 ppm. IR (neat, cm-1): 
3061, 2960, 2933, 2861, 1731, 1647, 1611, 1598, 1571, 1489, 1456, 1413, 1379, 1299, 
1211, 1284, 1255, 1241, 1220, 1203, 1160, 1138, 1120, 1014. HRMS calcd. for 
(C29H29ClNaO4) [M+Na] +: 499.1647 found 499.1644. 
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methyl-2-isobutyl-6-phenylhexanoate (3.4.6k): Following the general procedure, 
but using 1-(1-methoxy-4-methyl-1-oxopentan-2-yl)-2,4,6-triphenylpyridin-1-ium 
tetra-fluoroborate (3.4.1k, 104.6 mg, 0.20 mmol) and 4-phenyl-1-butene (90 L, 0.60 
mmol), afforded 3.4.6k (26 mg, 50% yield) as a light yellow oil. In an independent 
experiment, 26 mg (50% yield) were obtained, giving an average of 50% yield. 1H 
NMR (400 MHz, CDCl3) δ 7.30 – 7.24 (m, 2H), 7.20 – 7.13 (m, 3H), 3.65 (s, 3H), 
2.63 – 2.56 (m, 2H), 2.43 (tt, J = 9.3, 5.3 Hz, 1H), 1.65 – 1.42 (m, 6H), 1.35 – 1.20 (m, 
3H), 0.88 (t, J = 6.7 Hz, 6H) ppm. 13C NMR (101 MHz, CDCl3) δ 177.3, 142.7, 128.5, 
128.4, 125.8, 51.5, 43.8, 42.0, 35.9, 33.0, 31.5, 27.3, 26.4, 23.2, 22.3 ppm. IR (neat, 
cm-1): 3027, 2933, 2858, 1734, 1496, 1453, 1368, 1263, 1193, 1155, 1030, 822. 
HRMS calcd. for (C17H26NaO2) [M+Na] +: 285.1825 found 285.1822. 

 
tert-butyl-4-(4-(methoxycarbonyl)-6-methylheptyl)piperidine-1-carboxylate 
(4.4.6l): Following the general procedure B, but using 1-(1-methoxy-4-methyl 
-1-oxopentan-2-yl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1k, 104.6 mg, 
0.20 mmol) and tert-butyl-4-(prop-1-en-1-yl) piperidine-1-carboxylate (3.4.2aa, 135.7 
mg, 0.60 mmol), afforded 3.4.6l (35 mg, 49% yield) as a light yellow oil. In an 
independent experiment, 38 mg (53% yield) were obtained, giving an average of 51% 
yield, 26:1 ratio. 1H NMR (400 MHz, CDCl3) δ 4.04 (brs, 2H), 3.64 (s, 3H), 2.63 (t, J 
= 12.4 Hz, 2H), 2.41 (tt, J = 9.3, 5.2 Hz, 1H), 1.66 – 1.48 (m, 5H), 1.43 (s, 9H), 1.39 
– 1.14 (m, 7H), 1.10 – 0.95 (m, 2H), 0.86 (dd, J = 7.8, 6.5 Hz, 6H) ppm. 13C NMR 
(101 MHz, CDCl3) δ 177.2, 155.0, 79.3, 51.4, 44.3, 43.8, 41.9, 36.5, 35.9, 33.2, 32.3, 
32.2, 28.6, 26.3, 24.6, 23.1, 22.2 ppm. IR (neat, cm-1): 2975, 2929, 2851, 1735, 1691, 
1421, 1365, 1276, 1244, 1158, 972, 868. HRMS calcd. for (C20H37NNaO4) [M+Na] +: 
378.2615 found 378.2612. 

 
1,3-dimethyl-2-((2-methyl-6-phenylhexyl)oxy)benzene (3.4.6m): Following the 
general procedure, but using 1-(1-(2,6-dimethylphenoxy)propan-2-yl)-2,4,6- 
triphenylpyridin-1-ium tetrafluoroborate (3.4.1l, 111.6 mg, 0.2 mmol) and 
4-phenyl-1-butene (90 L, 0.60 mmol), afforded 3.4.6m (38 mg, 64% yield) as a light 
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yellow oil. In an independent experiment, 35 mg (59% yield) were obtained, giving 
an average of 61% yield. 1H NMR (400 MHz, CDCl3) δ 7.34 – 7.26 (m, 2H), 7.23 – 
7.17 (m, 3H), 7.02 (dq, J = 7.2, 0.7 Hz, 2H), 6.92 (dd, J = 8.2, 6.7 Hz, 1H), 3.66 – 
3.48 (m, 2H), 2.66 (t, J = 7.7 Hz, 2H), 2.01 – 1.93 (s, 6H), 1.97 (m, 1H), 1.75 – 1.59 
(m, 3H), 1.52 – 1.37 (m, 2H), 1.34 – 1.28 (m, 1H), 1.10 (d, J = 6.7 Hz, 3H) ppm. 13C 
NMR (101 MHz, CDCl3) δ 156.0, 142.8, 131.0, 128.8, 128.4, 128.3, 125.6, 123.6, 
77.1, 36.0, 34.3, 33.4, 31.8, 26.8, 17.2, 16.3 ppm. IR (neat, cm-1): 3025, 2974, 2926, 
2856, 1475, 1463, 1383, 1263, 1202, 1091, 1007, 980, 827. HRMS calcd. for 
(C21H29O) [M+H] +: 297.2213 found 297.2214. 

 
2-((8-bromo-2-methyloctyl)oxy)-1,3-dimethylbenzene (3.4.6n): Following the 
general procedure, but using 1-(1-(2,6-dimethylphenoxy)propan-2-yl) 
-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1l, 111.6 mg, 0.2 mmol) and 
6-bromo1-hexene (3.4.2f, 80 L, 0.60 mmol), afforded 3.4.6n (37 mg, 57% yield) as 
a light yellow oil. In an independent experiment, 35 mg (54% yield) were obtained, 
giving an average of 55% yield. 1H NMR (400 MHz, CDCl3) δ 7.01 (d, J = 7.2 Hz, 
2H), 6.91 (dd, J = 8.2, 6.7 Hz, 1H), 3.66 – 3.50 (m, 2H), 3.42 (t, J = 6.9 Hz, 2H), 2.28 
(s, 6H), 2.01 – 1.83 (m, 3H), 1.64 – 1.56 (m, 1H), 1.49 – 1.43 (m, 2H), 1.41 – 1.33 (m, 
3H), 1.31 – 1.22 (m, 2H), 1.10 (d, J = 6.7 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) 
δ 156.0, 131.1, 128.9, 123.7, 77.3, 34.4, 34.1, 33.5, 32.9, 29.2, 28.3, 27.1, 17.2, 16.4 
ppm. IR (neat, cm-1): 2975, 2925, 2855, 1463, 1383, 1262, 1202, 1091, 1013, 981, 
840. HRMS calcd. for (C17H28BrO2) [M+H] +: 327.1318 found 327.1320. 

 
2-ethyl-6-phenylhexyl 2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl) 
acetate (3.4.6o): Following the general procedure, but using 
1-(1-(2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)acetoxy)butan-2-yl)
-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1m, 155 mg, 0.20 mmol) and 
4-phenyl-1-butene (90 L, 0.60 mmol), afforded 3.4.6o (65 mg, 60% yield) as a light 
yellow oil. In an independent experiment, 67 mg (61% yield) were obtained, giving 
an average of 60% yield. 1H NMR (400 MHz, CDCl3) δ 6.42 – 6.34 (m, 2H), 6.23 – 
6.15 (m, 2H), 6.05 – 5.96 (m, 2H), 5.94 – 5.85 (m, 3H), 5.71 (d, J = 2.5 Hz, 1H), 5.59 
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(d, J = 8.9 Hz, 1H), 5.40 (dd, J = 9.0, 2.5 Hz, 1H), 2.75 (d, J = 5.7 Hz, 2H), 2.56 (s, 
3H), 2.40 (s, 2H), 1.32 – 1.23 (m, 2H), 1.14 (s, 3H), 0.33 – 0.21 (m, 3H), 0.04 – -0.04 
(m, 6H), -0.42 (t, J = 7.5 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 171.1, 168.4, 
156.2, 142.7, 139.4, 136.0, 134.1, 131.3, 130.9, 130.8, 129.2, 128.5, 128.4, 125. 8, 
115.1, 112.9, 111.8, 101.5, 67.4, 55.8, 38.9, 35.9, 31.8, 30.7, 30.6, 26.5, 23.9, 13.4, 
11.1 ppm. IR (neat, cm-1): 2958, 2929, 2857, 1731, 1682, 1603, 1477, 1455, 1355, 
1313, 1260, 1222, 1164, 1141, 1066, 1036, 1015. HRMS calcd. for (C33H36ClNNaO4) 
[M+Na] +: 568.2225 found 568.2227. 

 
2-ethyl-8-(((3aR,5S,5aS,8aS,8bR)-2,2,7,7-tetramethyltetrahydro-5H-bis([1,3]diox
olo)[4,5-b:4',5'-d]pyran-5-yl)methoxy)octyl 2-(1-(4-chlorobenzoyl)-5-methoxy 
-2-methyl-1H-indol-3-yl)acetate (3.4.6p): Following the general procedure, but 
using 1-(1-(2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)acetoxy) 
butan-2-yl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1m, 155 mg, 0.20 
mmol) and (3aR,5R,5aS,8aS,8bR)-5-((hex-5-en-1-yloxy)methyl)-2,2,7,7-tetramethyl 
tetrahydro-5H-bis([1,3]dioxolo)[4,5-b:4',5'-d]pyran (3.4.2ag, 195 mg, 0.60 mmol), 
afforded 3.4.6p (87 mg, 57% yield) as a light yellow oil. In an independent 
experiment, 83 mg (55% yield) were obtained, giving an average of 56% yield. 1H 
NMR (400 MHz, CDCl3) δ 7.70 – 7.62 (m, 2H), 7.51 – 7.44 (m, 2H), 6.96 (d, J = 2.5 
Hz, 1H), 6.86 (d, J = 9.0 Hz, 1H), 6.66 (dd, J = 9.0, 2.5 Hz, 1H), 5.53 (d, J = 5.0 Hz, 
1H), 4.59 (dd, J = 7.9, 2.4 Hz, 1H), 4.30 (dd, J = 5.0, 2.4 Hz, 1H), 4.25 (dd, J = 7.9, 
1.9 Hz, 1H), 4.00 (dd, J = 5.8, 2.6 Hz, 2H), 3.98 – 3.93 (m, 1H), 3.83 (s, 3H), 3.65 (s, 
2H), 3.63 – 3.53 (m, 2H), 3.50 – 3.40 (m, 2H), 2.38 (s, 3H), 1.57 – 1.50 (m, 6H), 1.44 
(s, 3H), 1.33 (s, 3H), 1.32 (s, 3H), 1.30 – 1.24 (m, 5H), 1.23 – 1.18 (m, 5H), 0.82 (t, J 
= 7.5 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 171.1, 168.4, 156.2, 139.4, 135.9, 
134.1, 131.3, 130.9, 130.8, 129.2, 115.1, 112.9, 111.8, 109.3, 108.6, 101.4, 96.5, 71.7, 
71.4, 70.8, 70.8, 69.5, 67.4, 66.9, 55.8, 38.9, 30.8, 30.6, 29.9, 29.8, 29.7, 26.8, 26.2, 
26.1, 25.1, 24.6, 23.9, 13.4, 11.1 ppm. IR (neat, cm-1): 2978, 2930, 2856, 1732, 1684, 
1593, 1478, 1457, 1371, 1357, 1314, 1255, 1212, 1167, 1110, 1067, 1000. HRMS 
calcd. for (C41H54ClNNaO10) [M+Na] +: 778.3328 found 778.3358. 
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8-(((2S,3R)-1-(4-chlorophenyl)-4,4-dimethyl-2-(1H-1,2,4-triazol-1-yl)pentan-3-yl)
oxy)-2-ethyloctyl 2-(11-oxo-6,11-dihydrodibenzo[b,e]oxepin-2-yl)acetate (3.4.6q): 
Following the general procedure, but using 1-(1-(2-(11-oxo-6,11 
-dihydrodibenzo[b,e]oxepin-2-yl)acetoxy)butan-2-yl)-2,4,6-triphenylpyridin-1-ium 
tetrafluoroborate (3.4.1j, 286 mg, 0.40 mmol), 1-((2R,3R)-1-(4-chlorophenyl) 
-3-(hex-5-en-1-yloxy)-4,4-dimethylpentan-2-yl)-1H-1,2,4-triazole (3.4.2ad, 75 mg, 
0.20 mmol), NiBr2·DME (15 mol%, 9.3 mg) and L3.4.6 (22.5 mol%, 12 mg), 
afforded 3.4.6q (42 mg, 30% yield) as a colorless oil. In an independent experiment, 
43 mg (30% yield) were obtained, giving an average of 30% yield. 1H NMR (400 
MHz, CDCl3) δ 8.44 (s, 1H), 8.12 (d, J = 2.4 Hz, 1H), 7.88 (dd, J = 7.7, 1.4 Hz, 1H), 
7.78 (s, 1H), 7.55 (td, J = 7.4, 1.4 Hz, 1H), 7.49 – 7.40 (m, 2H), 7.35 (dd, J = 7.4, 1.3 
Hz, 1H), 7.21 – 7.15 (m, 2H), 7.02 (d, J = 8.4 Hz, 1H), 6.92 (d, J = 8.4 Hz, 2H), 5.18 
(s, 2H), 4.83 – 4.78 (m, 1H), 4.02 (dd, J = 5.8, 1.5 Hz, 2H), 3.72 – 3.60 (m, 4H), 3.24 
– 3.07 (m, 3H), 1.68 – 1.55 (m, 3H), 1.41 – 1.25 (m, 10H), 0.86 (t, J = 7.5 Hz, 3H), 
0.74 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 190.9, 171.7, 160.6, 149.5, 143.5, 
140.6, 136.5, 135.7, 135.4, 133.0, 132.9, 132.6, 130.0, 129.6, 129.4, 129.0, 128.2, 
127.9, 125.3, 121.1, 87.3, 75.7, 73.8, 67.4, 63.8, 40.9, 40.5, 38.9, 36.4, 30.8, 30.7, 
30.0, 26.8, 26.6, 26.5, 23.9, 11.2 ppm. IR (neat, cm-1): 2956, 2928, 2858, 1731, 1648, 
1612, 1599, 1490, 1456, 1412, 1377, 1299, 1275, 1220, 1201, 1161, 1136, 1120, 1094, 
1014. HRMS calcd. for (C41H50ClN3NaO5) [M+Na] +: 722.3331 found 722.3354. 
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3.7.7 Large Scale Reaction and Synthetic Applications 

3.7.7.1 Large Scale Reaction 

 
 

An oven-dried 25 mL schlenk tube containing a stirring bar was charged with 
NiBr2·DME (62 mg, 10 mol%), 4,4′-di-tert-butyl-2,2′-dipyridyl (L3.4.6, 80 mg, 15 
mol%), Na2HPO4 (568 mg, 4.0 mmol) and 1-(1-(tert-butoxycarbonyl)piperidin-4-yl) 
-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1a, 1.156 g, 2.0 mmol). 
Subsequently, the tube was sealed with a Teflon screw cap, then evacuated and 
back-filled with Ar (3 times). Afterwards, 2-methylhexa-1,5-diene (3.4.2l, 674 L, 5.0 
mmol), (EtO)2MeSiH (960 L, 6 mmol, 3.0 equiv), NMP and 1,4-dioxane (4:1, 10 
mL) were added via syringe. Then, the tube was stirred at 40 ℃ for 36 h. After the 
reaction was completed, and cool down to room temperature. The mixture was diluted 
with EtOAc, and washed with water. The aqueous phase was extracted with EtOAc (3 
x 10 mL), and the combined organic phases were dried over MgSO4 then concentrated. 
The residue was purified by column chromatography on silica gel (step gradient, 
Toluene to Hexane/EtOAc = 30:1), obtaining 3.4.3l as colorless oil 315 mg (56% 
yield).  

3.7.7.2 One-Pot Deaminative Alkylation without Isolation of Pyridinium Salts 

 

An oven-dried 50 mL round-bottomed flask containing a stirring bar was charged 
with tert-butyl 4-aminopiperidine-1-carboxylate (3.4.8, 200 mg, 1.0 mmol) and 
2,4,6-triphenylpyrylium tetrafluoroborate (400 mg, 1.0 mmol). After then EtOH (1.0 
mL) was added via syringe. The mixture was stirred and heated at reflux in an oil bath 
at 80–85 °C for 4 h. After the reaction was completed, cool down to room temperature 
and concentrated. To the flask was added NiBr2·DME (31 mg, 10 mol%), 
4,4′-di-tert-butyl-2,2′-dipyridyl (L3.4.6, 40 mg, 15 mol%), Na2HPO4 (284 mg, 2.0 
mmol). Subsequently, the flask was sealed with a cap, then evacuated and back-filled 
with Ar (3 times). Afterwards, 4-phenyl-1-butene (450 L, 3.0 mmol, 3.0 equiv), 
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(EtO)2MeSiH (480 L, 3.0 mmol, 3.0 equiv), NMP and 1.4-dioxane (4:1, 5.0 mL) 
were added via syringe. Then, the flask was stirred at 40 ℃ for 24 h. After the 
reaction was completed, and cool down to room temperature. The mixture was diluted 
with EtOAc, and washed with water. The aqueous phase was extracted with EtOAc (3 
x 10 mL), and the combined organic phases were dried over MgSO4 then concentrated. 
The residue was purified by column chromatography on silica gel (step gradient, 
Toluene to Hexane/EtOAc = 30:1), obtaining 3.4.3a as light-yellow oil 166 mg (52% 
yield). 

3.7.7.3 Regioconvergent Alkylation of Unrefined Mixtures of Olefins 

 

An oven-dried 8 mL screw-cap test tube containing a stirring bar was charged with 
NiI2 (6.2 mg, 10 mol%), 2-(6-methylpyridin-2-yl)-4,5-dihydrooxazole (L3.4.10, 6.4 
mg, 20 mol%), Na2HPO4 (113.6 mg, 0.80 mmol) and 1-(1-(tert-butoxycarbonyl) 
piperidin-4-yl)-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1a, 115.6 mg, 0.20 
mmol). Subsequently, the tube was sealed with a Teflon-lined screw cap, then 
evacuated and back-filled with Ar (3 times). Afterwards, the mixture of hexene (1:1:1, 
74.6 L, 0.60 mmol, 3.0 equiv), (EtO)3SiH (74 L, 0.40 mmol, 2.0 equiv), DMSO 
and 1.4-dioxane (3:1, 1.2 mL) were added via syringe. Then, the tube was stirred at 
35 ℃ for 24 h. After the reaction was completed, the mixture was diluted with EtOAc, 
filtered through silica gel and concentrated under vacuum. The corresponding product 
was purified by column chromatography on silica gel (step gradient, Toluene to 
Hexane/EtOAc = 30:1), obtaining 3.4.5a as colorless oil 36 mg (67% yield), 99:1 
ratio. 

3.7.7.4 Utilization of Ethylene as Coupling Partner 

 

An oven-dried 8 mL screw-cap test tube containing a stirring bar was charged with 
NiBr2·DME (6.2 mg, 10 mol%), 4,4′-di-tert-butyl-2,2′-dipyridyl (L3.4.6, 8.0 mg, 15 
mol%), Na2HPO4 (56.8 mg, 0.40 mmol) and 1-(1-(tert-butoxycarbonyl)piperidin-4-yl) 
-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (3.4.1a, 115.6 mg, 0.20 mmol). 
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Subsequently, the tube was sealed with a Teflon-lined screw cap, then evacuated and 
back-filled with ethylene (3 times). Afterwards, (EtO)2MeSiH (96 L, 0.60 mmol), 
NMP and 1.4-dioxane (4:1, 1.0 mL) were added via syringe. Then, the tube was 
stirred at 40 ℃ for 24 h. The reaction under ethylene atmosphere with an ethylene 
balloon. After the reaction was completed, the mixture was diluted with EtOAc, 
filtered through silica gel and concentrated under vacuum. The corresponding product 
was purified by column chromatography on silica gel (step gradient, Hexane/EtOAc = 
100:1 to 50:1 to 30:1), obtaining 3.4.9 as colorless oil 26 mg (61% yield). 1H NMR 
(400 MHz, CDCl3) δ 4.06 (brs, 2H), 2.65 (t, J = 12.7 Hz, 2H), 1.64 (d, J = 13.0 Hz, 
2H), 1.44 (s, 9H), 1.30 – 1.22 (m, 3H), 1.05 (qd, J = 11.9, 11.0, 6.3 Hz, 2H), 0.88 (t, J 
= 7.2 Hz, 3H) ppm. 13C NMR (75MHz, CDCl3) δ 154.9, 79.1, 44.1, 37.7, 31.8, 29.2, 
28.5, 11.1 ppm. IR (neat, cm-1): 2965, 2926, 2852, 1692, 1418, 1365, 1229, 1174, 
1149, 1079. The observed spectral data are in agreement with the ones reported in 
literature.18 
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3.7.8 Mechanistic Experiments 

3.7.8.1 Regioselectivity Studies 

 

 

Ni/L3.4.6 system: An oven-dried 8 mL screw-cap test tube containing a stirring bar was 
charged with NiBr2·DME (6.2 mg, 10 mol%), 4,4′-di-tert-butyl-2,2′-dipyridyl (L3.4.6, 
8.0 mg, 15 mol%), Na2HPO4 (56.8 mg, 0.40 mmol) and 
2,4,6-triphenyl-1-(tetrahydro-2H-pyran-4-yl)pyridin-1-ium tetrafluoroborate (3.4.1e, 95.8 
mg, 0.20 mmol). Subsequently, the tube was sealed with a Teflon-lined screw cap, then 
evacuated and back-filled with Ar (3 times). Afterwards, tert-butyl 2,5-dihydro 
-1H-pyrrole-1-carboxylate (3.4.10, 101.4 mg, 0.6 mmol), (EtO)2MeSiH (96 L, 0.60 
mmol), NMP and 1.4-dioxane (4:1, 1.0 mL) were added via syringe. Then, the tube was 
stirred at 40 ℃ for 24 h. After the reaction was completed, the mixture was diluted with 
EtOAc, filtered through silica gel and concentrated under vacuum. The corresponding 
product 3.4.11 were purified by column chromatography on silica gel (Hexane/EtOAc = 
10 :1 to 5:1), affording light yellow oil 15 mg (29% yield). 
Ni/L3.4.10 system: An oven-dried 8 mL screw-cap test tube containing a stirring bar was 
charged with NiI2 (6.2 mg, 10 mol%), 2-(6-methylpyridin-2-yl)-4,5-dihydrooxazole 
(L3.4.10, 6.4 mg, 20 mol%), Na2HPO4 (113.6 mg, 0.80 mmol) and 
2,4,6-triphenyl-1-(tetrahydro-2H-pyran-4-yl)pyridin-1-ium tetrafluoroborate (3.4.1e, 95.8 
mg, 0.20 mmol). Subsequently, the tube was sealed with a Teflon-lined screw cap, then 
evacuated and back-filled with Ar (3 times). Afterwards, tert-butyl 
2,5-dihydro-1H-pyrrole-1-carboxylate (3.4.10, 101.4 mg, 0.6 mmol, 3.0 equiv), 
(EtO)3SiH (74 L, 0.60 mmol), DMSO and 1.4-dioxane (3:1, 1.2 mL) were added via 
syringe. Then, the tube was stirred at 35 ℃ for 24 h. After the reaction was completed, 
the mixture was diluted with EtOAc, filtered through silica gel and concentrated under 
vacuum. The corresponding product 3.4.11 were purified by column chromatography on 
silica gel (Hexane/EtOAc = 10 :1 to 5:1), affording light yellow oil 31 mg (61% yield). 
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tert-buty-2-(tetrahydro-2H-pyran-4-yl)pyrrolidine-1-carboxylate (3.4.11) 1H 
NMR (400 MHz, CDCl3) δ 3.92 (d, J = 11.0 Hz, 2H), 3.75 – 3.57 (m, 1H), 3.52 – 
3.31 (m, 1H), 3.35 – 3.21 (m, 2H), 3.19 – 3.04 (m, 1H), 2.08 – 1.63 (m, 5H), 1.39 (s, 
9H), 1.45 – 1.14 (m, 4H) ppm. 13C NMR (101 MHz, CDCl3) δ 155.1, 79.2, 79.0, 68.2, 
68.0, 61.2, 47.1, 46.3, 39.1, 38.2, 28.5, 27.9, 26.4, 24.3, 23.4 ppm. The observed 
spectral data are in agreement with the ones reported in literature.19  

3.7.8.2 Control Experiments to Explore the Isomerization of 3.4.10 in the 

Absence of 3.4.1 

 

 

General procedure for the isomerization of 3.4.10a with Ni/L3.4.6 system: An 
oven-dried 8 mL screw-cap vial containing a stirring bar was charged with 
NiBr2·DME (6.2 mg, 5 mol%), L3.4.6 (8.0 mg, 7.5 mol%), Na2HPO4 (56.8 mg, 0.4 
mmol). Subsequently, the tube was sealed with a Teflon-lined screw cap, then 
evacuated and backfilled with Ar (3 times), Then, tert-butyl 
2,5-dihydro-1H-pyrrole-1-carboxylate (3.4.10, 67.6 mg, 0.4 mmol), DEMS (96 L, 
0.60 mmol, 1.50 equiv), NMP and THF (4:1, 1.0 mL) were added by syringe. Then, 
the tube was stirred at 40 ℃ for the indicated time. The yields of 3.4.10a were 
determined by GC FID taking aliquots using 1-decane as internal standard.  
General procedure to form 3.4.10a with Ni/L3.4.10 system: An oven-dried 8 mL 
screw-cap vial containing a stirring bar was charged with NiI2 (6.2 mg, 5 mol%), 
L3.4.10 (6.4 mg, 10 mol%), Na2HPO4 (113.6 mg, 0.8 mmol). Subsequently, the tube 
was sealed with a Teflon-lined screw cap, then evacuated and backfilled with Ar (3 
times). Then, tert-butyl 2,5-dihydro-1H-pyrrole-1-carboxylate (3.4.10, 67.6 mg, 0.4 
mmol), (EtO)3SiH (74 μL, 0.40 mmol, 1.0 equiv), DMSO and 1,4-dioxane (3:1, 1.2 
mL) were added via syringe. Then, the tube was stirred at 35 ℃. The yields of 3.4.10a 
were determined by GC FID taking aliquots using 1-decane as internal standard. 
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3.7.8.3 Test for Stereospecificity from L-alanine 

 

An oven-dried 8 mL screw-cap test tube containing a stirring bar was charged with 
NiBr2·DME (6.2 mg, 10 mol%), 4,4′-di-tert-butyl-2,2′-dipyridyl (L3.4.6, 8.0 mg, 15 
mol%), Na2HPO4 (56.8 mg, 0.40 mmol) and (S)-1-(1-methoxy-1-oxopropan-2-yl) 
-2,4,6-triphenylpyridin-1-ium tetrafluoroborate ((S)-3.4.1n, 96.2 mg, 0.20 mmol). 
Subsequently, the tube was sealed with a Teflon-lined screw cap, then evacuated and 
back-filled with Ar (3 times). Afterwards, tert-butyl(hex-5-en-1-yloxy)dimethylsilane 
(3.4.2c, 128.4 mg, 0.6 mmol), (EtO)2MeSiH (96 L, 0.60 mmol), NMP and 
1.4-dioxane (4:1, 1.0 mL) were added via syringe. Then, the tube was stirred at 40 ℃ 
for 24 h. After the reaction was completed, the mixture was diluted with EtOAc, 
filtered through silica gel and concentrated under vacuum. The corresponding product 
were purified by column chromatography on silica gel (Toluene to Hexane/EtOAc = 
20:1), affording colorless oil 3.4.12 (35 mg, 58% yield). The enantiomeric excess was 
determined to be 9% by chiral HPLC analysis (CHIRALPAK IB (100 x 4.6 mm, 3u), 
3.0 mL/min, CO2/MeCN = 90:10, λ=210 nm); tR (enantiomer A) = 6.02 min, tR 
(enantiomer B) = 6.54 min. 1H NMR (400 MHz, CDCl3) δ 3.66 (s, 3H), 3.58 (t, J = 
6.6 Hz, 2H), 2.53 – 2.32 (m, 1H), 1.70 – 1.58 (m, 1H), 1.53 – 1.45 (m, 2H), 1.44 – 
1.35 (m, 1H), 1.31 – 1.21 (m, 6H), 1.13 (d, J = 7.0 Hz, 3H), 0.88 (s, 9H), 0.03 (s, 6H) 
ppm. 13C NMR (101 MHz, CDCl3) δ 177.5, 63.4, 51.6, 39.6, 33.9, 32.9, 29.4, 27.4, 
26.1, 25.8, 18.5, 17.2, -5.1 ppm. IR (neat, cm-1): 2930, 2857, 1739, 1433, 1253, 1195, 
1162, 1095, 834, 714. HRMS calcd. for (C16H35O3Si) [M+H] +: 303.2350 found 
303.2352. 
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3.7.8.4 Experiments with radical probe 3.4.13. 

 

 

The reaction of 3.4.1 with alkenes bearing a proximal cyclopropyl ring (3.4.13) is 
rather illustrative. While a cyclopropylmethyl radical generated upon SET to 3.4.1 
followed by addition to the olefin should undergo a rapid ring-opening rearrangement, 
we observed a constant ratio of no ring-opening vs ring-opening C–C bond-formation 
(2.6:1) at different Ni/L ratios, even at particularly low loadings, although tentative 
these experiments argue against a radical escape rebound mechanism. 
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General procedure en route to 3.4.14 and 3.4.15: An oven-dried 8 mL screw-cap test 
tube containing a stirring bar was charged with NiBr2·DME (6.2 mg, 10 mol%), 
4,4′-di-tert-butyl-2,2′-dipyridyl (L3.4.6, 8.0 mg, 15 mol%), Na2HPO4 (56.8 mg, 0.40 
mmol) and 1-(1-(tert-butoxycarbonyl)piperidin-4-yl)-2,4,6-triphenylpyridin-1-ium 
tetrafluoroborate (3.4.1a, 115.6 mg, 0.20 mmol). Subsequently, the tube was sealed with 
a Teflon-lined screw cap, then evacuated and back-filled with Ar (3 times). Afterwards, 
(1-vinylcyclopropyl) benzene (3.4.13, 86.4 mg, 0.6 mmol), (EtO)2MeSiH (96 L, 0.60 
mmol), NMP and 1.4-dioxane (4:1, 1.0 mL) were added via syringe. Then, the tube was 
stirred at 40 ℃ for 24 h. After the reaction was completed, the mixture was diluted with 
EtOAc, filtered through silica gel and concentrated under vacuum. The corresponding 
product were purified by column chromatography on silica gel (Hexane/EtOAc = 100 :1 
to 40:1), affording colorless oil 3.4.14 and 3.4.15 (51 mg, 77% yield) as 2.7:1 mixture 
(determined by NMR and GC analysis) (colorless oil). 1H NMR (400 MHz, CDCl3) δ 
7.34 – 7.24 (m, 15.59H), 7.23 – 7.13 (m, 3.24H), 5.73 (q, J = 6.9 Hz, 1H), 4.03 (brs, 
7.88H), 2.63 (m, 7.63H), 2.55 – 2.45 (m, 2.43H), 1.78 (d, J = 6.9 Hz, 3.11H), 1.70 – 1.62 
(m, 2.83H), 1.60 – 1.51 (m, 12.40H), 1.45 (s, 9. H), 1.44 (s, J = 4.9 Hz, 23.37H), 1.33 – 
1.17 (m, 15.52H), 1.14 – 0.93 (m, 8.87H), 0.92 – 0.82 (m, 5.83H), 0.81 – 0.77 (m, 5.30H), 
0.67 – 0.53 (m, 5.34H) ppm. 13C NMR (101 MHz, CDCl3) δ 155.0, 145.4, 143.3, 145.0, 
129.0, 128.3, 128.2, 126.6, 126.3, 125.9, 122.8, 79.3, 79.2, 44.2, 37.5, 36.2, 36.2, 35.3, 
33.93, 28.6, 26.8, 25.8, 22.8, 22.7, 14.2, 14.2, 13.2 ppm. IR (neat, cm-1): 2975, 2925, 
2850, 1689, 1421, 1365, 1276, 1238, 1160, 1129, 1076, 968, 866. HRMS calcd. for 
(C21H31NNaO2) [M+H] +: 352.2247 found 352.2248. 
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3.7.10 NMR Spectra 
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Chapter 4 

Site-Selective 1,2-Dicarbofunctionalization of Vinyl 

Boronates through Dual Catalysis 
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4.1 General Introduction 

Organoboron compounds are versatile synthetic intermediates with the ability to 

transform C–B bonds into a broad range of functional groups.1 Catalytic 

hydroboration of unsaturated bonds has become a routine technique for the 

preparation of organoboron compounds since the pioneering report by H. C. Brown in 

1956.2 Particularly, significant achievements have been made through hydroboration 

of olefin feedstocks in both site- and stereo-selective manner (Scheme 4.1).2,3 

 

Scheme 4.1 Catalytic hydroboration of olefins 

Moreover, the difunctionalization of olefins represents one of the most widely 

used strategies to build synthetic complexity with control of chemo-, regio-, and 

stereoselectivity.4 Driven by these advances, chemists have started to investigate 

carboboration of olefins, which could install a carbon and a boron moiety across a 

C=C bond, thus allowing the construction of densely functionalized organoboron 

compounds (Scheme 4.2).5 Despite significant breakthroughs has been made in 

carboboration of olefins by transition metals (Cu, Ni, Pd), several outstanding 

problems still remain to be addressed.5 

 

Scheme 4.2 Catalytic carboboration of olefins 

Vinyl borons are highly important building blocks in organic synthesis.6 Such 

boron substituted alkenes can be employed in catalytic difunctionalization events, 

providing an alternative process for the preparation of organoboron compounds from 

simple and easily accessible materials.7 In this chapter, recent advances of the 

dicarbofunctionalization of vinyl borons for the preparation of densely functionalized 
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organoboron compounds are presented.  

4.2 Catalytic Dicarbofunctionalization of Vinyl Borons 

4.2.1 Catalytic Difunctionalization of Vinyl Boron “Ate” Complex  

The 1,2-migration of a boron-ate complex to an acceptor is the most useful 

application of organoboron compounds in synthetic methodology.7 The homologation 

of organoboron compounds through 1,2-metalate shift to an attached sp3 carbon center 

has been well developed by Matteson8 and Aggarwal9 (Scheme 4.3, left). Not 

surprisingly, the 1,2-metalate shift of vinyl boron “ate” complex to the adjacent 

unsaturated carbon has also attracted much attention in recent years (Scheme 4.3, 

right). For example, Zweifel and co-workers found the first electrophile induced 

1,2-migration of vinyl boron-ate complexes to prepare -iodoboranes10 (Scheme 4.4). 
Noteworthy, in this process only cis-olefins were obtained after the deboroniodination 

of -iodo boranes. Subsequently, Matteson8,11 and Evans12 extended this olefination to 
vinyl boronates. In all cases, cis-olefins were generated through iodine promoted 

1,2-metalate shift of vinyl boron “ate” complexes and base mediated -elimination.      

 

Scheme 4.3. 1,2-Metalate shift of boron “ate” complexes 

 

Scheme 4.4. Iodination of vinyl boron “ate” complex and olefination (Zweifel, 

Matteson and Evans) 
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4.2.2 Pd-Catalyzed Conjunctive Coupling of Vinyl Boron “Ate” 

Complex 

The first transition metal oxidative addition complex induced 1,2-metalate shift 

of vinyl boron “ate” complex to construct two new sp3 C–C bonds in one pot was 

been developed by Morken and co-workers.13 In 2015, they reported a Pd-catalyzed 

enantioselective three-component coupling of organolithium reagents, 

organoboronates and organotriflates which was named as conjunctive cross coupling 

(Scheme 4.6).13 Unlike the classical Suzuki-Miyaura coupling reactions, the vinyl 

boron “ate” complex (II) that was prepared in-situ from an organoboronate and 

organolithium, while the oxidative addition Pd(II) complex could activate the alkenyl 

boron “ate” complex and induced a 1,2-metalate shift to form the Pd(II) intermediate 

IV (Scheme 4.6). The bidentate ligand MandyPhos (SpSp)-L1 was critical for the 

reaction success, as its large bite angle promoted reductive elimination and prevented 

−H elimination from Pd(II) intermediate IV. A wide range of aryl- or 

alkenyl-triflates were employed as electrophiles in the reaction, since the triflate anion 

can rapidly dissociate and promote olefin coordination at Pd. This new protocol 

tolerated a variety of functionalized organotriflates and vinyl boron-ate complexes, 

and accessed to secondary organoboronates in good yields and excellent 

enantioselectivities. In this case, both aryl and alkyl groups could successfully migrate 

from boron to the adjunct sp2 carbon. Noteworthy, the vinyl boron “ate” complex was 

easily prepared from oragnolithium and vinylB(neo) or organoboronates and 

vinyllithium. Demonstrating the synthetic potential of this conjunctive cross-coupling, 

the natural product (−)-combretastatin could also be prepared in good yield. 
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Scheme 4.5. Pd-catalyzed enantioenriched conjunctive coupling 

 

Scheme 4.6. Mechanism proposal of Pd-catalyzed conjunctive coupling 

Later on, the Morken group extended the scope of the Pd-catalyzed conjunctive 

coupling strategy to -substituted vinyl boron “ate” complexes (Scheme 4.7).14 In this 

case, a range of densely functionalized highly hindered tertiary boronic esters could 

be formed in good yield and high enantioselectivity. Not only -substituted vinyl 

boronates can be employed in the Pd-catalyzed conjunctive coupling, the utilization of 
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-substituted vinyl boronates as substrates have been developed by the same group. In 
2018, they reported a Pd-catalyzed diastereo- and enantioselective conjunctive 

coupling with -substituted vinyl boronates (Scheme 4.8).15 The reaction showed 
broad substrate scope and high functional group tolerance, providing the desired 

product in high diastereoselectivity (>20:1 dr) and enantioselectivity (generally above 

98:2). Notably, the synthetic utility was illustrated by the synthesis of (+)-obtusafuran 

which has anti-carcinogenic activity. This process employs an encumbered diolato 

ligand (termed “mac”) to control the reaction of vinyl boron “ate” complexes, thus 

avoiding the competing Suzuki-Miyaura reaction and favoring a 1,2-metalate 

shift-based pathway. 

 

Scheme 4.7. Enantioselective construction of tertiary boronates 

 

Scheme 4.8. Catalytic conjunctive coupling with -substituted vinyl boronates 

While these reports indicate that the Pd-catalyzed conjunctive coupling is 
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efficient and highly selective, halide inhibition can be a significant limitation in these 

reactions due to the halide ion outcompeting the vinyl boron “ate” complex for 

binding to Pd(II). Therefore, before preparation of boron “ate” complexes, the 

organolithium reagents need to be recrystallized to remove the halide impurities. In 

2017, Morken and co-worker addressed this problem by using Grignard reagents to 

replace organolithium reagents (Scheme 4.9).16 The key points to the reaction success 

were using NaOTf as an additive and a THF/DMSO co-solvent system. The authors 

proposed that NaOTf could promote boron “ate” complex formation between 

Grignard reagents and organoboronates, and DMSO could aid in stabilizing the 

boron-ate complex in the reaction.  

 

Scheme 4.9. Catalytic conjunctive coupling with Grignard reagents 

4.2.3 Ni-Catalyzed Conjunctive Coupling of Vinyl Boron “Ate” 

Complex 

Despite the advances achieved with Pd-catalyzed conjunctive coupling of vinyl 

boron “ate” complex; the majority of these transformations are restricted to the use of 

aryl or alkenyl electrophiles. Therefore, it would be particularly attractive to develop a 

Ni-catalyzed conjunctive coupling with a broad array of electrophilic coupling 

partners. In 2017, Morken and co-workers reported an enantioselective arylation of 
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9-BBN derived “ate” complexes with a Ni(acac)2 and chiral diamine (L4.2) ligand 

system (Scheme 4.10, condition A).17 Unlike previous reports with organoboronic 

esters, they developed the first conjunctive coupling with more electrophilic trialkyl 

boranes which were in situ generated by hydroborylation between 9-BBN and alkenes. 

It should be noted that the Pd/Mandyphos system provided the desired product as 

racemates, suggesting nickel catalysis was crucial for the reaction success. 

Stoichiometric experiment with oxidative addition complex between (bpy)Ni(0) and 

PhI were carried out and obtained the desired product in 45% yield, suggesting that 

oxidative addition takes place before the 1,2-metallate shift. Preliminary mechanistic 

experiments also suggested that this process operates by a net Ni(0)/Ni(II) redox cycle, 

similar to the Pd-based catalyst.  

Scheme 4.10. Ni-catalyzed conjunctive coupling with 9-BBN derived “ate” complex 

Very recently, the same group extended this strategy to acylation of 9-BBN 

derived ate complexes with acyl chlorides or anhydrides (Scheme 4.10, condition 

B).18 In this case, a broad range of -boryl carbonyl compounds were prepared under 
the combination of NiBr2·glyme and L4.3 system. Interestingly, the 11B NMR and 
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XRD studies show that the tight coordination between boron and carbonyl oxygen 

atom of -trialkyl-(boryl) ketones which could enhance the acidity of carbonyl 

-protons.   

 

Scheme 4.11. Ni-catalyzed conjunctive coupling with alkyl electrophiles 

Previous reports indicated that the Pd- or Ni-catalyzed enantioenriched 

conjunctive coupling of vinyl boron ate complex could perfectly react with a range of 

sp2 carbon electrophiles. However, the utilization of sp3 carbon electrophile as 

substrates in conjunctive coupling is still challenging due to the slow oxidative 

addition and facile −H elimination. Encouraged by the development of Ni-catalyzed 

cross couplings, it was considered that the use of Ni catalysis might help avoid 

parasitic β−H elimination and favour the desired cross-coupling. Indeed, this turned 

out to be the case, Morken and co-workers described an enantioenriched Ni-catalyzed 

conjunctive coupling with a range of unactivated primary and secondary 

organohalides (Scheme 4.11).19 This process operates under mild conditions and 

provides densely functionalized alkyl boronates in good yield and high 

enantioselectivity. Unfortunately, steric crowded tertiary alkyl iodides were not 

tolerated under standard conditions. Radical clock and radical capture experiments 

indicated that an alkyl radical was formed in this process. Based on the outcomes 



Chapter 4.    

453 
 

from mechanistic experiments, the authors proposed that alkyl radical III was 

generated via SET by low valent nickel species (I), which subsequent recombination 

of alkyl radical III and nickel species II to form Ni intermediate IV. Finally, 

intermediate VI was formed by the coordination and metal migration, followed by 

reductive elimination to provide desired product. 

4.2.4 Radical Induced Conjunctive Coupling of Vinyl Boron “Ate” 

Complex 

The transition metal catalyzed conjunctive coupling of vinyl boron-ate 

complexes via a two electron process represents a powerful method to establish new 

C–C bonds while retaining the boron moiety in the product. Generally speaking, the 

vinyl boron “ate” complex is activated by an oxidative addition metal complex to 

induce a 1,2-shift from boron to an adjacent sp3 or sp2 carbon atom. In 2017, a 

complementary technique was developed by Studer and co-workers (Scheme 4.12, 

condition A).20 In this case, a radical generated from activated fluoroalkyl iodides by 

Et3B and O2, could affect a 1,2-metalate shift of vinyl boron “ate” complexes. This 

radical-polar crossover process occurred without using a transition metal catalyst, and 

could couple both - and -substituted vinyl boron “ate” complexes with a range of 

radical precursors such as perfluoroalkyl iodides, -iodoesters, -iodonitriles, thus 

forging C–C bonds to organoboron compounds. A short time later, a similar radical 

triggered three-component coupling of vinyl boronates, -halocarbonyl compounds 

and organolithium reagents was developed by Renaud group (Scheme 4.12, condition 

B).21 They found that using 30% di-tert-butyl hyponitrite (DTBHN) as an additive at 

60 oC increased the yield and reproducibility. In both cases, the electrophilic radical I 

was generated by Et3B and trace O2 which initiated the catalytic cycle, and subsequent 

addition of I to electron-rich vinyl boron-ate complex II formed the new radical 

intermediate III (Scheme 4.13). Radical intermediate III was proposed to react with 

alkyl iodides via SET oxidation to deliver radical I and a short-lived carbocation IV, 

which underwent 1,2-shift to produce product V. 
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Scheme 4.12. Radical induced three-component coupling using Et3B initiator 

 

Scheme 4.13. General mechanism for radical induced conjunctive coupling 

Concurrently, Aggarwal and co-workers described a photocatalyzed 

three-component conjunctive coupling of vinyl boronates, organohalides and 

organolithium reagents (Scheme 4.14).22 Unlike Studer’s Et3B/O2 system, the reaction 

initiation proceeds under visible light irradiation without a photocatalyst. This 

protocol was found to tolerate a wide range of electron-deficient alkyl iodides and 

vinyl boron “ate” complexes. Moreover, less reactive but easily accessible alkyl 

bromides could be successfully employed in the presence of NaI (20 mol%) or a Ru 

photosensitizer (1 mol%). A similar radical chain mechanism was proposed by the 

group, where the reaction was proposed to occur by addition of an electrophilic 

radical addition to vinyl boronate, followed by SET with another electron-deficient 

alkyl halide and then triggered a 1,2-metalate shift to deliver the product. 
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Scheme 4.14. Photocatalyzed conjunctive coupling of vinyl boron “ate” complexes 

Recently, the radical induced stereospecific 1,2-metalate shift of chiral boron-ate 

complexes with alkyl iodides was developed by Studer and co-workers (Scheme 

4.15).23 In this case, various chiral alkyl boronates were employed as substrates for 

the formation of chiral boron-ate complex with vinyl lithium.  

 

Scheme 4.15. Stereospecific radical induced conjunctive coupling of enantioenriched 

boron “ate” complex 

4.2.5 Catalytic 1,2-Dicarbofunctionalization of Vinyl Boronates  

The -boryl radicals which are generated through radical addition with vinyl 

borons are more stabilized than a secondary radical due to the unpaired electron can 

be delocalized to the empty p-orbital of the adjacent boron atom.24 The stability of 
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-boryl radicals are presented in Scheme 4.16.25 For example, the 

radical-stabilization-energy (RSE) of -boryl radical obtained from Et3B is 14.5 

kcal/mol, a value similar to a benzylic radical (RSE = 14−15 kcal/mol).26 Increasing 
the number of oxygen substituents on the boron decreases the radical stabilization 

energy because of the oxygen lone pair donation into the boron p-orbital, resulting in 

decreased availability of the empty p-orbital of boron for radical stabilization.27 

Nevertheless, this is a rather strong stabilization, such as the radical stabilization 

energy of -boronate radical is around 6−7 kcal/mol. However, the radical of 

MIDA-boronate (MIDA: N-methyliminodiaceticacid) is non-stabilized because the 

p-orbital is filled by the lone electron pair from nitrogen and the boron hybridization 

changes from sp2 to sp3.24 

 

Scheme 4.16. Stabilization of -boryl radical  

Pioneering studies by Matteson and co-workers provided the first evidence that 

vinyl boron compounds could undergo radical chemistry through their report of 

atom-transfer-radical-addition (ATRA) of dibutyl ethyleneboronate with BrCCl3, 

using azobisisobutyronitrile (AIBN) as radical initiator.28 Notable, this discovery 

demonstrated that radical intermediates can be stabilized by the C−B −bonding 

(Scheme 4.17, top). In 2015, the Zard group extended this ATRA type reaction to 

xanthate transfer addition to vinyl MIDA-boronates by using dilauroyl peroxide (DLP) 

as a radical initiator (Scheme 4.17, bottom).24 The use of vinyl MIDA-boronates in 

place of vinyl boronates makes the xanthate transfer addition reaction successful. The 

authors proposed that the use of four coordinated vinyl B(MIDA) instead of vinyl 

boronate could accelerate the xanthate transfer and radical chain propagation since the 

-boryl radical is no longer stabilized.  
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Scheme 4.17. Atom-transfer-radical-addition (ATRA) reaction with vinyl borons 

In recent years, remarkable breakthroughs have been made in the construction of 

organoboron skeletons via 1,2-metalate shift —either through two electron or one 

electron processes— of a four coordinated boron “ate”complexes.7 Despite the great 

advances realized in the field, several challenges remain to be addressed, especially 

avoiding the preparation of boron “ate” pre-complexes with air and moister sensitive 

organometallic reagents.  

In 2019, the Morken group addressed this shortcoming through an alternate 

process that involves a catalytic radical addition/cross-coupling cascade pathway 

(Scheme 4.18).29 They described an enantioselective three-component coupling of 

vinyl boronates with alkyl iodides and organozinc reagents via a nickel and chiral 

diamine ligand system, thus allowing to rapidly build up molecular complexity. 

Unlike previous reports based on the formation of boron “ate” complexes, the success 

of this three-component coupling depends on the generation of a transient -boron 

stabilized radical via nucleophilic alkyl radical addition to vinyl boronate. Noteworthy, 

a variety of 5- or 6-member ring containing boronates can be obtained via 

intramolecular radical cyclization/cross-coupling with substrates bearing a tether 

between the alkyl iodide and vinyl boronate. Mechanistic studies and intramolecular 

cyclization experiments suggested that the low valent nickel intermediate II derived 

from the organozinc reagent abstracts a halide from the sp3 electrophile to form nickel 

specie III and alkyl radical IV, followed by radical addition and recombination with 

III furnished intermediate VI, then reductive elimination released 

dicarbofunctionalized organoboron compounds. 



Site-Selective 1,2-Dicarbofunctionalization of Vinyl Boronates through Dual Catalysis 

458 
 

 

Scheme 4.18. Ni-catalyzed enantioselective coupling of vinyl boronates with alkyl 

iodides and organoznic reagents  

Very recently, Nevado and co-workers described a dicarbofunctionalization of 

alkenes via photoredox and nickel dual catalysis (Scheme 5.19).30 In this case, the 

secondary and tertiary alkyl silicates (Eox = 0.3−0.9 V vs. SCE in DMF) were 
successfully employed as alkyl radical precursors, which could undergoes a SET 

oxidation with an excited Ru photocatalyst to produce alkyl radicals 

[Ru(bpy)3Cl26H2O, Ered = 0.77 V vs. SCE in MeCN]. A range of aryl iodides could be 

employed in the process, with excellent chemo- and regio-selectivity. Notably, the 

Hiyama-type coupling products between alkyl silicates and aryl iodides could be 

avoided by using tertiary alkyl silicates, thus allowing produce the 

dicarbofunctionalization product with activated olefins. It is worthy to point out that 

vinyl boronates could be selectively coupled with aryl iodides and tertiary alkyl 

silicates, providing secondary boronates in good yields. Radical clock experiments 

with diallyl ether provided 5-exo-cyclized product in 61% yield as a 4:1 

diastereoisomers, indicating that the alkyl radical addition to olefin was involved in 

this process.  
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Scheme 4.19. Catalytic dicarbofunctionalization of alkenes with alkylsilicates and 

aryliodides  

Soon after, the preparation of alkyl boronates of vinyl boronates with 

alkyltrifluoroborates and aryl bromides by merging photoredox and nickel catalysis 

was reported by Molander and co-workers (Scheme 4.20).31 This modular and 

regioselective protocol enables rapid construction of densely functionalized alkyl 

boron reagents from simple materials, but also allows access to quaternary and 

tertiary centers. A wide range of alkyl trifluoroborates, vinyl boronic esters as well as 

aryl bromides containing either electron-withdrawing or electron-donating functional 

groups were all well tolerated, delivering densely functionalized alkyl boronates in 

good yield and high selectivity. Interestingly, the bis-borylated product was obtained 

when employed verbenone derived trifluoroborates as substrates, indicating a radical 

cascade reaction. Notably, competition experiments between tertiary alkyl boronates 

and secondary alkyl boronates showed that the dicarbofunctionalization of vinyl 

boronates is 16 times faster than direct coupling of tertiary alkyl boronates with aryl 

bromides and 2.5 times faster than secondary alkyl boronates coupling with aryl 

bromides. Preliminary mechanistic experiments suggest that the alkyl radical I was 

generated from alkyl boronates (E1/2 = 1.26 V vs SCE) via a SET oxidation by the 

excited [Ir(dF-CF3ppy)2(bpy)]PF6 (E1/2 = 1.32 V vs SCE), followed by subsequent 

addition to a vinyl boronate to form a -boron stabilized radical intermediate II. The 

boron stabilized radical then recombines with Ar−Ni species, followed by reductive 
elimination to deliver the dicarbofunctionalized product.  
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Scheme 4.20. Catalytic dicarbofunctionalization of vinyl boronates with 

alkyltrifluoroborates and aryl bromides 

4.3 Ni-Catalyzed Intermolecular Reductive Difunctionalization of 

Olefins 

Metal catalyzed dicarbofunctionalization of olefins has attracted substantial 

interest in organic synthesis, medicinal chemistry and materials science, due to the 

ability to construct carbon skeletons by assembling two carbon moieties across the 

C=C bond and forming two new C−C bonds in a one-pot reaction, thus enabling the 

rapid construction of molecular complexity.4 Over the past decade, considerable 

efforts has been devoted to this area and impressive progress has been achieved. 

Particularly, the dicarbofunctionalization of olefins with an electrophile and a 

nucleophile are well defined, which can provide good regioselectivity due to the 

inherently different reactivities of the electrophile and the nucleophile.32 However, the 

development of a catalytic intermolecular, reductive dicarbofunctionalization of 

olefins with two electrophiles remains challenging due to the difficulty in controlling 

chemo- and regio-selectivity for two electrophiles with similar reactivity. In 2017, 

Nevado and co-workers reported the first Ni-catalyzed intermolecular, reductive 

dicarbonfunctionalization of olefins with alkyl and aryl iodides (Scheme 4.21).33 

Importantly, the use of TDAE as reductant and the olefin with a coordinating group 

were crucial for reaction success. Notably, stochiometric experiment using oxidative 

addition complex C4.2 reacted with olefin and t-BuI, providing the desired coupling 

product in 55% yield, thus indicating the competence of ArNi(II) species as potential 

reaction intermediates in the reaction. Based on the outcomes of mechanistic 
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experiments, the authors proposed that the reaction was initiated by the reaction of 

Ni(I) species with alkyl iodide to generate an alkyl radical V, which subsequently 

underwent radical addition to the alkenes to produce the new alkyl radical VII 

(Scheme 4.21, right bottom). The ArNi(II) species II resulting from oxidative addition 

of ArI to Ni(0), recombined with VII to produce the key intermediate Ni(III) complex 

III. III then underwent reductive elimination to deliver the final product and 

regenerated Ni(I), which was reduced by TDAE to give Ni(0).  

Scheme 4.21. Nickel-catalyzed reductive dicarbofunctionalization of alkenes by using 

TDAE as reductant 

Aiming to extend the scope of this reductive difunctionalization strategy, in 2019, 

the group of Nevado developed an intermolecular dicarbofunctionalization of 

unactivated olefins as well as 1,n-dienes (Scheme 4.22).34 A variety of unactivated 

olefins without directing groups were successfully applied in this protocol. 

Particularly interesting, 5-exo cyclization products were obtained when using 1,5- or 

1,6-dienes as substrates, and 1,4-difunctionalziation product were obtained in high 

regioselectivity when using 1,3-dienes as substrates. The role of TDAE was also 

investigated in depth, suggesting that a single electron reduction of Ni(II) species to 

Ni(I) is thermodynamically favored. 
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Scheme 4.22. Nickel-catalyzed reductive dicarbofunctionalization of unactivated 

olefins or 1,n-dienes 

Inspired by the directing group strategies, Chu and co-workers recently 

developed a Ni-catalyzed intermolecular, three-component reductive carboacylation 

of alkenes with acyl chlorides and fluoroalkyl iodides using Mn as the reductant 

(Scheme 4.23).35 The reaction is effective for olefins possessing chelating groups such 

as esters, carbonates, sulfonates, and phosphates. This protocol enables facile access 

to β-fluoroalkyl ketones through a regioselective, sequential formation of two C−C 

bonds in one step under mild conditions. Notably, stoichiometric reaction of oxidative 

addition complex between acyl chloride and Ni(0) with alkene and C4F9I in the 

presence of Mn, provided the desired coupling product in 42% yield, suggesting that 

the catalytic pathway via oxidative addition of Ni(0) species with acyl chloride could 

be operative. 

 

Scheme 4.23. Nickel-catalyzed reductive carboacylation of olefins 

Very recently, Koh and co-workers described a nickel-catalyzed reductive 

dicarbofunctionalization of 8-aminoquinoline-tethered alkenes with a series of 
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carbon-electrophiles (aryl/alkenyl/alkyl halides) and primary alkyl iodides (Scheme 

4.24).36 In contrast to Nevado’s work, a reversed regioselectivity was observed in this 

reaction due to the use of 8-aminoquinoline as the chelating group. The stereospecific 

carbo-alkylation of internal alkenes suggested that a carbometallation process instead 

of radical addition pathway may be involved in this reaction.  

 

Scheme 4.24. Nickel-catalyzed reductive dicarbofunctionalization of olefins 

8-aminoquinoline-tethered olefins 

Despite the significant progress that has been made in catalytic reductive 

difunctionalization of olefins with electrophiles, the development of enantioselective 

dicarbofunctionalization remains challenging. In 2019, Diao and co-workers 

described an asymmetric diarylation reaction of styrenes with aryl bromides using 

Ni/L4.5 catalyst with Zn as reductants (Scheme 4.25, top left).37 The protocol 

provided a broad range of chiral α, α, β-triarylated ethane scaffolds. Importantly, the 

presence of a N-oxyl radical (ABNO) significantly improved the enantioselectivity. 

The required 1:1 ratio of Ni/ABNO implied that ABNO may serve as a ligand to 

nickel, but its exact role remains elusive. Additionally, the reaction is restricted to 

installing two identical aryl groups across the double bond, and to use vinylarenes as 

coupling partners. 

Very recently, the group of Chu developed an enantioselective 1,2- 

fluoroalkylarylation of allyl esters with heteroaryl halides and perfluoroalkyl iodides 
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(Scheme 4.25, top right).38 The use of NiCl2·DME, a chiral BiOx ligands (L4.6) and 

indole 3-carboxylate ester derived allyl esters were crucial for achieving high yields 

and enantioselectivity. Preliminary mechanistic studies suggested that the reaction is 

likely initiated by the addition of the perfluoroalkyl radical to the allyl ester, followed 

by cross-coupling with the aryl halide.  

Concurrently, Nevado and co-workers described an enantioselective reductive 

1,2-alkylarylation of olefins with alkyl iodides and aryl halides via a Ni-catalyzed 

radical relay strategy (Scheme 4.25, bottom).39 The reaction proceeds at room 

temperature in the presence of an organic reductant (TDAE). An alkyl Ni(III) 

intermediate ligated with (L)-isoleucine derived BiOx (L4.7) is proposed based on 

DFT calculations. This intermediate is stabilized by the coordination of amides or 

other coordinating groups on the alkene, which contribute to defining the 

stereochemical outcome.  

 

Scheme 4.25. Nickel-catalyzed asymmetric reductive dicarbofunctionalization of 

olefins  
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4.4 General Aim of the Project 

Recent elegant disclosures have shown the viability of accessing organoboranes 

via boron “ate” complexes – generated from stoichiometric organolithium reagents –, 

inducing a 1,2-shift that forges two C–C bonds via one- or two-electron events 

(Scheme 4.26, top).7,9 Despite the advances realized, several challenges remain to be 

addressed. Among these, a complementary method for triggering a catalytic 

1,2-dicarbofunctionalization with simple electrophilic partners that obviates the need 

for stoichiometric organometallics while enabling a rapid, reliable and modular access 

to organoboron skeletons would constitute a worthwhile endeavour for chemical 

invention. 

Motivated by our group achievements in cross-electrophile-coupling reactions40 

and site-selective functionalization of olefins,41 we wondered whether we could 

design a catalytic blueprint that would allow the incorporation of two different 

electrophilic partners into readily accessible vinyl boranes in a 1,2-fashion with total 

control of the regioselectivity pattern (4.26, bottom). If successful, we anticipated that 

this multicomponent reaction with an exquisite control of the site-selectivity would 

not only expand the range of technologies to access alkyl organoboron reagents, but 

also open up new strategic approaches in the realm of cross-electrophile coupling 

events. 

 

Scheme 4.26. Site‐selective 1,2‐dicarbofunctionalization of vinyl boronates through 

dual catalysis 
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4.5 Site‐Selective 1,2‐Dicarbofunctionalization of Vinyl 

Boronates through Dual Catalysis 

4.5.1 Optimization of Reaction Conditions 

We began our investigation using methyl 4-bromobenzoate (4.5.1a) and 

2-bromo-2-methylpropane (4.5.2a) as model substrates, reacting with vinyl boronate 

(4.5.2a). We first applied a Ni/bipy system, with [Ir(ppy)2dtbpy]PF6 as photocatalyst 

and triethylamine (TEA) as electron donor in MeCN under under blue light-emitting 

diodes (LEDs) irradiation.42 Under this conditions, 1,2-alkylarylation product (4.5.4a) 

was obtained in 19% yield, together with Giese-type (4.5.4aa) and deborylative 

(4.5.4ab) side products (Table 4.1, entry 1).43 We anticipated that electron donors may 

played a crucial role in our 1,2‐dicarbofunctionalization reaction due to the 

nucleophilic alkyl radial might be generated upon a SET reduction from an electron 

donor.44 

As anticipated, 1,2‐dicarbofunctionalization products were found when using 

trialkyl amine as the electron donor under irradiation (Table 4.1, entries 1-6). 

N,N,N’,N’-tetramethylethylenediamine (TMEDA) provided the best results, however, 

the cyclic alkyl amine such as DABCO, completely shut down the reaction. 

Additionally, we found that the loading of electron donor also affected the reaction, 

and 3 equivalents of TMEDA provided desired product in 62% yield. More side 

products were obtained when increasing and reducing the loading of electron donor. 

Importantly, in all the cases, we only obtained the product in a single regioisomer, 

with arylation at the -boron position.  
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a Reaction Conditions: 4.5.1a (0.4 mmol, 2.0 equiv), 4.5.2a (0.20 mmol, 1.0 equiv), 4.5.3a (0.50 

mmol, 2.5 equiv), NiCl2·DME (3.3 mg, 7.5 mol%), L4.5.1 (2.3 mg, 7.5 mol%), [Ir(ppy)2bpy]PF6 (1 

mol%), Reductant (0.60 mmol, 3.0 equiv), MeCN (3.0 mL) at 30 ℃ under irradiation of blue LEDs 

with a fan for 20 hours. b 1H NMR yields were determined by using CH2Br2 as internal standard. c 

TMEDA (0.3 mmol). TMEDA = N,N,N’,N’-tetramethylethylenediamine. BPin = 

bis(pinacolato)diboron.  

Table 4.1 Screening of reductant 

Next, we evaluated the effect of photocatalyst in our 1,2-difunctionalization, 

with Ir-catalysts, providing around 60% yields (Table 4.2, entries 1-5). 30% yield was 

obtained when using inexpensive organic photocatalyst (4CzIPN, 1 mol%) instead of 

Ir-catalyst.45 To our delight, 86% yield was obtained when increasing the loading to 5 

mol%. Under these conditions, only trace amount of the Giese-type and deborylative 

side products were detected in the crude reaction mixtures. More side products were 

observed when further increasing the loading to 10 mol%.  
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a Reaction Conditions: 4.5.1a (0.4 mmol, 2.0 equiv), 4.5.2a (0.20 mmol, 1.0 equiv), 4.5.3a (0.50 

mmol, 2.5 equiv), NiCl2·DME (3.3 mg, 7.5 mol%), L4.5.1 (2.3 mg, 7.5 mol%), PC (1 mol%), TMEDA 

(90 uL, 0.60 mmol, 3.0 equiv), MeCN (3.0 mL) at 30 ℃ under irradiation of blue LEDs with a fan for 

20 hours. b 1H NMR yields were determined by using CH2Br2 as internal standard. TMEDA = 

N,N,N’,N’-tetramethylethylenediamine. BPin = bis(pinacolato)diboron.  

Table 4.2 Screening of photocatalysts 

With these results in hand, we then studied the effect of ligands on the reaction 

outcome (Table 4.3). In contrast to the known literature data on cross-electrophile 

coupling reactions,40 the substitution pattern at the ligand backbone did not play a 



Chapter 4.    

469 
 

significant role on reactivity or regioselectivity. Bipyridine ligand L4.5.1 provided the 

best results (entry 1). Moreover, the phenanthroline-type ligands gave slightly lower 

yields compared to the bipyridine-type ligands (entries 4-6).  

 

a Reaction Conditions: 4.5.1a (0.4 mmol, 2.0 equiv), 4.5.2a (0.20 mmol, 1.0 equiv), 4.5.3a (0.50 

mmol, 2.5 equiv), NiCl2·DME (3.3 mg, 7.5 mol%), Ligand (7.5 mol%), 4CzIPN (7.9 mg, 5 mol%), 

TMEDA (90 uL, 0.60 mmol, 3.0 equiv), MeCN (3.0 mL) at 30 ℃ under irradiation of blue LEDs with 

a fan for 20 hours. b 1H NMR yields were determined by using CH2Br2 as internal standard. TMEDA = 

N,N,N’,N’-tetramethylethylenediamine. BPin = bis(pinacolato)diboron.  

Table 4.3 Screening of ligands 

Next, we focused our attention on studying the effect of nickel precatalysts 

(Table 4.4). A significant erosion in yield was observed when using NiCl2 or NiBr2 as 

the nickel source, while comparable yields were observed with Ni(COD)2. Other Ni(II) 

sources also gave slightly lower yields, with more side products. With this robust 

Ni/L4.5.1 system in hand, we next examined the effect of the loading of nickel and 

ligand (entry 3). The screening showed that 7.5 mol% loading for both nickel and 

ligand were the best; although increasing the loading to 10 mol% also gave good 

yield. 
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a Reaction Conditions: 4.5.1a (0.4 mmol, 2.0 equiv), 4.5.2a (0.20 mmol, 1.0 equiv), 4.5.3a (0.50 

mmol, 2.5 equiv), Ni cat. (7.5 mol%), L5.5.1 (2.3 mg, 7.5 mol%), 4CzIPN (7.9 mg, 5 mol%), TMEDA 

(90 uL, 0.60 mmol, 3.0 equiv), MeCN (3.0 mL) at 30 ℃ under irradiation of blue LEDs with a fan for 

20 hours. b 1H NMR yields were determined by using CH2Br2 as internal standard. c NiCl2·DME (5 

mol%). d NiCl2·DME (10 mol%). e NiCl2·DME (7.5 mol%), L4.5.1 (10 mol%). TMEDA = 

N,N,N’,N’-tetramethylethylenediamine. BPin = bis(pinacolato)diboron.  

Table 4.4 Screening of nickel precatalysts 

The effect of solvents was also studied (Table 4.5). Acetonitrile (MeCN) 

provided the best result; other nitriles had a deleterious effect on reactivity (entries 

1-3). Ethereal and amide-containing solvents markedly influenced the reactivity 

profile. Moreover, the concentration of the reaction was also studied (entry 3). The 

results show that the current concentration of 0.07 M was still optimal, slightly lower 

yield was obtained when decreasing the concentration to 0.05 M, and a significant 

drop in yield was observed when the concentration was increased to 0.10 M.  
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a Reaction Conditions: 4.5.1a (0.4 mmol, 2.0 equiv), 4.5.2a (0.20 mmol, 1.0 equiv), 4.5.3a (0.50 

mmol, 2.5 equiv), NiCl2·DME (3.3 mg, 7.5 mol%), L4.5.1 (2.3 mg, 7.5 mol%), 4CzIPN (7.9 mg, 5 

mol%), TMEDA (90 uL, 0.60 mmol, 3.0 equiv), Solvents (3.0 mL) at 30 ℃ under irradiation of blue 

LEDs with a fan for 20 hours. b 1H NMR yields were determined by using CH2Br2 as internal standard. 

c MeCN (2.0 mL). d MeCN (4.0 mL). TMEDA = N,N,N’,N’-tetramethylethylenediamine. BPin = 

bis(pinacolato)diboron.  

Table 4.5 Screening of solvents 

With the optimal results in hand, the effect of light sources was then evaluated 

(Table 4.6). Three different light sources were studied, the standard blue LED strips, 

Kessil lamps and homemade LED plates (from ICIQ workshop). As shown more 

powerful 2x Kessil Lamps (with fans) gave a slightly lower yield of the desired 

product. Notably, temperature played an important role for the reaction success, hence 

a cooling fan was required to keep the temperature around 30 oC.  

Finally, we carried out the corresponding control experiments in order to show 

that all reaction parameters were critical for reaction success (Table 4.7). As shown, 

no reactivity was observed when the reaction was carried out in the absence of nickel, 

ligand, photocatalyst, electron donor or light irradiation. 
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a Reaction Conditions: 4.5.1a (0.4 mmol, 2.0 equiv), 4.5.2a (0.20 mmol, 1.0 equiv), 4.5.3a (0.50 

mmol, 2.5 equiv), NiCl2·DME (3.3 mg, 7.5 mol%), L4.5.1 (2.3 mg, 7.5 mol%), 4CzIPN (7.9 mg, 5 

mol%), TMEDA (90 uL, 0.60 mmol, 3.0 equiv), MeCN (3.0 mL) at 30 ℃ under irradiation of blue 

LEDs with a fan for 20 hours. b 1H NMR yields were determined by using CH2Br2 as internal standard. 

TMEDA = N,N,N’,N’-tetramethylethylenediamine. BPin = bis(pinacolato)diboron.  

Table 4.6 Screening of light source 

 
a Reaction Conditions: 4.5.1a (0.4 mmol, 2.0 equiv), 4.5.2a (0.20 mmol, 1.0 equiv), 4.5.3a (0.50 

mmol, 2.5 equiv), NiCl2·DME (3.3 mg, 7.5 mol%), L4.5.1 (2.3 mg, 7.5 mol%), 4CzIPN (7.9 mg, 5 

mol%), TMEDA (90 uL, 0.60 mmol, 3.0 equiv), MeCN (3.0 mL) at 30 ℃ under irradiation of blue 

LEDs with a fan for 20 hours. b 1H NMR yields were determined by using CH2Br2 as internal standard. 

c Isolated yield. TMEDA = N,N,N’,N’-tetramethylethylenediamine. BPin = bis(pinacolato)diboron.  

Table 4.6 Control experiments 
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4.5.2 Preparative Substrate Scope  

4.5.2.1 Scope of Aryl Bromides  

With a set of aryl bromides in hand, we tested their performance under the 

optimized reaction conditions. As shown in Scheme 4.27, the scope of aryl halides 

turned out to be rather wide regardless of the electronic and steric parameters of the 

substituents on the arene partner. Note, however, that the addition of LiCl was 

required in some cases to reach high conversion to products.46 A series of functional 

groups such as esters (4.5.4a, 4.5.4h, 4.5.4k, 4.5.4n, 4.5.4q), nitriles (4.5.4c, 4.5.4s), 

sulfonamides (4.5.4m, 4.5.4p), sulfones (4.5.4g), acetals (4.5.4o) and ketones (4.5.4f) 

were all well tolerated, thus illustrating the chemoselectivity profile of our reaction. It 

is worth mentioning that no reaction occurred at unactivated olefin site when the 

substrate possessing an external unactivated olefin (4.5.4h).34 More interestingly, aryl 

boronic esters (4.5.4i) and aryl halides (4.5.4j, 4.5.4r, 4.5.4s, 4.5.4t) were well 

tolerated, thus leaving ample room for further derivatization via classical 

redox-neutral cross-coupling reactions.47 Notably, this reaction can be executed on a 

gram scale, affording 4.5.4r without significant erosion in yield. Related to this work, 

a 1,2-dicarbofunctionalizations of vinyl boronates using dual catalysis was also 

reported concurrently by Aggarwal and co-workers.48 Inspired by our work, very 

recently, Fu and co-workers developed a Ni-catalyzed 1,2-dialkylation of vinyl 

boronates with two alkyl halides using Mn as reductant.49 
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 a Reaction Conditions: 4.5.1 (0.4 mmol, 2.0 equiv), 4.5.2 (0.20 mmol, 1.0 equiv), 4.5.3 (0.50 mmol, 

2.5 equiv), NiCl2·DME (3.3 mg, 7.5 mol%), L4.5.1 (2.3 mg, 7.5 mol%), 4CzIPN (7.9 mg, 5 mol%), 

TMEDA (90 uL, 0.60 mmol, 3.0 equiv), MeCN (3.0 mL) at 30 ℃ under irradiation of blue LEDs with 

a fan for 20 hours, yields of isolated products given, average of at least two independent runs. b 

Ir(ppy)2bpyPF6 (2 mol%), Ni(COD)2 (7.5 mol%), L4.5.2 (7.5 mol%), LiCl (0.5–0.6 mmol). c Yield of 

isolated product upon oxidation with NaBO3. d Isolated yield of the corresponding BF3K salts upon 

exposure to KHF2. e Ni(COD)2 (7.5 mol%), L4.5.2 (7.5 mol%). f 4.5.4r (5.0 mmol) was used. TMEDA 

= N,N,N’,N’-tetramethylethylenediamine. BPin = bis(pinacolato)diboron.  

Scheme 4.27. Scope with aryl bromides 
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4.5.2.2 Scope of Alkyl Bromides and Olefin Acceptors 

Encouraged by these results, we wondered whether our 1,2-difunctionalization 

protocol could be extended to alkyl halides and alkenes other than 4.5.2a and 4.5.3a, 

respectively. As shown in Scheme 4.28, this turned out to be the case and a variety of 

tertiary alkyl bromides bearing different groups on the side-chain could be used as 

coupling partners (4.5.5a-4.5.5f). Notably, olefins end-capped with phthalimides 

(4.5.5g), esters (4.5.5h, 4.5.5i) and phosphonates (4.5.5j) could be utilized as 

counterparts in lieu of 4.5.2a, albeit in slightly lower yields. 

 

a Reaction Conditions: 4.5.1 (0.4 mmol, 2.0 equiv), 4.5.2 (0.20 mmol, 1.0 equiv), 4.5.3 (0.50 mmol, 

2.5 equiv), NiCl2·DME (3.3 mg, 7.5 mol%), L4.5.1 (2.3 mg, 7.5 mol%), 4CzIPN (7.9 mg, 5 mol%), 

TMEDA (90 uL, 0.60 mmol, 3.0 equiv), MeCN (3.0 mL) at 30 ℃ under irradiation of blue LEDs with 

a fan for 20 hours, yields of isolated products given, average of at least two independent runs. b dr = 

2.8:1. c Ni(COD)2 (7.5 mol%), L4.5.2 (7.5 mol%). d d r  =  1 : 1 . e 4.5.3a (0.6 mmol), L4.5.2 (7.5 

mol%) was used instead of L4.5.1 for 36 hours. f Isolated yield.  

Scheme 4.28. Scope with tertiary alkyl bromides and olefin acceptors 
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4.5.2.3 Unsuccessful Substrates 

During the study of the generality of our 1,2-dicarbofunctionalization reaction, 

we found that a variety of substrates either failed to provide the desired product or 

resulted in lower yield (around 20-30% yield) (Scheme 4.29). Generally, electron-rich 

aryl bromide (4.5.1x, 4.5.1y) provided lower yields than electron-deficient aryl 

bromides, probably due to slower oxidative addition with nickel. Additionally, we also 

found that ortho-substituted aryl bromides led to more deborylative side products 

(4.5.1u, 4.5.1v). Not surprisingly, heterocycles with strong coordinating groups 

presented lower reactivity, thus indicating that such motifs likely compete for metal 

binding (4.51z-4.5.1ad).  

Unfortunately, - or -substituted vinyl boronates failed to participate in the 
targeted difunctionalization event, which suggested that steric effects of the acceptor 

alkene have a profound influence on reactivity (4.5.2g-4.5.2i). Electron-rich olefins 

were also not tolerated under reaction conditions, due to the mismatched polarity 

(4.5.2f, 4.5.2k, 4.5.2n and 4.5.2o). In addition, the utilization of secondary alkyl 

bromides resulted in unavoidable competitive cross-electrophile coupling between the 

two distinct organic halides (4.5.3h-4.5.3j).50 Importantly, we also examined other 

alkyl electrophiles apart from alkyl bromide, such as redox activated esters51 (4.5.3k) 

and pyridinium salts52 (4.5.3l), but only 10% yield was obtained under optimized 

conditions.  
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Scheme 4.29. Unsuccessful substrates 

4.5.3 Synthetic Applicability 

The utility of our methodology is further illustrated via derivatization of 4.5.4r 

(Scheme 4.30). As initially anticipated, a canonical oxidation with NaBO3 cleanly 

delivered 4.5.11 in good yields.53 The introduction of (hetero)aryl motifs were within 

reach by treatment with organolithium reagents (4.5.8)54 or Suzuki-Miyaura protocols 

(4.5.9)55. Likewise, the incorporation of a vinyl halides (4.5.10)56 or ketone backbones 

(4.5.6, 4.5.7)57,58 at the C−B terminus could also be carried out. 
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Scheme 4.30. Synthetic application of 4.5.4r 

With these results in hand, we next wondered whether our 

1,2-difunctionalization strategy could be applied in the synthesis of more complicated 

molecules. For example, compound 4.5.16 has been reported to show strong 

bioactivity against membrane protein FLAP.59 As the FLAP inhibitor 4.5.16 has been 

synthesized by Merck in 12 steps,59 we anticipated that through employing our 

method its preparation could be reduced to 3 steps. The targeted synthesis would 

include the 1,2-difunctionalization of vinyl boronate, then followed by Pd-catalyzed 

Suzuki-Miyaura coupling and base promoted etheration. As expected, we could obtain 

the key intermediate 4.5.13 in 30% yield using easily aviliable 4.5.12, vinyl boronate 

(4.5.2a) and t-BuBr (4.5.3a) as starting material. Unfortunately, since we could not 

improve the yield of 4.5.13, we didn’t pursue the systhesis of 4.5.16 further.  

Scheme 4.31. Prelimenary experiments for the synthesis of 4.5.16 
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4.5.4 Mechanistic Experiments 

4.5.4.1 Stern-Volmer Quenching Experiments 

With the preparative results of our dicarbofunctionalization in hand, we next 

focused our attention to elucidate the mechanism of our protocol. In order to do so, 

we started by studying the Stern-Volmer luminescence (Figures 4.1-4.3). As shown in 

Figure 4.1, 4CzIPN was irradiated and the emission intensity at 435 nm was observed. 

The UV-Vis spectra of 4CzIPN was measured at 0.01 mM and 0.05 mM 

concentration, no significant change could be observed when adding t-BuBr or ArBr 

or TMEDA. Additionally, no quenching effect was observed when adding different 

amounts of t-BuBr (Figure 4.2). However, a significant decrease of 4CzIPN 

luminescence was observed when increasing the loading of TMEDA, thus suggesting 

the excited state of 4CzIPN was quenched by TMEDA. These experiments supported 

the notion that a reductive quenching photocatalytic cycle is occurring, whereby a 

transient carbon-centered radical is generated via single-electron-transfer (SET) from 

the reduced photocatalyst to a tertiary alkyl halide, with TMEDA serving as sacrificial 

electron donor. 

 

Figure 4.1. UV-Vis spectra of the photocatalyst 

t-BuBr: No quenching effect was observed when t-BuBr was added (Figure 4.2). 
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Figure 4.2. The Stern-Volmer of t-BuBr 

TMEDA: A stock solution of TMEDA (6 µL, 0.04 mmol) in 4 ml of MeCN was 

prepared (C0 = 10 mM). Then, different amounts (5 µL, 5 µL, 10 µL, 10 µL, 10 µL, 

10 µL, 30 µL, 20 µL) of this stock solution were added to a solution of the 

photocatalyst 4CzIPN in MeCN (0.01 M). As shown, a significant decrease of 

4CzIPN luminescence was observed, suggesting that the mechanism might operate 

via a canonical photocatalytic cycle consisting of a reductive quenching with 

TMEDA. 
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Figure 4.3. The Stern-Volmer of TMEDA 

4.5.4.2 Radical Trapping Experiments 

As expected, the formation of 4.5.4a was significantly inhibited when adding 

1,4-cyclohexadiene, TEMPO or 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as 

spin-trapping reagents in the reaction (Figure 4.4). Moreover, the generation of an 

open-shell radical intermediate was further corroborated by exclusively forming 

five-membered 4.5.19 and 4.5.20 from the corresponding dienes under our optimized 

reaction conditions (Scheme 4.32).60 Notably, EPR experiment was also measured at 

77K (liquid nitrogen), presenting the g-value is 2.0006 (Figure 4.5). This experiment 

confirm the intermediacy of alkyl radical under our reaction conditions. 
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Figure 4.4. Radical trapping experiments 

 

Scheme 4.32. Radical trapping experiments with radical probes 

 

 

Figure 4.5. EPR experiment of reaction system under irradiation 

4.5.4.3 Stoichiometric Experiments of Oxidative Addition Complex Ni-4.5.1 

To further elucidate the mechanism, we decided to isolate the putative oxidative 

addition complex. In order to do so, we prepared Ni-4.5.1 by exposing 

4-trifluoromethyl bromobenzene 4.5.1b to Ni(COD)bpy in THF at room temperature. 

Under these conditions, we could isolate Ni-4.5.1 in pure form and in high yield. As 

g-value is 2.0006 
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expected, Ni-4.5.1 was shown to be catalytically competent in the reaction, leading to 

4.5.4b in a comparable yield as shown in Scheme 4.27 (Scheme 4.33, bottom). More 

importantly, stoichiometric experiments with Ni-4.5.1 revealed that 4.5.4b could only 

be obtained in the presence of TMEDA (Scheme 4.33, top), suggesting that TMEDA 

played an important role for the reaction success.  

 

Scheme 4.33. Stoichiometric experiments of Ni-4.5.1 

4.5.4.4 Recovery of the Photocatalyst (4CzIPN)  

Finally, we found that the photocatalyst could been recovered in quantitative 

yield, indicating that the photocatalyst was not decomposed after the reaction 

completion.  

 

Figure 4.6. (a) 1H NMR of 4CzIPN before the reaction. (b) 1H NMR of 4CzIPN 

after the reaction. 
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4.5.4.5 Mechanism Proposal 

Based on the preliminary results presented above, at present we propose a 

mechanistic rationale. As shown in scheme 4.34, the nucleophilic radical III would be 

generated by single-electron-transfer (SET) from the corresponding alkyl bromide 

and would preferentially add to electron-deficient vinyl boronate in a regioselective 

manner to yield an -boron-stabilized radical IV. Concurrently, the ArNi(II)Br 

species II resulting from the oxidative addition of aryl bromide to Ni(0) recombined 

with -boron-stabilized radical IV to produce the key intermediate Ni(III) complex V. 

Finally, the desired product would be released through reductive elimination and 

regeneration of Ni(0) (I) to close the catalytic cycle via another SET reduction of the 

Ni(I)−X (VI).  

 

Scheme 4.34 Mechanism proposal 
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4.6 Conclusion 

In summary, we have developed a modular chemo- and regioselective 

1,2-difunctionalization of simple vinyl boronates with readily available organic 

halides by nickel and photoredox dual catalytic platform. This protocol not only 

provides a new technique for preparing densely functionalized alkyl boron fragments 

from simple and accessible precursors but also serves as a testament to the viability of 

conducting a reductive cross-coupling of three different electrophiles in a synergistic 

manner. Moreover, the scope of our 1,2-dicarbofunctionalization can be extended to 

other electron-deficient olefins beyond vinyl boronates. Unfortunately, our 

1,2-difunctionalization strategy is mainly restricted to tertiary alkyl bromides, but 

efforts to incorporate primary and secondary alkyl halides are currently ongoing in 

our lab. Preliminary mechanistic studies were carried out, which indicated that the 

reaction proceeds with an in-situ generated tertiary alkyl radical adding across a vinyl 

boronate in a regioselective manner prior to recombination with an oxidative addition 

species.  
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4.8 Experimental Section 

4.8.1 General Considerations 

Reagents. Commercially available materials were used as received without further 

purification. Ni(COD)2 (98% purity) was purchased from Strem, NiCl2·glyme (97% 

purity), 2,2′-dipyridyl (bpy, 99% purity), 4,4′-Di-tert-butyl-2,2′-dipyridyl (dtbppy, 98% 

purity), Lithium chloride (LiCl, 99% purity) were purchased from Aldrich, 

N,N,N',N'-Tetramethylethylenediamine (TMEDA, 98% purity) was purchased from 

Fluorochem, 4,4,5,5-Tetramethyl-2-vinyl-1,3,2-dioxaborolane (Vinyl Bpin, 93% purity, 

stabilized with Phenothiazine) was purchased from TCI, anhydrous Acetonitrile (99.5% 

purity) was purchased from Acros or Scharlau. Most of the organic halides utilized in this 

reaction and other reagents were commercially available. 

 

Analytical methods. 1H and 13C NMR spectra were recorded on Bruker 300 MHz, 

Bruker 400 MHz and Bruker 500 MHz at 20 °C. All 1H NMR spectra are reported in 

parts per million (ppm) downfield of TMS and were calibrated using the residual solvent 

peak of CHCl3 (7.26 ppm), unless otherwise indicated. All 13C NMR spectra are reported 

in ppm relative to TMS, were calibrated using the signal of residual CHCl3 (77.16 ppm), 
11B NMR and 19F NMR were obtained with 1H decoupling unless otherwise indicated. 

Coupling constants, J, are reported in Hertz. Melting points were measured using open 

glass capillaries in a Büchi B540 apparatus. Gas chromatographic analyses were 

performed on Hewlett-Packard 6890 gas chromatography instrument with FID detector. 

Flash chromatography was performed with EM Science silica gel 60 (230-400 mesh). 

Thin layer chromatography was used to monitor reaction progress and analyze fractions 

from column chromatography. To this purpose TLC Silica gel 60 F254 aluminum sheets 

from Merck were used and visualization was achieved using UV irradiation and/or 

staining with Cerium Molybdate Stain (Hanessian's Stain). The procedures described in 

this section are representative. Thus, the yields may differ slightly from those given in the 

Schemes of the manuscript. In the cases the High-Resolution Mass Spectra of the 

molecular ion could not be obtained using ESI and APCI ionization modes the GC-MS of 

the compound was given.  
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4.8.2 General Procedure for Optimization of the Reaction Conditions 

General procedure: An oven-dried 8 mL screw-cap test tube containing a stirring bar 

was charged with 4CzIPN (7.9 mg, 5 mol%), the corresponding ligand (7.5 mol%) 

and methyl 4-benzoate (4.5.1a, 86.0 mg, 0.4 mmol, 2.0 equiv). Then the tube was 

sealed with a Teflon-lined screw cap, and was brought into the glovebox. The 

corresponding nickel sources (7.5 mol%) was added. Afterwards, the tube was 

brought out, then Vinyl Bpin (4.5.2a, 35 µL, 0.2 mmol, 1.0 equiv), 

2-bromo-2-methylpropane (4.5.3a, 56 µL, 0.5 mmol, 2.5 equiv), TMEDA (90 µL, 0.6 

mmol, 3.0 equiv) and anhydrous MeCN (3.0 mL) were added via syringe. Then, the 

tube was stirred at 30 ℃ under irradiation of blue LEDs with a fan for 20 hours. After 

the reaction was completed, the mixture was diluted with EtOAc, filtered through 

silica gel and concentrated under vacuum. The yields were determined by 1H NMR 

analysis using CH2Br2 as internal standard. If needed, the product was purified by 

column chromatography on silica gel (Hexane/EtOAc = 60:1 to 30:1). Note: The 

reaction gave good yield when it became yellow turbid liquid after 20 hours, if not 

extend time until the color changed.  

 

         

Before reaction          During reaction          After reaction 
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4.8.3 Synthesis of Starting Materials 

Commercially available compounds were used as received without further 
purification. (4-bromo-4-methylcyclohexyl)benzene (4.5.3c),1 
1-bromo-1-methylcyclododecane (4.5.3d),2 (3-bromo-3-methylbutyl)benzene 
(4.5.3e)3 and ((3-bromo-3-methylbutoxy)methyl) benzene (4.5.3f)4 were prepared by 
known procedures, the NMR data matched those reported previously in the literature. 

4.8.3.1 Procedure for the Preparation of Tertiary Bromides 

 

General procedure: To the corresponding tertiary alcohol (5.0 − 10.0 mmol, 1.0 equiv) 
was added bromotrimethylsilane (5.0 − 10.0 mmol, 1.0 equiv) dropwise under Ar. The 
reaction mixture was stirring at rt for 15 hours, then diluted with DCM (5 mL) and 
hexane (5−10 mL according to the polarity of the product). The resulting solution was 
subjected on a pad of silica gel directly and washed with a mixture of DCM and hexane 
(1:2 or 1:1). The filtrate was concentrated and dried under vacuum to give the final 
product in good quality. If not, further purification can be performed by flash column 
chromatography. 

 
6-Bromo-2,6-dimethyloctane (4.5.3g): To 3,7-Dimethyloctan-3-ol (1.91 mL, 10.0 
mmol, 1.0 equiv) was added bromotrimethylsilane (1.32 mL, 10.0 mmol, 1.0 equiv) 
dropwise under argon. The reaction mixture was stirring at rt for 15 hours, then 
diluted with DCM (5 mL) and hexane (10 mL). The resulting solution was subjected 
on a pad of silica gel directly and washed with a mixture of DCM and hexane (1:1, 20 
mL). The filtrate was concentrated and dried under vacuum to give the final product 
4.5.5g (2.08 g, 94%) as a colorless liquid, used without further purification. 1H NMR 
(400 MHz, CDCl3): δ 1.96 – 1.73 (m, 4H), 1.70 (s, 3H), 1.59 – 1.42 (m, 3H), 1.19 (q, 
J = 7.4 Hz, 2H), 1.03 (t, J = 7.4 Hz, 3H), 0.89 (d, J = 6.6 Hz, 6H) ppm. 13C NMR 
(101 MHz, CDCl3): δ 75.2, 45.3, 39.1, 38.3, 31.2, 28.0, 23.7, 22.7, 10.5 ppm. IR (neat, 
cm-1): 2952, 1458, 1379, 1139, 844, 794, 735. GC-MS calcd. for (C10H21) [M-Br]: 
found t = 4.540 min, m/z = 141.1. 
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4.8.4 Site-Selective 1,2-Dicarbofunctionalization of Vinyl Boronates 

 

 

General procedure: An oven-dried 8 mL screw-cap test tube containing a stirring bar 
was charged with 4CzIPN (7.9 mg, 5 mol%), 2,2′-dipyridyl (L4.5.1, 2.3 mg, 7.5 mol%) 
and aryl bromide (4.5.1, 0.4 mmol, 2.0 equiv). Subsequently, the tube was sealed with a 
Teflon-lined screw cap and the tube was brought into the glovebox. After then 
NiCl2·glyme (3.3 mg, 7.5 mol%) was added. Afterwards, the tube was brought out, then 
Vinyl Bpin (4.5.2a, 35 µL, 0.2 mmol, 1.0 equiv), tertiary bromide (4.5.3, 0.5 mmol, 2.5 
equiv), TMEDA (90 µL, 0.6 mmol, 3.0 equiv) and anhydrous MeCN (3.0 mL) were 
added via syringe. Then, the tube was stirred at 30 ℃ under irradiation of blue LEDs with 
a fan for 20 – 36 h. After the reaction was completed, the mixture was diluted with 
EtOAc, filtered through silica gel to remove inorganic salts and concentrated under 
vacuum. The yields were determined by 1H NMR analysis using CH2Br2 as internal 
standard. The product was purified by column chromatography on silica gel. NOTE: care 
must be taken when purifying the products via regular column chromatography. We do 
recommend that these compounds should be worked up carefully, isolated as soon as 
possible, and preferably stored in the freezer at low temperatures.  

 

Methyl 4-(3,3-dimethyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl) 
benzoate (4.5.4a): Following the general procedure, by using methyl 
4-bromobenzoate (85.6 mg, 0.40 mmol), afforded 4.5.1a (86% NMR yield). After 
column chromatography purification (Hexane/EtOAc = 30:1) afforded (52 mg, 75%) 
as white solid. In an independent experiment, 49 mg (71% yield) were obtained, 
giving an average of 73% yield. Mp 92.8 – 93.7 oC.1H NMR (400 MHz, CDCl3) δ 
7.90 (d, J = 8.3 Hz, 2H), 7.28 (d, J = 8.3 Hz, 2H), 3.87 (s, 3H), 2.47 (dd, J = 9.4, 4.2 
Hz, 1H), 2.02 (dd, J = 13.4, 9.5 Hz, 1H), 1.51 (dd, J = 13.4, 4.2 Hz, 1H), 1.27 – 1.19 
(m, 1H), 1.11 (brs, 12H), 0.88 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 167.4, 
150.9, 129.7, 128.3, 127.1, 83.6, 52.0, 46.1, 31.6, 29.8, 24.6, 24.5 ppm. 11B NMR 
(128 MHz, CDCl3) δ 34.09 ppm. IR (neat, cm-1): 2976, 2950, 2898, 2868, 1716, 1607, 
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1468, 1436, 1364, 1326, 1275, 1182, 1135, 1106, 1020, 962. HRMS calcd. for 
(C20H32O4B) [M+H]+: 346.2424 found 346.2427. 

 

2-(3,3-dimethyl-1-(4-(trifluoromethyl)phenyl)butyl)-4,4,5,5-tetramethyl-1,3,2-dio
xaborolane (4.5.4b): Following the general procedure, by using 
1-bromo-4-(trifluoromethyl)benzene (56 uL, 0.40 mmol), afforded 4.5.4b (81% NMR 
yield). After column chromatography purification (Hexane/EtOAc = 40:1) afforded 
(53 mg, 74%) as white solid. In an independent experiment, 53 mg (74% yield) were 
obtained, giving an average of 74% yield. Mp. 93.8 – 94.9 oC. 1H NMR (400 MHz, 
CDCl3) δ 7.48 (d, J = 8.0 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 2.47 (dd, J = 9.6, 4.0 Hz, 
1H), 2.03 (dd, J = 13.4, 9.6 Hz, 1H), 1.50 (dd, J = 13.4, 4.0 Hz, 1H), 1.14 (brs, 12H), 
0.90 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 149.5 (q, J = 1.6 Hz), 128.5, 127.4 
(q, J = 32.2 Hz), 125.3 (q, J = 3.7 Hz), 124.7 (q, J = 272.6 Hz), 83.6, 46.4, 31.6, 29.8, 
24.7, 24.6 ppm. 19F NMR (376 MHz, CDCl3) δ -62.3 ppm. 11B NMR (128 MHz, 
CDCl3) δ 33.29 ppm. IR (neat, cm-1): 2999, 2860, 2868, 1615, 1470, 1365, 1320, 
1257, 1165, 1140, 1109, 1067, 1018, 951. GC-MS calcd. for (C19H28O2BF3) [M]+: 
found t = 5.992 min, m/z = 356.2. 

 
4-(3,3-dimethyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl)benzonitrile 
(4.5.4c): Following the general procedure, by using 4-bromobenzonitrile (72.8 mg, 
0.40 mmol), afforded 4.5.4c (70% NMR yield). After column chromatography 
purification (Hexane/EtOAc = 25:1) afforded (33 mg, 53%) as white solid. In an 
independent experiment, 30 mg (48% yield) were obtained, giving an average of 51% 
yield. Mp. 106.1 – 107.6 oC. 1H NMR (400 MHz, CDCl3) δ 7.54 – 7.49 (m, 2H), 7.34 
– 7.30 (m, 2H), 2.47 (dd, J = 9.3, 4.3 Hz, 1H), 2.01 (dd, J = 13.4, 9.3 Hz, 1H), 1.49 
(dd, J = 13.4, 4.3 Hz, 1H), 1.13 (brs, 12H), 0.88 (s, 9H) ppm. 13C NMR (101 MHz, 
CDCl3) δ 151.2, 132.2, 129.0, 119.5, 108.9, 83.8, 46.0, 31.7, 29.8, 24.7, 24.6 ppm. 11B 
NMR (128 MHz, CDCl3) δ 34.44 ppm. IR (neat, cm-1): 2975, 2952, 2866, 2228, 1603, 
1503, 1471, 1364, 1342, 1328, 1292, 1212, 1138, 962. HRMS calcd. for 
(C19H29NO2B) [M+H]+: 313.2322 found 313.2323. 
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2-(3,3-dimethyl-1-(4-(methylthio)phenyl)butyl)-4,4,5,5-tetramethyl-1,3,2-dioxabo
rolane (4.5.4d): Following the general procedure, but using Ni(COD)2 (4.1 mg, 7.5 
mol%), L4.5.2 (4.0 mg, 7.5 mol%), Ir(ppy)2(bpy)PF6 (3.2 mg, 2 mol%), LiCl (25.2 

mg, 0.6 mmol) and 4-bromothioanisole (81.2 mg, 0.4 mmol), afforded 4.5.4d (31.0 
mg, 46% yield) as a light yellow solid. In another independent experiment, 32.1 mg 
(48 % yield) were obtained, giving an average of 47 % yield. Mp. 71.9 – 72.4 oC. 1H 
NMR (400 MHz, CDCl3) δ 7.15 (s, 4H), 2.45 (s, 3H), 2.35 (dd, J = 9.9, 3.9 Hz, 1H), 
1.99 (dd, J = 13.3, 9.9 Hz, 1H), 1.46 (dd, J = 13.3, 3.9 Hz, 1H), 1.14 (d, J = 1.4 Hz, 
12H), 0.89 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 142.1, 134.1, 128.7, 127.2, 
83.3, 46.5, 31.4, 29.7, 24.6, 24.4, 16.4 ppm. 11B NMR (128 MHz, CDCl3) δ 33.48 
ppm. IR (neat, cm-1): 2953, 2862, 1466, 1438, 1362, 1319, 1209, 1139, 1012, 965, 
863, 839, 814, 732, 692, 672. GC-MS calcd. for (C19H31BO2S) [M] +: found t = 7.518 
min, m/z = 334.2.  

 

1-(4-(tert-Butyl)phenyl)-3,3-dimethylbutan-1-ol (4.5.4e´): Following the general 
procedure, but using Ni(COD)2 (4.1 mg, 7.5 mol%), L4.5.2 (4.0 mg, 7.5 mol%), 
Ir(ppy)2(bpy)PF6 (3.2 mg, 2 mol%), LiCl (25.2 mg, 0.6 mmol) and 

1-bromo-4-(tert-butyl)benzene (70.0 µL, 0.40 mmol), afforded 4.5.4e (71% and 69% 
NMR yields in two independent experiments) was subjected to the oxidation 
conditions and the corresponding oxidation product was collected as a white solid 
4.5.4e´ (27.0 mg, 58% yield) through column purification (Hexane/EtOAc = 25:1 to 
20:1). In an independent experiment, 29 mg (62% yield) were obtained, giving an 
average of 60% yield. Mp. 41.9 – 42.5 oC. 1H NMR (400 MHz, CDCl3) δ 7.37 (d, J = 
8.4 Hz, 2H), 7.28 (d, J = 8.4 Hz, 2H), 4.82 (dd, J = 8.6, 3.3 Hz, 1H), 1.77 (dd, J = 
14.5, 8.6 Hz, 1H), 1.64 (s, 1H), 1.60 (dd, J = 14.5, 3.3 Hz, 1H), 1.32 (s, 9H), 1.01 (s, 
9H) ppm. 13C NMR (101 MHz, CDCl3) δ 150.3, 143.5, 125.5, 125.4, 72.3, 52.8, 34.5, 
31.4, 30.5, 30.2 ppm. IR (neat, cm-1): 3401, 2948, 2865, 1505, 1464, 1370, 1280, 
1081, 1011, 963, 738, 695. HRMS calcd. for (C16H26NaO) [M+Na] +: 257.1876 found 
257.1877.  
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1-(4-(3,3-dimethyl-1-(trifluoroborate)butyl)phenyl)ethan-1-one, potassium salt 
(4.5.4f´): Following the general procedure, by using 4-bromo-acetophenone (80 mg, 
0.40 mmol). After the reaction was completed, the crude reaction through Celite, the 
solvent was removed. The crude material was added to a round bottom flask equipped 
with a stirrer bar. MeOH (0.5 M) was added to the flask, and the solution was cooled 
to 0 oC in an ice-water bath. After cooling for 5 min, aq. KHF2 (3.5 equiv, 4.5 M) was 
added dropwise via syringe. The ice-water bath was removed after completion of the 
addition, and the reaction was allowed to stir at rt overnight. The solvent was 
removed under vacuum and the resulting crude solid was taken up in boiling acetone 
(three to five portions), filtered to remove inorganic salts. The filtrate was 
concentrated via rotary evaporation, and the crude solid was washed with a 1:1 
mixture of Pentane/CH2Cl2 then CH2Cl2 to afford 4.5.4f´ (44.7 mg, 72% yield) as a 
colorless solid. In another independent experiment, 37.3 mg (60% yield) were 
obtained, giving an average of 66% yield. Mp. 152.4 – 153.2 oC. 1H NMR (400 MHz, 
d6-Acetone): δ 7.72 (d, J = 8.4 Hz, 2H), 7.27 (d, J = 8.3 Hz, 2H), 2.48 (s, 3H), 1.97 (s, 
1H), 1.83 – 1.72 (m, 2H), 0.72 (s, 9H) ppm. 13C NMR (101 MHz, d6-Acetone): δ 
196.6, 160.0, 132.1, 128.3, 127.1, 45.0, 32.1, 29.9, 25.5 ppm. 11B NMR (128 MHz, 
d6-Acetone) δ 4.44 ppm. IR (neat, cm-1): 3622, 2950, 2906, 2862, 1668, 1598, 1416, 
1363, 1278, 1179, 1165, 1085, 1046, 955. HRMS calcd. for [C14H19BF3O-] [M-K] -: 
270.1523 found 270.1530.  

 
2-(3,3-dimethyl-1-(4-(methylsulfonyl)phenyl)butyl)-4,4,5,5-tetramethyl-1,3,2-diox
aborolane (4.5.4g): Following the general procedure, by using 
1-bromo-4-(methylsulfonyl)benzene (94.1 mg, 0.40 mmol), afforded 4.5.4g (48.4 mg, 
66% yield) as a white solid. In another independent experiment, 57.1 mg (78% yield) 
were obtained, giving an average of 72% yield. Mp. 133.9 – 134.5 oC. 1H NMR (400 
MHz, CDCl3) δ 7.80 (d, J = 8.4 Hz, 2H), 7.41 (d, J = 8.4 Hz, 2H), 3.03 (s, 3H), 2.51 
(dd, J = 9.3, 4.1 Hz, 1H), 2.10 – 1.97 (m, 1H), 1.50 (dd, J = 13.3, 4.2 Hz, 1H), 1.13 (s, 
12H), 0.89 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 142.1, 134.1, 128.7, 127.2, 
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83.3, 46.5, 31.4, 29.7, 24.6, 24.4, 16.4 ppm. 11B NMR (128 MHz, CDCl3) δ 33.31 
ppm. IR (neat, cm-1): 2952, 1592, 1472, 1363, 133, 1299, 1136, 1088, 965, 839, 773, 
729, 670. HRMS calcd. for (C19H31NaBO4S) [M+Na] +: 388.1965 found 388.1965. 

 
hex-5-en-1-yl 4-(3,3-dimethyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) 
butyl) benzoate (4.5.4h): Following the general procedure, by using hex-5-en-1-yl 
4-bromobenzoate (118.9 mg, 0.40 mmol), afforded 4.5.4h (82% NMR yield). After 
column purification (Hexane/EtOAc = 30:1), afforded 4.5.4h (49.8 mg, 60% yield) as 
a colorless oil. In another independent experiment, 48.1 mg (58% yield) were 
obtained, giving an average of 58% yield. 1H NMR (400 MHz, CDCl3) δ 7.91 (d, J = 
8.4 Hz, 2H), 7.29 (d, J = 8.3 Hz, 2H), 5.82 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.03 (ddd, 
J = 17.1, 3.5, 1.6 Hz, 1H), 4.97 (ddt, J = 10.2, 2.1, 1.2 Hz, 1H), 4.29 (t, J = 6.6 Hz, 
2H), 2.47 (dd, J = 9.4, 4.2 Hz, 1H), 2.17 – 2.09 (m, 2H), 2.02 (dd, J = 13.4, 9.4 Hz, 
1H), 1.81 – 1.73 (m, 2H), 1.59 – 1.49 (m, 3H), 1.13 (d, J = 1.3 Hz, 12H), 0.89 (s, 9H) 
ppm. 13C NMR (101 MHz, CDCl3) δ 166.9, 150.7, 138.4, 129.6, 128.1, 127.3, 114.8, 
83.4, 64.6, 46.1, 33.3, 31.5, 29.7, 28.2, 25.3, 24.5, 24.4 ppm. 11B NMR (128 MHz, 
CDCl3) δ 32.34 ppm. IR (neat, cm-1): 2977, 2950, 2905, 2866, 1718, 1608, 1365, 
1326, 1273, 1143, 1107. HRMS calcd. for (C25H39NaBO4) [M+Na] +: 437.2834 found 
437.2828.  

 

hex-5-en-1-yl 4-(1-hydroxy-3,3-dimethylbutyl)benzoate (4.5.4h´): 4.5.4h was 
dissolved in a mixture of THF and H2O (1:1, 8 mL). Then NaBO3·4H2O (654 mg, 
0.40 mmol) was added portion wise. The reaction mixture was stirred at room 
temperature for 4 h. After the reaction was completed, water (20 mL) was added. The 
aqueous phase was extracted with EtOAc (3 x 20 mL), and the combined organic 
phases were dried over MgSO4 and concentrated. The residue was purified by column 
chromatography (Hexane/EtOAc = 20:1), afforded 4.5.4h´ (80.3 mg, 66% yield after 
two steps) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 8.2 Hz, 2H), 
7.42 (d, J = 8.1 Hz, 2H), 5.84 (ddt, J = 16.9, 10.1, 6.6 Hz, 1H), 5.12 – 4.96 (m, 2H), 
4.90 (dt, J = 7.3, 3.2 Hz, 1H), 4.33 (t, J = 6.6 Hz, 2H), 2.15 (q, J = 7.3 Hz, 2H), 1.91 
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(s, 1H), 1.77 (ddd, J = 14.6, 10.3, 7.7 Hz, 3H), 1.63 – 1.49 (m, 3H), 1.02 (s, 9H) ppm. 
13C NMR (101 MHz, CDCl3) δ 166.5, 151.5, 138.4, 129.8, 129.4, 125.6, 114.9, 72.1, 
64.9, 53.0, 33.3, 30.6, 30.2, 28.2, 25.3 ppm. IR (neat, cm-1): 3495, 2949, 1698, 1269, 
1174, 1111, 1018, 991, 909, 858, 776, 745, 704. HRMS calcd. for (C19H28NaO3) 
[M+Na] +: 327.1931 found 327.1935. 

 

2-(4-(3,3-dimethyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl)phenyl)-4
,4,5,5-tetramethyl-1,3,2-dioxaborolane (4.5.4i): Following the general procedure, 
by using 2-(4-bromophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (113.2 mg, 0.40 
mmol), afforded 4.5.4i (76% NMR yield). After column chromatography purification 
(Hexane/EtOAc = 30:1) afforded 4.5.4i (49 mg, 59%) as white solid. In an 
independent experiment, 45 mg (55% yield) was obtained, giving an average of 57% 
yield. Mp. 134.8 – 136.1 oC. 1H NMR (400 MHz, CDCl3) δ 7.68 (d, J = 8.1 Hz, 2H), 
7.27 – 7.21 (m, 2H), 2.41 (dd, J = 9.7, 3.9 Hz, 1H), 2.02 (dd, J = 13.3, 9.7 Hz, 1H), 
1.50 (dd, J = 13.4, 3.9 Hz, 1H), 1.33 (s, 12H), 1.13 (left, s, 6H), 1.13 (right, s, 6H), 
0.89 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 148.6, 135.0, 127.8, 83.7, 83.4, 
46.5, 31.6, 29.8, 25.04, 25.0, 24.7, 24.6 ppm. 11B NMR (128 MHz, CDCl3) δ 31.77 
ppm. IR (neat, cm-1): 2980, 2950, 2866, 1605, 1467, 1390, 1355, 1318, 1271, 1165, 
1140, 1089, 1020, 972. HRMS calcd. for (C24H41O4B10B11) [M+H]+: 414.3222 found 
414.3216. 

 
2-(1-(3-bromophenyl)-3,3-dimethylbutyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolan
e (4.5.4j): Following the general procedure, but using Ni(COD)2 (4.1 mg, 7.5 mol%), 
L4.5.2 (4.0 mg, 7.5 mol%) and 1,3-dibromobenzene (49 µL, 0.40 mmol), afforded 
4.5.4j (58% NMR yield). After column purification (Hexane/EtOAc = 60:1 to 50:1) 
afforded 4.5.4j (35.0 mg, 48% yield) as a light yellow solid. In another independent 
experiment, 34.8 mg (47% yield) were obtained, giving an average of 47% yield. Mp. 
63.9 – 64.5 oC. 1H NMR (400 MHz, CDCl3) δ 7.42 (t, J = 1.8 Hz, 1H), 7.28 – 7.24 (m, 
1H), 7.18 (dt, J = 7.7, 1.3 Hz, 1H), 7.12 (t, J = 7.7 Hz, 1H), 2.38 (dd, J = 9.9, 3.8 Hz, 
1H), 2.02 (dd, J = 13.3, 9.9 Hz, 1H), 1.50 (dd, J = 13.3, 3.9 Hz, 1H), 1.18 (s, 12H), 
0.93 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 147.3, 131.2, 129.7, 128.1, 126.9, 
122.3, 83.4, 46.4, 31.4, 29.6, 24.6, 24.4 ppm. 11B NMR (128 MHz, CDCl3) δ 33.26 
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ppm. IR (neat, cm-1): 2951, 1563, 1472, 1364, 1324, 1207, 1139, 966, 852, 784, 686, 
662. HRMS calcd. for (C18H28NaBBrO2) [M+Na] +: 389.1258 found 389.1263. 

 
Methyl 3-(3,3-dimethyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl)benz 
-oate (4.5.4k): Following the general procedure, but using Ni(COD)2 (4.1 mg, 7.5 
mol%), L4.5.2 (4.0 mg, 7.5 mol%), Ir(ppy)2(bpy)PF6 (3.2 mg, 2 mol%), LiCl (25.2 

mg, 0.6 mmol) and methyl 3-bromobenzoate (86.1 mg, 0.40 mmol), afforded 4.5.4k 
(78% NMR yield). After column purification (Hexane/EtOAc = 30:1), afforded 
4.5.4k (47.0 mg, 68% yield) as a white solid. In another independent experiment, 47.5 
mg (68% yield) were obtained, giving an average of 68% yield. Mp. 96.5 – 97.1 oC. 
1H NMR (400 MHz, CDCl3) δ 7.94 (t, J = 1.7 Hz, 1H), 7.82 (dt, J = 7.7, 1.4 Hz, 1H), 
7.45 (dt, J = 7.7, 1.7 Hz, 1H), 7.32 (t, J = 7.7 Hz, 1H), 3.92 (s, 3H), 2.48 (dd, J = 9.7, 
4.0 Hz, 1H), 2.06 (dd, J = 13.3, 9.8 Hz, 1H), 1.53 (dd, J = 13.4, 4.0 Hz, 1H), 1.16 (s, 
12H), 0.92 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 167.4, 145.3, 132.9, 130.1, 
129.3, 128.2, 126.4, 83.4, 52.0, 46.4, 31.4, 29.7, 24.6, 24.4 ppm. 11B NMR (128 MHz, 
CDCl3) δ 33.50 ppm. IR (neat, cm-1): 2949, 1718, 1585, 1426, 1363, 1274, 1204, 
1139, 1105, 1082, 965, 861, 836, 763, 714, 672. GC-MS calcd. for (C20H31BO4) [M]+: 
found t = 7.359 min, m/z 346.2. 

 

2-(3,3-dimethyl-1-(3-(trifluoromethoxy)phenyl)butyl)-4,4,5,5-tetramethyl-1,3,2-di
oxaborolane (4.5.4l): Following the general procedure, but using Ni(COD)2 (4.1 mg, 
7.5 mol%), L4.5.2 (4.0 mg, 7.5 mol%), Ir(ppy)2(bpy)PF6 (3.2 mg, 2 mol%), LiCl 

(25.2 mg, 0.6 mmol) and 1-bromo-3-(trifluoromethoxy)benzene (96 mg, 0.40 mmol), 
afforded 4.5.4l (78% NMR yield). After column chromatography purification 
(Hexane/EtOAc = 60:1) afforded 4.5.4l (48 mg, 64%) as colorless oil. In an 
independent experiment, 45 mg (60% yield) were obtained, giving an average of 62% 
yield. Mp. 28.1 – 29.1 oC. 1H NMR (400 MHz, CDCl3) δ 7.24 (t, J = 8.0 Hz, 1H), 
7.19 – 7.09 (m, 2H), 7.00 – 6.94 (m, 1H), 2.42 (dd, J = 9.8, 4.0 Hz, 1H), 2.00 (dd, J = 
13.3, 9.8 Hz, 1H), 1.49 (dd, J = 13.3, 4.0 Hz, 1H), 1.14 (brs, 12H), 0.90 (s, 9H) ppm. 
13C NMR (101 MHz, CDCl3) δ 149.4 (q, J = 1.5 Hz), 147.5, 129.5, 126.9, 120.8, 
120.7 (q, J = 280.4 Hz), 117.7, 83.6, 46.4, 31.5, 29.8, 24.7, 24.5 ppm. 19F NMR (376 
MHz, CDCl3) δ –57.8 ppm. 11B NMR (128 MHz, CDCl3) δ 33.44 ppm. IR (neat, 
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cm-1): 2979, 2955, 2903, 2868, 1608, 1582, 1474, 1366, 1327, 1250, 1225, 1167, 
1137, 960. GC-MS calcd. for (C19H28O3BF3) [M]+: found t = 5.915 min, m/z = 372.2. 

 
1-((3-(3,3-dimethyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl)phenyl) 
sulfonyl)pyrrolidine (4.5.4m): Following general procedure, by using 
1-((3-bromophenyl)sulfonyl) pyrrolidine (116.2 mg, 0.40 mmol), afforded 4.5.4m (78% 
NMR yield). After column purification (Hexane/DCM = 2:1 to 1:1, then Hexane/ 
EtOAc = 3:1 to 2:1), afforded 4.5.4m (59.0 mg, 72% yield) as a white solid. In 
another independent experiment, 54.3 mg (66% yield) were obtained, giving an 
average of 69% yield. Mp. 89.7 – 90.3 oC.1H NMR (400 MHz, CDCl3) δ 7.71 (t, J = 
1.7 Hz, 1H), 7.58 (dt, J = 7.5, 1.5 Hz, 1H), 7.44 (dt, J = 7.6, 1.5 Hz, 1H), 7.37 (t, J = 
7.6 Hz, 1H), 3.27 – 3.18 (m, 4H), 2.52 – 2.44 (m, 1H), 2.06 – 1.97 (m, 1H), 1.75 – 
1.66 (m, 4H), 1.56 – 1.48 (m, 1H), 1.12 (s, 12H), 0.88 (s, 9H) ppm. 13C NMR (101 
MHz, CDCl3) δ 146.4, 136.5, 132.6, 128.7, 127.1, 124.2, 83.5, 47.9, 46.1, 31.5, 29.7, 
25.2, 24.5 (left), 24.5 (right) ppm. 11B NMR (128 MHz, CDCl3) δ 33.86 ppm. IR 
(neat, cm-1): 2952, 1467, 1364, 1328, 1206, 1139, 1083, 1005, 965, 860, 837, 760, 
721, 701, 669. HRMS calcd. for (C22H37BNO4S) [M+H]+: 421.2567 found 421.2574. 

 
methyl 2-(3,3-dimethyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl) 
benzoate (4.5.4n): Following general procedure, but using Ni(COD)2 (4.1 mg, 7.5 
mol%), L4.5.2 (4.0 mg, 7.5 mol%), Ir(ppy)2(bpy)PF6 (3.2 mg, 2 mol%), LiCl (25.2 

mg, 0.6 mmol) and methyl-2-bromobenzoate (86.1 mg, 0.40 mmol), afforded 4.5.4n 
(70% NMR yield). After column purification (Hexane/EtOAc = 30:1), afforded 
4.5.4n (29.8 mg, 43% yield) as a colorless solid. In another independent experiment, 
27.0 mg (39% yield) were obtained, giving an average of 41% yield. Mp. 35.6 – 36.3 
oC. 1H NMR (400 MHz, CDCl3) δ 7.80 – 7.75 (m, 1H), 7.40 – 7.32 (m, 2H), 7.15 
(ddd, J = 7.9, 6.0, 2.6 Hz, 1H), 3.88 (s, 3H), 3.05 (t, J = 5.7 Hz, 1H), 2.04 (dd, J = 
13.7, 7.1 Hz, 1H), 1.46 (dd, J = 13.7, 5.2 Hz, 1H), 1.15 (d, J = 13.9 Hz, 12H), 0.86 (s, 
9H) ppm. 13C NMR (101 MHz, CDCl3) δ 168.6, 147.3, 131.5, 130.6, 130.4, 129.2, 
124.8, 83.1, 51.9, 46.2, 31.8, 29.7, 24.8, 24.5 ppm. 11B NMR (128 MHz, CDCl3) δ 
33.08 ppm. IR (neat, cm-1): 2950, 1718, 1474, 1364, 1319, 1267, 1143, 1079, 968, 
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845, 766, 719, 672. GC-MS calcd. for (C20H31BO4) [M]+: found t = 6.918 min, m/z = 
346.2. 

  
3-neopentylisobenzofuran-1(3H)-one (4.5.4n´): 4.5.4n was dissolved in a mixture of 
THF and H2O (1:1, 8 mL). Then NaBO3·4H2O (654 mg, 0.40 mmol) was added 
portion wise. The reaction mixture was stirred at room temperature for 4 h. After the 
reaction was completed, water (20 mL) was added. The aqueous phase was extracted 
with EtOAc (3 x 20 mL), and the combined organic phases were dried over MgSO4 
and concentrated. The residue was purified by column chromatography 
(Hexane/EtOAc = 20:1 to 10:1), afforded 4.5.4n´ (51.6 mg, 63% yield after two steps) 
as a white solid. Mp. 85.2 – 86.0 oC. 1H NMR (400 MHz, CDCl3) δ 7.87 (d, J = 7.9 
Hz, 1H), 7.66 (td, J = 7.5, 1.1 Hz, 1H), 7.50 (t, J = 7.5 Hz, 1H), 7.40 (dd, J = 7.7, 1.0 
Hz, 1H), 5.52 (d, J = 10.4 Hz, 1H), 1.88 (dd, J = 15.0, 1.7 Hz, 1H), 1.57 (dd, J = 15.0, 
10.5 Hz, 1H), 1.10 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 170.8, 151.3, 133.9, 
128.9, 125.8, 125.6, 121.7, 79.4, 49.5, 30.6, 29.9 ppm. IR (neat, cm-1): 3405, 2948, 
2866, 1751, 1464, 1367, 1347, 1285, 1214, 1081, 1044, 963, 771, 738, 695. HRMS 
calcd. for (C13H17O2) [M+H] +: 205.1223 found 205.1227. 

 
2-(1-(3-(1,3-dioxolan-2-yl)phenyl)-3,3-dimethylbutyl)-4,4,5,5-tetramethyl-1,3,2-di
oxaborolane (4.5.4o): Following general procedure, but using Ni(COD)2 (4.1 mg, 7.5 
mol%), L4.5.2 (4.0 mg, 7.5 mol%), Ir(ppy)2(bpy)PF6 (3.2 mg, 2 mol%), LiCl (25.2 

mg, 0.6 mmol) and 2-(3-bromophenyl)-1,3-dioxolane (91.6 mg, 0.40 mmol), afforded 
4.5.4o (56% NMR yield). After column purification (Hexane/EtOAc = 20:1), afforded 
4.5.4o (29.5 mg, 41% yield) as a white solid. In another independent experiment, 28.8 
mg (40% yield) were obtained, giving an average of 41% yield. Mp. 42.7 – 43.5 oC 

1H NMR (400 MHz, CDCl3) δ 7.34 (s, 1H), 7.25 – 7.21 (m, 3H), 5.77 (s, 1H), 4.14 – 
3.99 (m, 4H), 2.41 (dd, J = 10.2, 3.5 Hz, 1H), 2.02 (dd, J = 13.3, 10.2 Hz, 1H), 1.49 
(dd, J = 13.3, 3.6 Hz, 1H), 1.13 (s, 12H), 0.90 (s, 9H) ppm. 13C NMR (101 MHz, 
CDCl3) δ 144.9, 137.7, 129.1, 128.3, 126.5, 123.1, 104.0, 83.2, 65.2, 46.6, 31.4, 29.7, 
24.6, 24.4 ppm. 11B NMR (128 MHz, CDCl3) δ 33.01 ppm. IR (neat, cm-1): 2948, 
2884, 1472, 1362, 1322, 1140, 1070, 965, 863, 837, 803, 712, 672. HRMS calcd. for 
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(C21H34O4B) [M+H]+: 360.2581 found 360.2587. 

 

1-(3-(1,3-dioxolan-2-yl)phenyl)-3,3-dimethylbutan-1-ol (4.5.4o´): 4.5.4o was 
dissolved in a mixture of THF and H2O (1:1, 8 mL). Then NaBO3·4H2O (654 mg, 
0.40 mmol) was added portion wise. The reaction mixture was stirred at room 
temperature for 4 h. After the reaction was completed, water (20 mL) was added. The 
aqueous phase was extracted with EtOAc (3 x 20 mL), and the combined organic 
phases were dried over MgSO4 and concentrated. The residue was purified by column 
chromatography (Hexane/EtOAc = 20:1 to 10:1), afforded 4.5.4o´ (50.1 mg, 50% 
yield after two steps) as a light yellow solid. Mp. 81.4 – 82.0 oC. 1H NMR (400 MHz, 
CDCl3) δ 7.46 (d, J = 1.4 Hz, 1H), 7.38 – 7.32 (m, 3H), 5.79 (s, 1H), 4.84 (dd, J = 8.6, 
3.3 Hz, 1H), 4.17 – 3.98 (m, 4H), 1.86 (s, 1H), 1.75 (dd, J = 14.6, 8.6 Hz, 1H), 1.58 
(dd, J = 14.5, 3.3 Hz, 1H), 1.00 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 146.8, 
138.1, 128.6, 126.7, 125.5, 123.8, 103.7, 72.4, 65.3, 52.9, 30.6, 30.2 ppm. IR (neat, 
cm-1): 3296, 2950, 2893, 1401, 1365, 1150, 1062, 964, 940, 895, 795, 751, 703. 
HRMS calcd. for (C15H22NaO3) [M+Na]+: 273.1461 found 273.1462.  

 

4-((3-(3,3-dimethyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl)phenyl) 
sulfonyl)morpholine (4.5.4p): Following the general procedure, but using Ni(COD)2 
(4.1 mg, 7.5 mol%), L4.5.2 (4.0 mg, 7.5 mol%), Ir(ppy)2(bpy)PF6 (3.2 mg, 2 mol%), 

LiCl (25.2 mg, 0.6 mmol) and 4-((3-bromophenyl)sulfonyl)morpholine (122 mg, 0.40 
mmol), afforded 4.5.4p (68% NMR yield). After column chromatography purification 
(DCM/Et2O = 1:2 to Hexane/EtOAc = 2:1) afforded (54 mg, 62%) as white solid. In 
an independent experiment, 50 mg (57% yield) were obtained, giving an average of 
59% yield. Mp. 216.6 – 217.9 oC. 1H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 8.4 Hz, 
2H), 7.39 (d, J = 8.4 Hz, 2H), 3.75 – 3.69 (m, 4H), 3.00 – 2.92 (m, 4H), 2.50 (dd, J = 
9.5, 4.1 Hz, 1H), 2.03 (dd, J = 13.4, 9.5 Hz, 1H), 1.51 (dd, J = 13.3, 4.1 Hz, 1H), 1.12 
(s, 12H), 0.89 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 151.5, 131.5, 128.9, 128.0, 
83.8, 66.3, 46.2, 46.1, 31.6, 29.7, 24.7, 24.5 ppm. 11B NMR (128 MHz, CDCl3) δ 
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34.18 ppm. IR (neat, cm-1): 2978, 2948, 2918, 2860, 1594, 1450, 1362, 1343, 1256, 
1209, 1164, 1138, 1114, 1095, 1071, 940. HRMS calcd. for (C22H36NNaO5SB10) 
[M+Na]+: 459.2336 found 459.2336. 

 
methyl 6-(3,3-dimethyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl)-2- 
naphthoate (4.5.4q): Following general procedure, by using methyl 
6-bromo-2-naphthoate 106.1 mg, 0.40 mmol), afforded 4.5.4q (74% NMR yield). 
After column purification (Hexane/EtOAc = 30:1), afforded 4.5.4q (46.2 mg, 58% 
yield) as a white solid. In another independent experiment, 45.3 mg (57% yield) were 
obtained, giving an average of 57% yield. Mp. 103.8 – 104.7 oC. 1H NMR (400 MHz, 
CDCl3) δ 8.54 (s, 1H), 8.00 (dd, J = 8.6, 1.6 Hz, 1H), 7.83 (d, J = 8.5 Hz, 1H), 7.78 (d, 
J = 8.6 Hz, 1H), 7.70 (s, 1H), 7.47 (dd, J = 8.5, 1.6 Hz, 1H), 3.96 (s, 3H), 2.61 (dd, J 
= 9.6, 3.9 Hz, 1H), 2.13 (dd, J = 13.3, 9.6 Hz, 1H), 1.61 (dd, J = 13.3, 4.0 Hz, 1H), 
1.13 (d, J = 2.6 Hz, 12H), 0.93 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 167.4, 
145.6, 136.0, 130.8, 130.7, 129.1, 128.3, 127.6, 126.3, 125.8, 125.1, 83.4, 52.1, 46.3, 
31.5, 29.7, 24.6, 24.4 ppm. 11B NMR (128 MHz, CDCl3) δ 33.29 ppm. IR (neat, 
cm-1): 2950, 1712, 1628, 1474, 1432, 1363, 1322, 1287, 1233, 1192, 1137, 1095, 966, 
862, 838, 758, 685, 669. HRMS calcd. for (C24H33NaBO4) [M+Na] +: 419.2364 found 
419.2357.  

 
2-(1-(3,4-dichlorophenyl)-3,3-dimethylbutyl)-4,4,5,5-tetramethyl-1,3,2-dioxaboro
lane (4.5.4r): Following general procedure, by using 4-bromo-1,2-dichlorobenzene 
51 µL, 0.40 mmol), afforded 4.5.4r (91% NMR yield). After column purification 
(Hexane/EtOAc = 50:1), afforded 4.5.4r (57.9 mg, 81% yield) as a white solid. In 
another independent experiment, 58.0 mg (81% yield) were obtained, giving an 
average of 81% yield. Mp. 101.1 – 101.9 oC. 1H NMR (400 MHz, CDCl3) δ 7.34 (d, 
J = 2.1 Hz, 1H), 7.31 (d, J = 8.3 Hz, 1H), 7.08 (dd, J = 8.3, 2.1 Hz, 1H), 2.36 (dd, J = 
9.6, 4.1 Hz, 1H), 1.99 (dd, J = 13.4, 9.6 Hz, 1H), 1.47 (dd, J = 13.4, 4.1 Hz, 1H), 1.17 
(s, 12H), 0.91 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 145.4, 132.0, 130.0, 
129.99, 128.8, 127.7, 83.5, 46.3, 31.4, 29.6, 24.6, 24.4 ppm. 11B NMR (128 MHz, 
CDCl3) δ 33.00 ppm. IR (neat, cm-1): 2965, 1483, 1374, 1309, 1129, 1024, 977, 857, 
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824, 736, 687. GC-MS calcd. for (C18H27BCl2O2) [M]+: found t = 7.254 min, m/z = 
356.2. 

 
5-(3,3-dimethyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl)-2-fluorobe
nzonitrile (4.5.4s): Following general procedure, by using 
5-bromo-2-fluorobenzonitrile (80.1 mg, 0.40 mmol), afforded 4.5.4s (83% NMR 
yield). After column purification (Hexane/EtOAc = 30:1), afforded 4.5.4s (47.9 mg, 
72% yield) as a white solid. In another independent experiment, 46.0 mg (69% yield) 
were obtained, giving an average of 71% yield. Mp. 102.4 – 102.8 oC. 1H NMR (400 
MHz, CDCl3) δ 7.50 – 7.43 (m, 2H), 7.09 (t, J = 8.7 Hz, 1H), 2.42 (dd, J = 9.4, 4.3 Hz, 
1H), 1.99 (dd, J = 13.4, 9.4 Hz, 1H), 1.45 (dd, J = 13.4, 4.4 Hz, 1H), 1.17 (s, 12H), 
0.90 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 161.1 (d, J = 256.1 Hz), 142.1 (d, J 
= 3.7 Hz), 134.8 (d, J = 7.8 Hz), 132.5, 116.0 (d, J = 19.3 Hz), 114.3, 101.0 (d, J = 
15.3 Hz), 83.7, 46.4, 31.5, 29.6, 24.6, 24.4 ppm. 11B NMR (128 MHz, CDCl3) δ 
32.81 ppm. 19F NMR (376 MHz, CDCl3) δ -112.18 – 112.54 (m, 1F) ppm. IR (neat, 
cm-1): 2953, 2235, 1605, 1496, 1475, 1364, 1324, 1135, 968, 897, 862, 938, 792, 671. 
HRMS calcd. for (C19H28BFNO2) [M+H] +: 331.2228 found 331.2222.  

 
2-(1-(3-fluoro-5-methoxyphenyl)-3,3-dimethylbutyl)-4,4,5,5-tetramethyl-1,3,2-dio
xaborolane (4.5.4t): Following general procedure, but using Ni(COD)2 (4.1 mg, 7.5 
mol%), L4.5.2 (4.0 mg, 7.5 mol%), Ir(ppy)2(bpy)PF6 (3.2 mg, 2 mol%), LiCl (25.2 

mg, 0.6 mmol) and 1-bromo-3-fluoro-5-methoxybenzene (82.0 mg, 0.40 mmol), 
afforded 4.5.4t (74% NMR yield). After column purification (Hexane/EtOAc = 30:1 
to 20:1), afforded 4.5.4t (41.9 mg, 62% yield) as a white solid. In another independent 
experiment, 43.3 mg (64% yield) were obtained, giving an average of 63% yield. Mp. 
46.7 – 47.5 oC. 1H NMR (400 MHz, CDCl3) δ 6.59 – 6.53 (m, 2H), 6.37 (dt, J = 10.7, 
2.3 Hz, 1H), 2.34 (dd, J = 9.7, 3.9 Hz, 1H), 1.96 (dd, J = 13.3, 9.7 Hz, 1H), 1.47 (dd, 
J = 13.3, 3.9 Hz, 1H), 1.16 (s, 12H), 0.89 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) 
δ 163.5 (d, J = 243.7 Hz), 160.6 (d, J = 11.8 Hz), 148.1 (d, J = 9.1 Hz), 109.5 (d, J = 
1.7 Hz), 107.3 (d, J = 21.6 Hz), 98.4 (d, J = 25.3 Hz), 83.4, 55.4, 46.3, 31.4, 29.6, 
24.6, 24.4 ppm. 11B NMR (128 MHz, CDCl3) δ 33.21 ppm. 19F NMR (376 MHz, 
CDCl3) δ -112.96 (t, J = 10.2 Hz, 1F) ppm. IR (neat, cm-1): 2952, 1617, 1583, 1465, 
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1363, 1319, 1295, 1196, 1136, 1067, 982, 857, 824, 686. HRMS calcd. for 
(C19H30FNaFO3B10) [M+Na]+: 358.2201 found 358.2202  

 

methyl 4-(3,3-dimethyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentyl) 
benzoate (4.5.5a): Following general procedure, by using 2-bromo-2-methylbutane 
(65 µL, 0.5 mmol), afforded 4.5.5a (68% NMR yield). After column chromatography 
purification (Hexane/EtOAc = 30:1), afforded 4.5.5a (41.2 mg, 57% yield) as a white 
solid. In another independent experiment, 42.0 mg (58% yield) were obtained, giving 
an average of 57% yield. Mp. 74.9 – 75.8 oC. 1H NMR (400 MHz, CDCl3) δ 7.90 (d, 
J = 8.4 Hz, 2H), 7.29 (d, J = 8.3 Hz, 2H), 3.88 (s, 3H), 2.44 (dd, J = 9.4, 4.0 Hz, 1H), 
1.99 (dd, J = 13.5, 9.4 Hz, 1H), 1.51 (dd, J = 13.5, 4.0 Hz, 1H), 1.24 (q, J = 7.5 Hz, 
2H), 1.12 (s, 12H), 0.82 (s, 6H), 0.77 (t, J = 7.5 Hz, 3H) ppm. 13C NMR (101 MHz, 
CDCl3) δ 167.3, 150.9, 129.6, 128.2, 126.9, 83.4, 51.9, 43.7, 34.3, 33.9, 26.8, 26.7, 
24.5, 24.4, 8.4 ppm. 11B NMR (128 MHz, CDCl3) δ 33.27 ppm. IR (neat, cm-1): 2957, 
1715, 1604, 1433, 1332, 1274, 1169, 1135, 1102, 1013, 965, 859, 840, 777, 716, 684. 
HRMS calcd. for (C21H34BO4) [M+H]+: 361.2545 found 361.2553.  

 

methyl 4-(2-(1-methyl-4-phenylcyclohexyl)-1-(4,4,5,5-tetramethyl-1,3,2- 
dioxaborolan-2-yl)ethyl)benzoate (4.5.5b): Following general procedure, by using 
(4-bromo-4-methylcyclohexyl) benzene (126.6 mg, 0.5 mmol), afforded 4.5.5b (62% 
NMR yield). After column chromatography purification (Hexane/EtOAc = 30:1), 
afforded 4.5.5b (47.4 mg, 51% yield, dr = 2.83:1) as a white solid. In another 
independent experiment, 47.0 mg (51% yield) were obtained, giving an average of 51% 
yield. Mp. 122.8 – 123.6 oC.  1H NMR (400 MHz, CDCl3) δ 8.00 – 7.93 (m, 2H), 
7.40 – 7.34 (m, 1H), 7.32 – 7.27 (m, 2H), 7.26 – 7.16 (m, 3H), 3.92 (s, 3H), 2.63 – 
2.38 (m, 2H), 2.30 – 2.06 (m, 1H), 1.83 – 1.27 (m, 11H), 1.17 (d, J = 2.9 Hz, 12H), 
0.99 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 167.3, 151.0, 150.9, 147.6, 129.7, 
129.7, 128.27, 128.25, 128.19, 127.1, 127.0, 126.9, 126.8, 125.84, 125.79, 83.5, 51.9, 
48.2, 44.6, 44.4, 38.5, 38.3, 38.2, 38.0, 37.9, 33.5, 33.2, 29.84, 29.80, 29.75, 29.7, 
29.5, 24.7, 24.5, 24.4, 24.3, 21.8 ppm. 11B NMR (128 MHz, CDCl3) δ 33.27 ppm. IR 
(neat, cm-1): 2929, 2843, 1705, 1601, 1437, 1340, 1281, 1146, 1103, 1008, 996, 879, 
763, 698. HRMS calcd. for C29H40O4B10 [M+H]+: 462.3050 found 462.3051.  
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methyl 4-(2-(1-methylcyclododecyl)-1-(4,4,5,5-tetramethyl-1,3,2- 
dioxaborolan-2-yl)ethyl)benzoate (4.5.5c): Following general procedure, by using 
1-bromo-1-methylcyclododecane (130.1 mg, 0.5 mmol), afforded 4.5.5c (72% NMR 
yield). After column chromatography purification (Hexane/EtOAc = 30:1), afforded 
4.5.5c (60.2 mg, 64% yield) as a white solid. In another independent experiment, 62.2 
mg (66% yield) were obtained, giving an average of 65% yield. Mp. 122.8 – 123.6 oC. 
1H NMR (400 MHz, CDCl3) δ 7.90 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 3.88 
(s, 3H), 2.46 (dd, J = 9.7, 3.4 Hz, 1H), 1.97 (dd, J = 13.5, 9.7 Hz, 1H), 1.47 (dd, J = 
13.5, 3.5 Hz, 1H), 1.34 – 1.16 (m, 22H), 1.12 (s, 12H), 0.78 (s, 3H) ppm. 13C NMR 
(101 MHz, CDCl3) δ 167.3, 151.1, 129.6, 128.2, 126.9, 83.4, 51.9, 43.1, 36.4, 35.2, 
33.6, 26.9, 26.8, 26.2, 25.4, 24.5, 24.4, 22.7, 22.6, 22.2, 22.1, 19.2 ppm. 11B NMR 
(128 MHz, CDCl3) δ 33.00 ppm. IR (neat, cm-1): 2930, 2846, 1722, 1607, 1470, 1439, 
1335, 1278, 1138, 1110, 1016, 997, 861, 771, 717, 682. HRMS calcd. for C29H48O4B 
[M+H]+: 470.3676 found 470.3673.  

 

2-(1-(3,4-Dichlorophenyl)-3,3-dimethyl-5-phenylpentyl)-4,4,5,5-tetramethyl-1,3,2 
-dioxaborolane (4.5.5d): Following general procedure, by using 
(3-bromo-3-methylbutyl)benzene (136.3 mg, 0.6 mmol) and 
4-bromo-1,2-dichlorobenzene (51 µL, 0.40 mmol), afforded 4.5.5d (53% NMR yield). 
After column chromatography purification (Hexane/EtOAc = 50:1) afforded 4.5.5d 
(40.1 mg, 45% yield) as a white solid. In another independent experiment, 39.8 mg 
(45% yield) were obtained, giving an average of 45% yield. Mp. 59.9 – 61.6 oC. 1H 
NMR (400 MHz, CDCl3) δ 7.36 (d, J = 2.1 Hz, 1H), 7.32 (d, J = 8.3 Hz, 1H), 7.31 – 
7.26 (m, 2H), 7.21 – 7.14 (m, 3H), 7.10 (dd, J = 8.3, 2.1 Hz, 1H), 2.62 – 2.46 (m, 2H), 
2.39 (dd, J = 9.5, 3.9 Hz, 1H), 2.04 (dd, J = 13.5, 9.5 Hz, 1H), 1.59 – 1.49 (m, 3H), 
1.14 (d, J = 2.2 Hz, 12H), 0.97 (d, J = 2.2 Hz, 6H) ppm. 13C NMR (101 MHz, CDCl3) 
δ 145.3, 143.3, 132.1, 130.1, 130.0, 128.9, 128.3 (left), 128.3 (right), 127.7, 125.6, 
83.6, 44.6 (left), 44.6 (right), 34.1, 30.8, 27.3, 27.1, 24.6, 24.4 ppm. 11B NMR (128 
MHz, CDCl3) δ 32.63 ppm. IR (neat, cm-1): 2954, 2930, 1706, 1467, 1365, 1324, 
1140, 1029, 996, 743, 698, 677. HRMS calcd. for (C25H34BCl2O2) [M+H]+: 447.2023 
found 447.2033. 
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2-(5-(Benzyloxy)-1-(3,4-dichlorophenyl)-3,3-dimethylpentyl)-4,4,5,5-tetram 
ethyl-1,3,2-dioxaborolane (4.5.5e): Following general procedure, by using 
((3-bromo-3-methylbutoxy)methyl)benzene (154.3 mg, 0.6 mmol) and 
4-bromo-1,2-dichlorobenzene (51 µL, 0.40 mmol), afforded 4.5.5e (55% NMR yield). 
After column chromatography purification (Hexane/EtOAc = 50:1), afforded 4.5.5e 
(45.1 mg, 47% yield) as a colorless oil. In another independent experiment 44.8 mg 
(47% yield) were obtained, giving an average of 47% yield. 1H NMR (400 MHz, 
CDCl3) δ 7.34 – 7.25 (m, 7H), 7.04 (dd, J = 8.3, 2.1 Hz, 1H), 4.47 (s, 2H), 3.53 – 3.47 
(m, 2H), 2.35 (dd, J = 9.5, 3.9 Hz, 1H), 2.00 (dd, J = 13.5, 9.5 Hz, 1H), 1.61 (t, J = 
7.3 Hz, 2H), 1.50 (dd, J = 13.5, 3.9 Hz, 1H), 1.16 (s, 12H), 0.91 (d, J = 1.9 Hz, 6H) 
ppm. 13C NMR (101 MHz, CDCl3) δ 145.2, 138.6, 132.0, 130.1, 130.0, 128.9, 128.4, 
127.7, 127.6, 127.5, 83.6, 73.0, 67.4, 44.8, 41.2, 33.3, 27.7, 27.5, 24.6, 24.4 ppm. 11B 
NMR (128 MHz, CDCl3) δ 32.38 ppm. IR (neat, cm-1): 2955, 2868, 1443, 1369, 1329, 
1144, 1093, 1028, 981, 850, 822, 735, 697, 672. HRMS calcd. for (C27H39BCl2NaO4) 
[M+Na+MeOH]+: 531.2211 found 340.2244. 

 

2-(1-(3,4-Dichlorophenyl)-3-ethyl-3,7-dimethyloctyl)-4,4,5,5-tetramethyl-1,3,2-di
oxaborolane (4.5.5f): Following general procedure, by using 
6-bromo-2,6-dimethyloctane (132.7 mg, 0.6 mmol) and 4-bromo-1,2-dichlorobenzene 
(51 µL, 0.40 mmol), afforded 4.5.5f (56% NMR yield). After column 
chromatography purification (Hexane/EtOAc = 50:1) afforded 4.5.5f (40.0 mg, 45% 
yield, dr = 1:1)) as a slightly yellow oil. In another independent experiment 41.5 mg 
(47% yield) were obtained, giving an average of 46% yield. 1H NMR (400 MHz, 
CDCl3) δ 7.32 (d, J = 2.1 Hz, 1H), 7.28 (d, J = 8.3 Hz, 1H), 7.06 (dd, J = 8.3, 2.1 Hz, 
1H), 2.28 (dt, J = 9.0, 4.5 Hz, 1H), 1.90 (ddd, J = 13.6, 9.1, 4.5 Hz, 1H), 1.53 – 1.41 
(m, 2H), 1.28 – 1.19 (m, 3H), 1.15 (d, J = 2.5 Hz, 12H), 1.12 – 1.06 (m, 8H), 0.84 (dd, 
J = 6.6, 1.6 Hz, 6H), 0.78 (d, J = 2.6 Hz, 3H), 0.74 (td, J = 7.5, 1.0 Hz, 3H) ppm. 13C 
NMR (101 MHz, CDCl3) δ 145.6, 132.0, 130.1, 130.0, 128.7, 127.8, 83.5, 41.9, 41.6, 
40.0, 39.9, 39.3, 38.9, 36.2, 31.6, 31.5, 28.0, 27.9, 24.6, 24.4, 22.71, 22.7, 22.64, 22.6, 
21.24, 21.2, 8.1 ppm. 11B NMR (128 MHz, CDCl3) δ 33.19 ppm. IR (neat, cm-1): 
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2954, 2929, 1465, 1437, 1379, 1324, 1144, 1029, 980, 851, 820, 751, 727, 670. 
HRMS calcd. for (C24H40BCl2O2) [M+H]+: 337.2345 found 340.2244. 

 

Methyl 4-(1-(1,3-dioxoisoindolin-2-yl)-3,3-dimethylbutyl)benzoate (4.5.5g): 
Following general procedure, but using Ni(COD)2 (4.1 mg, 7.5 mol%), L4.5.2 (4.0 
mg, 7.5 mol%) and 2-vinylisoindoline-1,3-dione (34.6 mg, 0.2 mmol), afforded 4.5.5g 
(73% NMR yield). After column purification (Hexane/EtOAc = 20:1 to 10:1), 
afforded 4.5.5g (48.0 mg, 66% yield) as a yellow solid. In another independent 
experiment, 46.6 mg (64% yield) were obtained, giving an average of 65% yield. Mp. 
118.5 – 119.4 oC. 1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 8.5 Hz, 2H), 7.79 (dd, J 
= 5.5, 3.0 Hz, 2H), 7.67 (dd, J = 5.5, 3.0 Hz, 2H), 7.63 (d, J = 8.3 Hz, 2H), 5.54 (dd, J 
= 9.1, 4.5 Hz, 1H), 3.87 (s, 3H), 2.74 (dd, J = 14.7, 9.1 Hz, 1H), 2.11 (dd, J = 14.7, 
4.6 Hz, 1H), 0.93 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 168.2, 166.7, 146.1, 
134.0, 131.8, 129.9, 129.4, 128.3, 123.3, 52.1, 51.6, 43.7, 30.8, 29.6 ppm. IR (neat, 
cm-1): 2955, 1769, 1700, 1610, 1465, 1384, 1356, 1277, 1098, 1020, 887, 858, 774, 
720. HRMS calcd. for C22H23NNaO4 [M+Na]+: 388.1519 found 388.1516. 

 

methyl 4-(1-(tert-butoxy)-4,4-dimethyl-1-oxopentan-2-yl)benzoate (4.5.5h): 
Following the general procedure, but using L4.5.2 (4.0 mg, 7.5 mol%), 
2-bromo-2-methylpropane (4.5.3a, 67 uL, 0.60 mmol) and tert-butyl acrylate (4.5.2c, 
29 µL, 0.2 mmol) for 36 h. After column chromatography purification 
(Hexane/EtOAc = 60:1) afforded 4.5.5h (39 mg, 60%) as white solid. In an 
independent experiment, 39 mg (61% yield) were obtained, giving an average of 61% 
yield. Mp. 64.6 – 65.7 oC. 1H NMR (400 MHz, CDCl3) δ 8.03 – 7.92 (m, 2H), 7.43 – 
7.33 (m, 2H), 3.90 (s, 3H), 3.58 (dd, J = 9.0, 3.7 Hz, 1H), 2.27 (dd, J = 14.0, 9.0 Hz, 
1H), 1.50 (dd, J = 14.0, 3.8 Hz, 1H), 1.36 (s, 9H), 0.90 (s, 9H) ppm. 13C NMR (101 
MHz, CDCl3) δ 173.3, 167.1, 147.0, 130.0, 128.8, 127.9, 80.9, 52.2, 49.6, 47.1, 31.3, 
29.6, 27.9 ppm. IR (neat, cm-1): 2999, 2950, 2932, 2871, 1718, 1608, 1462, 1439, 
1365, 1277, 1220, 1193, 1145, 1105, 1022, 953. HRMS calcd. for (C19H28NaO4) 
[M+Na]+: 343.1880 found 343.1880. 
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methyl 4-(1-(benzyloxy)-4,4-dimethyl-1-oxopentan-2-yl)benzoate (4.5.5i): 
Following the general procedure, but using L4.5.2 (4.0 mg, 7.5 mol%), 
2-bromo-2-methylpropane (4.5.3a, 67 uL, 0.60 mmol) and benzyl acrylate (4.5.2d, 
32.4 mg, 0.2 mmol) for 36 h. After column chromatography purification 
(Hexane/EtOAc = 60:1), afforded 4.5.5h (34 mg, 58%) as white solid. In an 
independent experiment, 37 mg (52% yield) were obtained, giving an average of 50% 
yield. Mp. 43.6 – 44.5 oC. 1H NMR (400 MHz, CDCl3) δ 8.02 – 7.93 (m, 2H), 7.43 – 
7.39 (m, 2H), 7.34 – 7.27 (m, 3H), 7.26 – 7.21 (m, 2H), 5.17 – 5.00 (m, 2H), 3.91 (s, 
3H), 3.78 (dd, J = 8.9, 4.0 Hz, 1H), 2.34 (dd, J = 14.0, 8.9 Hz, 1H), 1.61 (dd, J = 14.0, 
4.1 Hz, 1H), 0.89 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 173.9, 166.9, 146.0, 
135.7, 130.0, 129.1, 128.56, 128.3, 128.2, 128.0, 66.9, 52.1, 48.4, 47.2, 31.2, 29.5 
ppm. IR (neat, cm-1): 3421, 2951, 2865, 1721, 1609, 1450, 1436, 1365, 1274, 1254, 
1199, 1164, 1141, 1104, 1020, 955. HRMS calcd. for (C22H27O4) [M+H]+: 355.1904 
found 355.1897. 

 

methyl 4-(1-(diethoxyphosphoryl)-3,3-dimethylbutyl)benzoate (4.5.5j): Following 
the general procedure, but using L4.5.2 (4.0 mg, 7.5 mol%), 
2-bromo-2-methylpropane (4.5.3a, 67 uL, 0.60 mmol) and diethyl vinylphosphonate 
(4.5.2e, 31 uL, 0.2 mmol) for 36 h. After column chromatography purification 
(Hexane/EtOAc = 2:1 to 1:1), afforded 4.5.5j (39 mg, 55%) as colorless oil. In an 
independent experiment, 36 mg (50% yield) were obtained, giving an average of 52% 
yield. 1H NMR (400 MHz, CDCl3) δ 8.04 – 7.90 (m, 2H), 7.52 – 7.37 (m, 2H), 4.14 – 
3.97 (m, 2H), 3.89 (s, 3H), 3.87 – 3.80 (m, 1H), 3.70 – 3.60 (m, 1H), 3.23 – 3.14 (m, 
1H), 2.10 – 1.96 (m, 2H), 1.26 (t, J = 7.1 Hz, 3H), 1.06 (td, J = 7.0, 0.6 Hz, 3H), 0.75 
(s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 167.1 (d, J = 1.5 Hz), 143.9 (d, J = 8.0 
Hz), 129.7, 129.69 (d, J = 3.2 Hz), 128.9 (d, J = 3.5 Hz), 62.8 (d, J = 7.0 Hz), 62.1 (d, 
J = 7.4 Hz), 52.2, 42.9 (d, J = 4.0 Hz), 42.0 (d, J = 135.3 Hz), 32.0 (d, J = 14.8 Hz), 
29.8, 16.5 (d, J = 6.0 Hz), 16.4 (d, J = 5.8 Hz) ppm. 31P NMR (162 MHz, CDCl3) δ 
31.87 – 31.33 (m) ppm. IR (neat, cm-1): 2975, 2954, 2908, 2867, 1721, 1610, 1475, 
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1436, 1367, 1278, 1243, 1182, 1102, 1048, 1020, 939. HRMS calcd. for (C18H30O5P) 
[M+H]+: 357.1825 found 357.1827. 
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4.8.5 Gram Scale Reaction 

 

 

 
 

An oven-dried 250 mL Schlenk tube containing a stirring bar was charged with 
4CzIPN (197.5 mg, 5 mol%), 4,4'-di-tert-butyl-2,2'-bipyridine (L4.5.2, 100.7 mg, 7.5 
mol%). Subsequently, the tube was evacuated and back-filled with N2 (3 times) and 
brought into the glovebox. The corresponding nickel sources: Ni(COD)2 (103.1 mg, 
7.5 mol%) was added. Afterwards, the tube was brought out, then 3,4-dichlorophenyl 
bromide (4.5.1r, 1.275 mL, 10 mmol, 2.0 equiv), Vinyl Bpin (4.5.2a, 0.865 mL, 5 
mmol, 1.0 equiv), 2-bromo-2-methylpropane (4.5.3a, 1.4 mL, 12.5 mmol, 2.5 equiv), 
TMEDA (2.25 mL, 15 mmol, 3.0 equiv) and anhydrous MeCN (75 mL) were added 
via syringe under N2. Then, the tube was stirred at 30 ℃ under irradiation of blue 
LEDs with a fan for 48 hours. After the reaction was completed, the mixture was 
diluted with EtOAc, filtered through silica gel to remove inorganic salts and 
concentrated under vacuum. 1H NMR yield (81%) were determined by using CH2Br2 
as internal standard. The product was purified by column chromatography on silica 
gel (Hexane/EtOAc = 60:1 to 50:1), obtaining 4.5.4r (1.302 g, 71% yield) as white 
solid. 
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4.8.6 Synthetic Applicability 

 
3-(3,4-dichlorophenyl)-5,5-dimethylhexan-2-one (4.5.6): t-BuLi (1.7 M in pentane, 
0.34 mL, 0.5 mmol) was added dropwise to a solution of ethyl vinyl ether (76 uL, 0.8 
mmol) in THF (2.5 mL) at –78 °C. The resulting solution was stirred at –78 °C for 30 
min, allowed to warm up to 0 °C, stirred for 30 min and cooled back to –78 °C. A 
solution of 4.5.4r (71.4 mg, 0.2 mmol) in THF (1 mL) was then added dropwise. The 
resulting solution was stirred at –78 °C for 30 min, allowed to warm up to room 
temperature, stirred for 5 min and cooled back to –78 °C. A solution of I2 (206 mg, 
0.76 mmol) in THF (2 mL) was then added dropwise. The resulting solution was 
stirred at –78 °C for 30 min, allowed to warm up to room temperature, stirred for 5 
min and cooled back to –78 °C. A suspension of MeONa (80 mg, 1.5 mmol) in 
MeOH (2.5 mL) was then added dropwise and the resulting mixture was stirred for 1 
h at room temperature.5 A sat. aq. NH4Cl solution (2.5 mL) was then added, the 
resulting mixture was stirred for 4 h before a sat. aq. Na2S2O3 solution (2.5 mL) was 
added. EtOAc (10 mL) was added, the phases were separated and the aqueous layer 
was extracted with EtOAc (2 x 20 mL). The combined organic layers were washed 
with water and brine, dried over MgSO4, filtered and concentrated. The residue was 
purified by column chromatography (Hexane/EtOAc = 50:1), affording 4.5.6 as 
colorless oil (36.2 mg, 66%). 1H NMR (400 MHz, CDCl3) δ 7.38 (d, J = 8.3 Hz, 1H), 
7.33 (d, J = 2.2 Hz, 1H), 7.07 (dd, J = 8.3, 2.2 Hz, 1H), 3.71 (dd, J = 7.4, 4.7 Hz, 1H), 
2.29 (dd, J = 14.1, 7.4 Hz, 1H), 2.11 (s, 3H), 1.44 (dd, J = 14.1, 4.7 Hz, 1H), 0.84 (s, 
9H) ppm. 13C NMR (101 MHz, CDCl3) δ 207.2, 141.0, 133.0, 131.4, 130.9, 130.3, 
127.7, 55.3, 45.6, 31.1, 29.8, 29.4 ppm. IR (neat, cm-1): 2955, 2916, 2867, 1717, 
1561, 1467, 1396, 1365, 1151, 1131, 1031, 973. HRMS calcd. for C14H19Cl2O 
[M+H]+: 273.0807 found 273.0805.  

 
1-(4-bromophenyl)-2-(3,4-dichlorophenyl)-4,4-dimethylpentan-1-one (4.5.7): An 
oven-dried 8 mL screw-cap test tube containing a stirring bar was charged with 4.5.4r 
(71.4 mg, 0.2 mmol, 1 equiv) and was sealed with a Teflon-lined screw cap. The tube 
was then evacuated and back-filled with argon (3 times), THF (1 mL) and NMP (40 
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µL, 4 equiv) were added at −78 oC. Subsequently, n-BuLi (40 µL, 2.5 M) was added 
dropwise and the resulting mixture (solution A) was allowed to stirred at the same 
temperature for an additional 30 min. Another test tube was charged with 
4-bromobenzaldehyde (44.6 mg, 0.24 mmol, 1.2 equiv), evacuated and back-filled 
with argon (3 times). THF (1 mL) was added, this solution was added to solution A 
dropwise at −78 oC. Afterwards, the solution was allowed to warm up to rt and stirred 
at rt overnight. After the reaction was completed, it was quenched with water, 
extracted with DCM (10 mL, 3 times). The combined organic layers were dried over 
anhydrous MgSO4 and concentrated under vacuum to give a crude product as a 
mixture of diastereoisomers (dr = 1:1). Dess-Martin reagent (110.3 mg, 0.26 mmol, 
1.3 equiv) was used to oxidize the crude product to its ketone derivative in dry DCM 
(2 mL) at rt overnight.6 The final product 4.5.7 (80.1 mg, 97% yield after two steps) 
was obtained as a white solid after column purification (Hexane/EtOAc = 100:1 to 
30:1). 1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.6 Hz, 2H), 7.58 (d, J = 8.6 Hz, 
2H), 7.38 (d, J = 2.2 Hz, 1H), 7.34 (d, J = 8.3 Hz, 1H), 7.13 (dd, J = 8.3, 2.2 Hz, 1H), 
4.59 (dd, J = 8.7, 3.5 Hz, 1H), 2.54 (dd, J = 14.0, 8.7 Hz, 1H), 1.57 – 1.50 (m, 2H), 
0.87 (s, 9H) ppm.13C NMR (101 MHz, CDCl3) δ 198.3, 141.0, 135.3, 133.1, 132.3, 
131.3, 131.0, 130.2, 130.1, 128.7, 127.6, 48.7, 47.7, 31.4, 29.9 ppm. IR (neat, cm-1): 
3066, 2956, 2909, 2866, 1670, 1584, 1567, 1465, 1397, 1365, 1280, 1234, 1215, 1180, 
1131, 1071, 1033, 1008, 974. HRMS calcd. for (C19H19BrCl2NaO) [M+Na]+: 
434.9889 found 434.9887. 

 
2-(1-(3,4-dichlorophenyl)-3,3-dimethylbutyl)furan (4.5.8): To an oven-dried 
screw-cap tube containing a stirring bar, furan (1.2 equiv, 0.3 mmol, 22 μL) and THF 
(1 mL) were added via syringe, and the resulting solution was cooled to −78 oC. Then 
n-BuLi (1.2 equiv, 2.5 M, 0.3 mmol, 120 μL) was added dropwise under −78 oC. The 
resultant mixture was allowed to warm to room temperature and stirred for 1h. 
Subsequently, the reaction mixture was cooled back to −78 oC, and a solution of 
4.5.4r (89 mg, 0.25 mmol) in THF (0.5 ml) was added dropwise. The resulting 
mixture was stirred at the same temperature for 1h and a solution of NBS (1.2 equiv, 
0.3 mmol, 54 mg) in THF (1 mL) was added dropwise. After 1h at −78 oC, sat. aq. 
Na2S2O3 (1 mL) was added and the reaction mixture was allowed to warm to room 
temperature. The reaction mixture was diluted with EtOAc (10 mL) and water (5 mL). 
Then the mixture was extracted with EtOAc (3 x 10 mL), dried over MgSO4, filtered 
and concentrated under reduced pressure.7 The residue was purified by column 
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chromatography (Hexane), obtaining 4.5.8 (39 mg, 53%) as yellow oil. 1H NMR (400 
MHz, CDCl3) δ 7.42 – 7.29 (m, 3H), 7.12 (dd, J = 8.3, 2.1 Hz, 1H), 6.28 (dd, J = 3.2, 
1.8 Hz, 1H), 6.04 (dt, J = 3.2, 0.8 Hz, 1H), 4.03 (dd, J = 7.8, 5.8 Hz, 1H), 2.16 (dd, J 
= 14.1, 7.8 Hz, 1H), 1.77 (dd, J = 14.1, 5.9 Hz, 1H), 0.84 (s, 9H) ppm. 13C NMR (101 
MHz, CDCl3): δ 157.3, 145.1, 141.5, 132.5, 130.5, 130.3, 129.9, 127.3, 110.4, 105.7, 
48.4, 41.4, 31.3, 29.8 ppm. IR (neat, cm-1): 2955, 2900, 2866, 1796, 1720, 1589, 
1562, 1504, 1467, 1396, 1365, 1247, 1131, 1031, 1009. HRMS calcd. for 
(C16H19Cl2O) [M+H]+: 297.0807 found 297.0806.  

 
1,2-dichloro-4-(3,3-dimethyl-1-phenylbutyl)benzene (4.5.9): An oven-dried 
screw-cap tube containing a stirring bar was charged with iodobenzene (22.3 μL, 0.2 
mmol), Ag2O (55.5 mg, 0.3 mmol ), Pd2(dba)3 (7.4 mg, 8.0 mol% Pd) and PPh3 (52.4 
mg, 0.2 mmol). Then, the tube was sealed, 4.5.4r (109.2 mg, 0.3 mmol) and THF (5 
mL) were added under argon. The mixture was stirred at 70 oC for 24 h.8 The residue 
was purified by column chromatography (Hexane), afforded 4.5.9 (36 mg, 59%) as 
colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.38 (d, J = 2.2 Hz, 1H), 7.34 – 7.23 (m, 
5H), 7.20 – 7.11 (m, 2H), 4.01 (t, J = 6.7 Hz, 1H), 2.13 – 1.98 (m, 2H), 0.84 (s, 9H) 
ppm. 13C NMR (101 MHz, CDCl3): δ 147.3, 145.6, 132.4, 130.5, 129.9, 129.8, 128.8, 
127.8, 127.3, 126.5, 49.3, 47.8, 31.7, 30.3 ppm. IR (neat, cm-1): 3027, 2954, 2866, 
1559, 1468, 1396, 1365, 1246, 1132, 1029, 876. GC-MS calcd. for C18H20Cl2 [M]+: 
found t = 7.740 min, m/z = 306.1. 

 
4-(2-bromo-5,5-dimethylhex-1-en-3-yl)-1,2-dichlorobenzene (4.5.10): To an 
oven-dried round bottom flask containing a stirring bar, 4.5.4r (0.3 mmol, 109.2 mg), 
vinyl bromide (0.6 mmol, 1M in THF, 0.6 mL) and diethyl ether (2 mL) were added 
sequentially. The above solution was stirred at −95 oC, and then freshly prepared LDA 
(0.86 M, 0.7 mL) was added dropwise over 10 min. The reaction mixture was allowed 
to stir 1h at −95 oC followed by dropwise addition of a solution of I2 (0.66 mmol, 
167.4 mg) in methanol (2 mL). After stirring for 5 min, then the mixture was allowed 
warm to room temperature, stirred for 1h and 20% aqueous solution of Na2S2O3 (10 
mL) was added. Then, the mixture was extracted with EtOAc (3 x 10 mL), dried over 
MgSO4, filtered and concentrated under reduced pressure.9 The mixture was purified 
by column chromatography (Hexane), afforded 4.5.10 (56 mg, 56% yield) as colorless 
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oil. 1H NMR (400 MHz, CDCl3) δ 7.44 – 7.35 (m, 2H), 7.15 (dd, J = 8.3, 2.2 Hz, 1H), 
5.76 – 5.75 (m, 1H), 5.47 (dd, J = 2.1, 0.8 Hz, 1H), 3.66 (t, J = 6.3 Hz, 1H), 2.01 – 
1.96 (m, 1H), 1.76 – 1.71 (m, 1H), 0.89 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 
143.2, 139.3, 132.5, 131.0, 130.4, 130.2, 127.7, 117.0, 51.7, 46.8, 31.4, 30.1 ppm. IR 
(neat, cm-1): 2955, 2912, 2866, 1729, 1619, 1467, 1396, 1366, 1244, 1131, 1031, 889. 
HRMS calcd. for C14H17Cl2 [M-Br]+: 255.0702 found 255.0704. 

 
1-(3,4-dichlorophenyl)-3,3-dimethylbutan-1-ol (4.5.11): 4.5.4r was dissolved in a 
mixture of THF and H2O (1:1, 4 mL). Then NaBO3·4H2O (327.2 mg, 0.40 mmol) was 
added portion wise. The reaction mixture was stirred at room temperature for 4 h. 
After the reaction was completed, water (10 mL) was added. The aqueous phase was 
extracted with EtOAc (3 x 10 mL), and the combined organic phases were dried over 
MgSO4 and concentrated.10 The residue was purified by column chromatography 
(Hexane/EtOAc = 30:1 to 20:1), afforded 4.5.11 (69.2 mg, 75% after two steps) as a 
light-yellow oil. 1H NMR (300 MHz, CDCl3) δ 7.43 (d, J = 2.1 Hz, 1H), 7.38 (d, J = 
8.2 Hz, 1H), 7.15 (dd, J = 8.3, 2.1 Hz, 1H), 4.78 (dd, J = 8.6, 3.3 Hz, 1H), 1.87 (s, 
1H), 1.69 (dd, J = 14.6, 8.6 Hz, 1H), 1.52 (dd, J = 14.6, 3.3 Hz, 1H), 0.99 (s, 10H) 
ppm. 13C NMR (75 MHz, CDCl3) δ 146.8, 132.5, 131.0, 130.4, 127.8, 125.1, 71.4, 
53.0, 30.6, 30.2 ppm. IR (neat, cm-1): 3383, 2951, 2866, 1465, 1394, 1364, 1130, 
1068, 1029, 984, 881, 821, 719, 675. HRMS calcd. for (C12H16Cl2O) [M+H]+: 
246.0573 found 246.0564. 

4.8.7 Mechanistic Experiments 

4.8.7.1 Synthesis of Ni-4.5.1  

 
In a nitrogen filled glove box, a 50 mL round bottom flask containing a stirring bar 
was charged with Ni(COD)2 (276 mg, 1.0 mmol, 1.0 equiv), 2,2’- dipyridyl (L4.5.1, 
156 mg, 1.0 mmol, 1.0 equiv) and dry THF (10 mL) giving a dark purple mixture 
which was stirred overnight at 25 ºC. 1-bromo-4-(trifluoromethyl)benzene (1.4 mL, 
10 mmol, 10.0 equiv) was added and stirred for additional 1 h. Dry pentane (30 mL) 
was added to the orange colored mixture and filtered. The resulting precipitate was 
washed with pentane (3 x 10 mL) and dried under vacuum to afford Ni-4.5.1 (356 mg, 
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76% yield) as an orange solid. The product was used without further purification. The 
complex was stored in a nitrogen filled glove box at −35 ºC and showed to be stable 
in solid form. The product turned out to be highly insoluble in the vast majority of 
solvents used for NMR spectroscopy, obtaining in all cases broad signals.11 1H NMR 
(400 MHz, CD2Cl2) δ 9.40 (s, 1H), 8.05 – 7.87 (m, 4H), 7.76 (d, J = 7.8 Hz, 2H), 7.54 
(s, 1H), 7.28 – 7.15 (m, 4H) ppm. 19F NMR (376 MHz, CD2Cl2) δ −62.1 ppm.  

4.8.7.2 Stoichiometric experiments 

 

An oven-dried 8 mL screw-cap test tube containing a stirring bar was charged with 
4CzIPN (7.9 mg, 10 mol%). Subsequently, the tube was sealed with a Teflon-lined 
screw cap and the tube was brought into the glovebox. After then Ni-4.5.1(46.8 mg, 
0.1 mmol, 1.0 equiv) was added. Afterwards, the tube was brought out, then 
2-bromo-2-methylpropane (4.5.3a, 56 µL, 0.5 mmol, 5.0 equiv), Vinyl Bpin (4.5.2a, 
35 µL, 0.2 mmol, 2.0 equiv), TMEDA (90 µL, 0.6 mmol, 6.0 equiv) and anhydrous 
MeCN (3.0 mL) were added via syringe. Then, the tube was stirred at 30 ℃ under 
irradiation of blue LEDs with a fan for 20 h. After the reaction was completed, the 
mixture was diluted with EtOAc, filtered through silica gel to remove inorganic salts 
and concentrated under vacuum. The yields were determined by 1H NMR analysis 
using CH2Br2 as internal standard. As shown from the stoichiometric experiments, no 
reaction occurred without TMEDA, suggesting that the mechanism might operate via 
a canonical photocatalytic cycle consisting of a reductive quenching with TMEDA. 

4.8.7.3 Catalytic reaction with Ni-4.5.1  

 

An oven-dried 8 mL screw-cap test tube containing a stirring bar was charged with 
4CzIPN (7.9 mg, 5 mol%). Subsequently, the tube was sealed with a Teflon-lined 
screw cap and the tube was brought into the glovebox. After then Ni-4.5.1(6.6 mg, 7.5 
mmol%) was added. Afterwards, the tube was brought out, then 
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1-bromo-4-(trifluoromethyl)benzene (4.5.1b, 56 uL, 0.40 mmol), Vinyl Bpin (4.5.2a, 
35 µL, 0.2 mmol, 2.0 equiv), 2-bromo-2-methylpropane (4.5.3a, 56 µL, 0.5 mmol, 5.0 
equiv), TMEDA (90 µL, 0.6 mmol, 6.0 equiv) and anhydrous MeCN (3.0 mL) were 
added via syringe. Then, the tube was stirred at 30 ℃ under irradiation of blue LEDs 
with a fan for 20 h. After the reaction was completed, the mixture was diluted with 
EtOAc, filtered through silica gel to remove inorganic salts and concentrated under 
vacuum. The yields were determined by 1H NMR analysis using CH2Br2 as internal 
standard. 

4.8.7.4 Radical trapping Experiments 

 

An oven-dried 8 mL screw-cap test tube containing a stirring bar was charged with 
4CzIPN (7.9 mg, 5 mol%), 2,2′-dipyridyl (L4.5.1, 2.3 mg, 7.5 mol%) and Methyl 
4-benzoate (4.5.1a, 86.0 mg, 0.4 mmol, 2.0 equiv). The corresponding additives, such 
as 1,4-CHD and DMPO was added after introducing the tube into glovebox, while 
TEMPO was added beforewards. Subsequently, the tube was sealed with a 
Teflon-lined screw cap and the tube was brought into the glovebox. After then 
NiCl2·glyme (3.3 mg, 7.5 mol%) was added. Afterwards, the tube was brought out, 
then Vinyl Bpin (4.5.2a, 35 µL, 0.2 mmol, 1.0 equiv), 2-bromo-2-methylpropane 
(4.5.3a, 56 µL, 0.5 mmol, 2.5 equiv), TMEDA (90 µL, 0.6 mmol, 3.0 equiv) and 
anhydrous MeCN (3.0 mL) were added via syringe. Then, the tube was stirred at 30 ℃ 
under irradiation of blue LEDs with a fan for 24 h. After the reaction was completed, 
the mixture was diluted with EtOAc, filtered through silica gel to remove inorganic 
salts and concentrated under vacuum. The yields were determined by 1H NMR 
analysis using CH2Br2 as internal standard.  
Note: in the case of 1,4-CHD, it was added 1 hour after the reaction started. 
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4.8.7.5 Experiments with Radical Probes 12 and 13 

 

An oven-dried 8 mL screw-cap test tube containing a stirring bar was charged with 
4CzIPN (7.9 mg, 5 mol%), 2,2′-dipyridyl (L4.5.1, 2.3 mg, 7.5 mol%) and methyl 
4-bromobenzoate (4.5.1a, 85.6 mg, 0.40 mmol). Subsequently, the tube was sealed 
with a Teflon-lined screw cap and the tube was brought into the glovebox. After then 
NiCl2·glyme (3.3 mg, 7.5 mol%) was added. Afterwards, the tube was brought out, 
then 2-bromo-2-methylpropane (4.5.3a, 56 µL, 0.5 mmol, 5.0 equiv), diene (4.5.17 or 
4.5.18, 0.2 mmol, 1.0 equiv), TMEDA (90 µL, 0.6 mmol, 3.0 equiv) and anhydrous 
MeCN (3.0 mL) were added via syringe. Then, the tube was stirred at 30 ℃ under 
irradiation of blue LEDs with a fan for 36 h. After the reaction was completed, the 
mixture was diluted with EtOAc, filtered through silica gel to remove inorganic salts 
and concentrated under vacuum.  

 

Methyl 4-((4-neopentyltetrahydrofuran-3-yl)methyl)benzoate (4.5.19): Following 
the general procedure, but using allyl ether (35 uL, 0.20 mmol), afforded 5.1.19 (31 
mg, 53% yield, dr = 4:1, with the major isomer corresponding to the trans-junction) as 
white solid. Mp. 71.6 – 72.5 oC. 1H NMR (400 MHz, CDCl3) δ 7.95 (dd, J = 8.3, 1.7 
Hz, 2H), 7.27 – 7.20 (m, 2H), 4.13 (t, J = 7.8 Hz, 0.2 H), 4.02 (t, J = 7.8 Hz, 0.8H), 
3.89 (s, 3H), 3.75 – 3.71 (m, 0.79H), 3.66 – 3.57 (m, 0.79H), 3.55 – 3.47 (m, 1.53H), 
3.44 – 3.34 (m, 0.37H), 2.97 – 2.82 (m, 1H), 2.59 – 2.54 (m, 0.2H), 2.48 – 2.36 (m, 
2.26H), 2.11 – 2.01 (m, 0.21H), 1.94 – 1.85 (m, 0.22H), 1.59 (dd, J = 13.9, 3.5 Hz, 
0.84H), 1.49 (dd, J = 14.0, 2.4 Hz, 0.21H), 1.31 – 1.22 (m, 2.2H), 0.93 (s, 7.23H), 
0.85 (s, 1.72H) ppm. 13C NMR (101 MHz, CDCl3) δ 167.2, 146.7, 146.2, 129.9, 
129.89, 129.1, 128.8, 128.2, 75.6, 73.4, 72.4, 71.4, 52.1, 48.3, 47.7, 44.8, 42.2, 41.9, 
39.0, 38.7, 33.3, 30.9, 30.8, 30.1, 30.0 ppm. IR (neat, cm-1): 2957, 2929, 2868, 1721, 
1609, 1438, 1365, 1275, 1185, 1109, 1050, 1020, 957. HRMS calcd. for (C18H27O3) 
[M+H]+: 291.1955 found 291.1958.  
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tert-butyl 3-(4-(methoxycarbonyl)benzyl)-4-neopentylpyrrolidine-1-carboxylate 
(5.1.20): Following the general procedure, by using tert-butyl diallylcarbamate (39.4 
mg, 0.20 mmol), afforded 5.1.20 (29 mg, 37% yield, dr = 1.2:1) as colorless oil. 1H 
NMR (400 MHz, CDCl3) δ 7.99 – 7.91 (m, 2H), 7.21 (dd, J = 8.2, 6.4 Hz, 2H), 3.90 
(s, 3H), 3.81 – 3.63 (m, 0.44H), 3.53 (t, J = 9.0 Hz, 0.56H), 3.32 (t, J = 9.3 Hz, 
0.43H), 3.20 – 3.02 (m, 1.73H), 2.98 (dd, J = 13.6, 4.1 Hz, 0.45H), 2.94 – 2.80 (m, 
1.43H), 2.47 – 2.24 (m, 2.16H), 2.04 – 1.91 (m, 0.53H), 1.87 – 1.77 (m, 0.61H), 1.60 
– 1.50 (m, 1H), 1.45 (s, 5.17H), 1.41 (s, 3.90H), 1.32 – 1.25 (m, 0.47H), 1.24 – 1.18 
(m, 0.59H), 0.94 (s, 5.12H), 0.91 (s, 3.88H) ppm. 13C NMR (101 MHz, CDCl3) δ 
167.2, 167.1, 155.0, 154.5, 146.4, 145.9, 129.94, 129.9, 129.2, 128.8, 128.4, 128.3, 
79.3, 79.25, 53.7, 52.2, 51.3, 50.6, 49.3, 47.1, 46.6, 44.2, 42.4, 40.6, 38.3, 38.0, 33.4, 
30.9, 30.8, 30.1, 28.7, 28.6 ppm. IR (neat, cm-1): 2938, 2899, 2855, 1731, 1698, 1609, 
1473, 1406, 1365, 1276, 1248, 1115, 1109, 1023, 957. HRMS calcd. for 
(C23H35NNaO4) [M+Na]+: 412.2458 found 412.246
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4.8.7.6 EPR Experiment 

 

 

Figure S1. EPR of reaction system under irradiation 

Sample preparation: The reaction was run at standard conditions for 2 hours. 0.4 mL of 
the solution was taken after the tube was introduced into the glovebox. The EPR tube was 
sealed in the glovebox and took out for irradiation under blue LEDs for an additional 0.5 
hour (Note: this irradiation step is crucial for the detection of the signal). This sample 
was immediately cooled down to 77K in liquid nitrogen for the measurement.  
The EPR experiment was measured at 77K (liquid nitrogen). The g-value is 2.0006. This 
experiment confirmed the intermediacy of alkyl radicals under our reaction conditions. 

4.8.7.7 Stern-Volmer Quenching Experiments 

Samples for the quenching experiments were prepared in a 4 mL glass cuvette with a 
septum screw cap. 4CzIPN was irradiated and the emission intensity at 435 nm was 
observed. The UV-Vis spectra of 4CzIPN was measured at 0.01 mM and 0.05 mM 
concentration, no significant change could be observed when adding t-BuBr or ArBr 
or TMEDA. 

g-value is 2.0006 
2.0006 
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Figure S2. UV-Vis spectra of the photocatalyst 

The Stern-Volmer Quenching was measured at 0.01 mM of the photocatalyst.  

 

t-BuBr: No quenching effect was observed when t-BuBr was added. 

 

 

Figure S3. The Stern-Volmer of t-BuBr 

TMEDA: A stock solution of TMEDA (6 µL, 0.04 mmol) in 4 ml of MeCN was 
prepared (C0 = 10 mM). Then, different amounts (5 µL, 5 µL, 10 µL, 10 µL, 10 µL, 
10 µL, 30 µL, 20 µL) of this stock solution were added to a solution of the 
photocatalyst 4CzIPN in MeCN (0.01 M). As shown, a significant decrease of 
4CzIPN luminescence was observed, suggesting that the mechanism might operate 
via a canonical photocatalytic cycle consisting of a reductive quenching with 
TMEDA. 
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Figure S4. The Stern-Volmer of TMEDA 
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4.8.7.8 Recovery of the photocatalyst (4CzIPN)  

The photocatalyst (4CzIPN) was not decomposed after the reaction complete. The 
photocatalyst could been recoverd in quantitative yield.  

  

 

Figure S5. (a) 1H NMR of 4CzIPN before the reaction. (b) 1H NMR of 4CzIPN after 

the reaction. 

-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)

a 

b 
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4.8.8 X-Ray Crystallography Data 

4.8.8.1 X-Ray crystallography data of 4.5.4a 

 

X-Ray quality crystals were obtained from a saturated solution of 4.5.4a in DCM and 
drops of Et2O were slowly added, and left few days. A CIF file is available as a 
separate Supporting Information file. 
Table 1.  Crystal data and structure refinement for 4.5.4a. 
_____________________________________________________________________ 

Identification code  ssun-1 

Empirical formula  C20 H31 B O4  

Formula weight  346.26 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P2(1)/n 

Unit cell dimensions a = 6.59530(10)Å = 90°. 

 b = 21.9117(4)Å  = 97.696(2)°. 

 c = 14.3091(3)Å © = 90°. 

Volume 2049.24(7) Å3 

Z 4 

Density (calculated) 1.122 Mg/m3 

Absorption coefficient 0.075 mm-1 

F(000)  752 

Crystal size  0.22 x 0.20 x 0.10 mm3 

Theta range for data collection 2.349 to 37.316°. 

Index ranges -10<=h<=11,-37<=k<=36,-24<=l<=23 

Reflections collected  61112 

Independent reflections 10381[R(int) = 0.0321] 

Completeness to theta =37.316°  97.399994%  
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Absorption correction  Multi-scan 

Max. and min. transmission  0.993 and 0.764 

Refinement method  Full-matrix least-squares on F2 

Data / restraints / parameters  10381/ 379/ 456 

Goodness-of-fit on F2  1.072 

Final R indices [I>2sigma(I)]  R1 = 0.0480, wR2 = 0.1266 

R indices (all data)  R1 = 0.0636, wR2 = 0.1338 

Largest diff. peak and hole  0.467 and -0.240 e.Å-3 

 

Table 2.   Bond lengths [Å] and angles [°] for 4.5.4a. 

_____________________________________________________ 

Bond lengths---- 

O1-C8  1.344(2) 

O1-C9  1.449(3) 

O2-C8  1.211(2) 

O3-B1  1.3871(15) 

O3-C15  1.4651(13) 

O4-B1  1.3576(17) 

O4-C16  1.452(2) 

C1-C2  1.5249(12) 

C1-C10  1.5452(11) 

C1-B1  1.5769(17) 

C1-H1  0.9800 

C2-C3  1.3991(12) 

C2-C7  1.4029(13) 

C3-C4  1.3871(14) 

C3-H3  0.9300 

C4-C5  1.3936(16) 

C4-H4  0.9300 

C5-C6  1.3985(12) 

C5-C8  1.484(2) 

C6-C7  1.3971(12) 

C6-H6  0.9300 

C7-H7  0.9300 

C9-H9A  0.9600 

C9-H9B  0.9600 

C9-H9C  0.9600 

C10-C11  1.5400(11) 
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C10-H10A  0.9700 

C10-H10B  0.9700 

C11-C13  1.5313(15) 

C11-C12  1.5328(16) 

C11-C14  1.5394(13) 

C12-H12A  0.9600 

C12-H12B  0.9600 

C12-H12C  0.9600 

C13-H13A  0.9600 

C13-H13B  0.9600 

C13-H13C  0.9600 

C14-H14A  0.9600 

C14-H14B  0.9600 

C14-H14C  0.9600 

C15-C17  1.5203(13) 

C15-C18  1.5206(13) 

C15-C16  1.5638(15) 

C16-C20  1.5180(18) 

C16-C19  1.525(2) 

C17-H17A  0.9600 

C17-H17B  0.9600 

C17-H17C  0.9600 

C18-H18A  0.9600 

C18-H18B  0.9600 

C18-H18C  0.9600 

C19-H19A  0.9600 

C19-H19B  0.9600 

C19-H19C  0.9600 

C20-H20A  0.9600 

C20-H20B  0.9600 

C20-H20C  0.9600 

O1'-C8'  1.289(13) 

O1'-C9'  1.439(16) 

O2'-C8'  1.232(15) 

O3'-B1'  1.206(17) 

O3'-C15'  1.516(14) 

O4'-B1'  1.430(17) 

O4'-C16'  1.601(17) 
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C1'-C2'  1.513(10) 

C1'-C10'  1.527(12) 

C1'-B1'  1.654(18) 

C1'-H1'  0.9800 

C2'-C3'  1.3900 

C2'-C7'  1.3900 

C3'-C4'  1.3900 

C3'-H3'  0.9300 

C4'-C5'  1.3900 

C4'-H4'  0.9300 

C5'-C6'  1.3900 

C5'-C8'  1.519(17) 

C6'-C7'  1.3900 

C6'-H6'  0.9300 

C7'-H7'  0.9300 

C9'-H9'A  0.9600 

C9'-H9'B  0.9600 

C9'-H9'C  0.9600 

C10'-C11'  1.541(10) 

C10'-H10C  0.9700 

C10'-H10D  0.9700 

C11'-C14'  1.490(15) 

C11'-C13'  1.531(14) 

C11'-C12'  1.558(14) 

C12'-H12D  0.9600 

C12'-H12E  0.9600 

C12'-H12F  0.9600 

C13'-H13D  0.9600 

C13'-H13E  0.9600 

C13'-H13F  0.9600 

C14'-H14D  0.9600 

C14'-H14E  0.9600 

C14'-H14F  0.9600 

C15'-C16'  1.535(5) 

C15'-C18'  1.537(5) 

C15'-C17'  1.545(5) 

C16'-C20'  1.464(15) 

C16'-C19'  1.480(16) 
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C17'-H17D  0.9600 

C17'-H17E  0.9600 

C17'-H17F  0.9600 

C18'-H18D  0.9600 

C18'-H18E  0.9600 

C18'-H18F  0.9600 

C19'-H19D  0.9600 

C19'-H19E  0.9600 

C19'-H19F  0.9600 

C20'-H20D  0.9600 

C20'-H20E  0.9600 

C20'-H20F  0.9600 

 

Angles---------- 

C8-O1-C9 115.29(19) 

B1-O3-C15 107.10(9) 

B1-O4-C16 107.36(10) 

C2-C1-C10 111.56(7) 

C2-C1-B1 105.64(8) 

C10-C1-B1 113.93(8) 

C2-C1-H1 108.5 

C10-C1-H1 108.5 

B1-C1-H1 108.5 

C3-C2-C7 118.06(8) 

C3-C2-C1 120.96(8) 

C7-C2-C1 120.98(8) 

C4-C3-C2 121.28(8) 

C4-C3-H3 119.4 

C2-C3-H3 119.4 

C3-C4-C5 120.33(8) 

C3-C4-H4 119.8 

C5-C4-H4 119.8 

C4-C5-C6 119.36(9) 

C4-C5-C8 118.74(11) 

C6-C5-C8 121.90(13) 

C7-C6-C5 119.98(9) 

C7-C6-H6 120.0 

C5-C6-H6 120.0 
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C6-C7-C2 120.94(9) 

C6-C7-H7 119.5 

C2-C7-H7 119.5 

O2-C8-O1 123.15(19) 

O2-C8-C5 124.02(15) 

O1-C8-C5 112.81(18) 

O1-C9-H9A 109.5 

O1-C9-H9B 109.5 

H9A-C9-H9B 109.5 

O1-C9-H9C 109.5 

H9A-C9-H9C 109.5 

H9B-C9-H9C 109.5 

C11-C10-C1 115.97(7) 

C11-C10-H10A 108.3 

C1-C10-H10A 108.3 

C11-C10-H10B 108.3 

C1-C10-H10B 108.3 

H10A-C10-H10B 107.4 

C13-C11-C12 109.93(10) 

C13-C11-C14 108.74(8) 

C12-C11-C14 109.00(9) 

C13-C11-C10 110.70(8) 

C12-C11-C10 110.94(9) 

C14-C11-C10 107.45(8) 

C11-C12-H12A 109.5 

C11-C12-H12B 109.5 

H12A-C12-H12B 109.5 

C11-C12-H12C 109.5 

H12A-C12-H12C 109.5 

H12B-C12-H12C 109.5 

C11-C13-H13A 109.5 

C11-C13-H13B 109.5 

H13A-C13-H13B 109.5 

C11-C13-H13C 109.5 

H13A-C13-H13C 109.5 

H13B-C13-H13C 109.5 

C11-C14-H14A 109.5 

C11-C14-H14B 109.5 
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H14A-C14-H14B 109.5 

C11-C14-H14C 109.5 

H14A-C14-H14C 109.5 

H14B-C14-H14C 109.5 

O4-B1-O3 113.83(12) 

O4-B1-C1 123.98(10) 

O3-B1-C1 121.94(11) 

O3-C15-C17 106.81(9) 

O3-C15-C18 107.20(8) 

C17-C15-C18 110.43(9) 

O3-C15-C16 102.54(9) 

C17-C15-C16 113.53(9) 

C18-C15-C16 115.45(10) 

O4-C16-C20 108.53(11) 

O4-C16-C19 106.10(11) 

C20-C16-C19 110.36(12) 

O4-C16-C15 103.94(10) 

C20-C16-C15 114.53(12) 

C19-C16-C15 112.76(11) 

C15-C17-H17A 109.5 

C15-C17-H17B 109.5 

H17A-C17-H17B 109.5 

C15-C17-H17C 109.5 

H17A-C17-H17C 109.5 

H17B-C17-H17C 109.5 

C15-C18-H18A 109.5 

C15-C18-H18B 109.5 

H18A-C18-H18B 109.5 

C15-C18-H18C 109.5 

H18A-C18-H18C 109.5 

H18B-C18-H18C 109.5 

C16-C19-H19A 109.5 

C16-C19-H19B 109.5 

H19A-C19-H19B 109.5 

C16-C19-H19C 109.5 

H19A-C19-H19C 109.5 

H19B-C19-H19C 109.5 

C16-C20-H20A 109.5 
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C16-C20-H20B 109.5 

H20A-C20-H20B 109.5 

C16-C20-H20C 109.5 

H20A-C20-H20C 109.5 

H20B-C20-H20C 109.5 

C8'-O1'-C9' 115.7(14) 

B1'-O3'-C15' 108.4(10) 

B1'-O4'-C16' 108.9(9) 

C2'-C1'-C10' 115.8(7) 

C2'-C1'-B1' 106.1(8) 

C10'-C1'-B1' 116.4(7) 

C2'-C1'-H1' 105.9 

C10'-C1'-H1' 105.9 

B1'-C1'-H1' 105.9 

C3'-C2'-C7' 120.0 

C3'-C2'-C1' 125.7(5) 

C7'-C2'-C1' 114.2(5) 

C2'-C3'-C4' 120.0 

C2'-C3'-H3' 120.0 

C4'-C3'-H3' 120.0 

C5'-C4'-C3' 120.0 

C5'-C4'-H4' 120.0 

C3'-C4'-H4' 120.0 

C6'-C5'-C4' 120.0 

C6'-C5'-C8' 129.6(7) 

C4'-C5'-C8' 110.4(7) 

C7'-C6'-C5' 120.0 

C7'-C6'-H6' 120.0 

C5'-C6'-H6' 120.0 

C6'-C7'-C2' 120.0 

C6'-C7'-H7' 120.0 

C2'-C7'-H7' 120.0 

O2'-C8'-O1' 124.9(15) 

O2'-C8'-C5' 122.1(12) 

O1'-C8'-C5' 112.4(13) 

O1'-C9'-H9'A 109.5 

O1'-C9'-H9'B 109.5 

H9'A-C9'-H9'B 109.5 
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O1'-C9'-H9'C 109.5 

H9'A-C9'-H9'C 109.5 

H9'B-C9'-H9'C 109.5 

C1'-C10'-C11' 117.7(7) 

C1'-C10'-H10C 107.9 

C11'-C10'-H10C 107.9 

C1'-C10'-H10D 107.9 

C11'-C10'-H10D 107.9 

H10C-C10'-H10D 107.2 

C14'-C11'-C13' 111.6(9) 

C14'-C11'-C10' 107.8(7) 

C13'-C11'-C10' 109.8(8) 

C14'-C11'-C12' 114.8(9) 

C13'-C11'-C12' 101.6(10) 

C10'-C11'-C12' 111.1(7) 

C11'-C12'-H12D 109.5 

C11'-C12'-H12E 109.5 

H12D-C12'-H12E 109.5 

C11'-C12'-H12F 109.5 

H12D-C12'-H12F 109.5 

H12E-C12'-H12F 109.5 

C11'-C13'-H13D 109.5 

C11'-C13'-H13E 109.5 

H13D-C13'-H13E 109.5 

C11'-C13'-H13F 109.5 

H13D-C13'-H13F 109.5 

H13E-C13'-H13F 109.5 

C11'-C14'-H14D 109.5 

C11'-C14'-H14E 109.5 

H14D-C14'-H14E 109.5 

C11'-C14'-H14F 109.5 

H14D-C14'-H14F 109.5 

H14E-C14'-H14F 109.5 

O3'-B1'-O4' 111.9(13) 

O3'-B1'-C1' 126.9(12) 

O4'-B1'-C1' 120.1(10) 

O3'-C15'-C16' 105.8(9) 

O3'-C15'-C18' 104.4(7) 
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C16'-C15'-C18' 114.0(9) 

O3'-C15'-C17' 103.6(7) 

C16'-C15'-C17' 112.1(9) 

C18'-C15'-C17' 115.5(10) 

C20'-C16'-C19' 112.2(8) 

C20'-C16'-C15' 116.3(10) 

C19'-C16'-C15' 115.6(10) 

C20'-C16'-O4' 108.8(10) 

C19'-C16'-O4' 107.9(9) 

C15'-C16'-O4' 94.0(8) 

C15'-C17'-H17D 109.5 

C15'-C17'-H17E 109.5 

H17D-C17'-H17E 109.5 

C15'-C17'-H17F 109.5 

H17D-C17'-H17F 109.5 

H17E-C17'-H17F 109.5 

C15'-C18'-H18D 109.5 

C15'-C18'-H18E 109.5 

H18D-C18'-H18E 109.5 

C15'-C18'-H18F 109.5 

H18D-C18'-H18F 109.5 

H18E-C18'-H18F 109.5 

C16'-C19'-H19D 109.5 

C16'-C19'-H19E 109.5 

H19D-C19'-H19E 109.5 

C16'-C19'-H19F 109.5 

H19D-C19'-H19F 109.5 

H19E-C19'-H19F 109.5 

C16'-C20'-H20D 109.5 

C16'-C20'-H20E 109.5 

H20D-C20'-H20E 109.5 

C16'-C20'-H20F 109.5 

H20D-C20'-H20F 109.5 

H20E-C20'-H20F 109.5 

------------------------------------------------------- 

 

Table 3.  Torsion angles [°] for 4a. 

________________________________________________________________ 
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C10-C1-C2-C3 40.36(11) 

B1-C1-C2-C3 -83.94(11) 

C10-C1-C2-C7 -140.73(9) 

B1-C1-C2-C7 94.98(11) 

C7-C2-C3-C4 2.51(12) 

C1-C2-C3-C4 -178.55(10) 

C2-C3-C4-C5 -0.99(13) 

C3-C4-C5-C6 -1.26(13) 

C3-C4-C5-C8 179.46(18) 

C4-C5-C6-C7 1.92(13) 

C8-C5-C6-C7 -178.83(19) 

C5-C6-C7-C2 -0.36(13) 

C3-C2-C7-C6 -1.83(13) 

C1-C2-C7-C6 179.23(11) 

C9-O1-C8-O2 1.4(4) 

C9-O1-C8-C5 179.9(3) 

C4-C5-C8-O2 6.0(4) 

C6-C5-C8-O2 -173.2(2) 

C4-C5-C8-O1 -172.5(2) 

C6-C5-C8-O1 8.3(3) 

C2-C1-C10-C11 158.97(7) 

B1-C1-C10-C11 -81.54(10) 

C1-C10-C11-C13 -64.74(9) 

C1-C10-C11-C12 57.59(12) 

C1-C10-C11-C14 176.65(7) 

C16-O4-B1-O3 -9.25(16) 

C16-O4-B1-C1 165.13(12) 

C15-O3-B1-O4 -6.33(15) 

C15-O3-B1-C1 179.16(11) 

C2-C1-B1-O4 -97.30(14) 

C10-C1-B1-O4 139.90(12) 

C2-C1-B1-O3 76.64(14) 

C10-C1-B1-O3 -46.15(15) 

B1-O3-C15-C17 -101.99(11) 

B1-O3-C15-C18 139.64(10) 

B1-O3-C15-C16 17.65(13) 

B1-O4-C16-C20 141.93(12) 

B1-O4-C16-C19 -99.48(12) 
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B1-O4-C16-C15 19.63(14) 

O3-C15-C16-O4 -22.56(12) 

C17-C15-C16-O4 92.28(11) 

C18-C15-C16-O4 -138.75(10) 

O3-C15-C16-C20 -140.79(12) 

C17-C15-C16-C20 -25.96(16) 

C18-C15-C16-C20 103.01(14) 

O3-C15-C16-C19 91.90(12) 

C17-C15-C16-C19 -153.26(11) 

C18-C15-C16-C19 -24.30(15) 

C10'-C1'-C2'-C3' 132.3(8) 

B1'-C1'-C2'-C3' -96.9(9) 

C10'-C1'-C2'-C7' -44.8(9) 

B1'-C1'-C2'-C7' 86.0(8) 

C7'-C2'-C3'-C4' 0.0 

C1'-C2'-C3'-C4' -177.0(8) 

C2'-C3'-C4'-C5' 0.0 

C3'-C4'-C5'-C6' 0.0 

C3'-C4'-C5'-C8' 178.2(12) 

C4'-C5'-C6'-C7' 0.0 

C8'-C5'-C6'-C7' -177.8(15) 

C5'-C6'-C7'-C2' 0.0 

C3'-C2'-C7'-C6' 0.0 

C1'-C2'-C7'-C6' 177.3(8) 

C9'-O1'-C8'-O2' -8(3) 

C9'-O1'-C8'-C5' -179.0(15) 

C6'-C5'-C8'-O2' -169.4(16) 

C4'-C5'-C8'-O2' 13(2) 

C6'-C5'-C8'-O1' 2(2) 

C4'-C5'-C8'-O1' -176.0(14) 

C2'-C1'-C10'-C11' -151.4(7) 

B1'-C1'-C10'-C11' 82.9(10) 

C1'-C10'-C11'-C14' -174.2(8) 

C1'-C10'-C11'-C13' -52.5(12) 

C1'-C10'-C11'-C12' 59.1(10) 

C15'-O3'-B1'-O4' 24.0(13) 

C15'-O3'-B1'-C1' -167.9(10) 

C16'-O4'-B1'-O3' -4.7(14) 
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C16'-O4'-B1'-C1' -173.7(10) 

C2'-C1'-B1'-O3' 115.5(13) 

C10'-C1'-B1'-O3' -114.1(12) 

C2'-C1'-B1'-O4' -77.3(12) 

C10'-C1'-B1'-O4' 53.2(14) 

B1'-O3'-C15'-C16' -35.2(11) 

B1'-O3'-C15'-C18' 85.4(11) 

B1'-O3'-C15'-C17' -153.3(9) 

O3'-C15'-C16'-C20' -86.0(12) 

C18'-C15'-C16'-C20' 159.8(10) 

C17'-C15'-C16'-C20' 26.3(15) 

O3'-C15'-C16'-C19' 139.3(9) 

C18'-C15'-C16'-C19' 25.1(15) 

C17'-C15'-C16'-C19' -108.4(11) 

O3'-C15'-C16'-O4' 27.3(9) 

C18'-C15'-C16'-O4' -86.9(11) 

C17'-C15'-C16'-O4' 139.6(9) 

B1'-O4'-C16'-C20' 103.8(10) 

B1'-O4'-C16'-C19' -134.3(9) 

B1'-O4'-C16'-C15' -15.7(11) 

----------------------------------------------------------------- 
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4.8.8.2 X-Ray crystallography data of Ni(II) complex Ni-4.5.1  

 

X-Ray quality crystals were obtained from a saturated solution of Ni-4.5.1 in Toluene 
and drops of pentane were slowly added, and cooling the solution at −35 oC overnight. 
A CIF file is available as a separate Supporting Information file. 
Table 1. Crystal data and structure refinement for Ni-4.5.1. 

_____________________________________________________________________ 

Identification code  RJS-834_4t 

Empirical formula  C27.50 H23.50 Br F3 N2 Ni  

Formula weight  577.60 

Temperature  100(2)K 

Wavelength  0.71073 ≈ 

Crystal system  monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 10.1360(18)≈ =  90∞. 

 b = 14.018(2)≈  = 98.296(5)∞. 

 c = 17.441(3)≈  =  90∞. 

Volume 2452.2(7) ≈3 

Z 4 

Density (calculated) 1.565 Mg/m3 

Absorption coefficient 2.462 mm-1 

F(000)  1170 

Crystal size  0.070 x 0.060 x 0.030 mm3 

Theta range for data collection 1.872 to 30.629∞. 

Index ranges ?<=h<=?,?<=k<=?,?<=l<=? 

Reflections collected  6875 

Independent reflections 6875[R(int) = ?] 

Completeness to theta =30.629∞  90.9%  

Absorption correction  Multi-scan 

Max. and min. transmission 0.74 and 0.59 

Refinement method  Full-matrix least-squares on F2 
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Data / restraints / parameters  6875/ 331/ 441 

Goodness-of-fit on F2  0.912 

Final R indices [I>2sigma(I)]  R1 = 0.0485, wR2 = 0.0952 

R indices (all data)  R1 = 0.1574, wR2 = 0.1120 

Largest diff. peak and hole  0.874 and -0.536 e.≈-3 

 

 
Table 2. Bond lengths [≈] and angles [∞] for Ni-4.5.1. 

_____________________________________________________ 

Bond lengths---- 

Ni1    C11    1.896(4)         

Ni1    N1     1.928(3)         

Ni1    N2     1.981(3)         

Ni1    Br1    2.3072(7)        

N1     C1     1.346(4)         

N1     C5     1.358(4)         

C1     C2     1.378(5)         

C2     C3     1.374(5)         

N2     C10    1.334(4)         

N2     C6     1.343(4)         

C3     C4     1.379(5)         

C4     C5     1.389(5)         

C5     C6     1.466(5)         

C6     C7     1.382(5)         

C7     C8     1.383(5)         

C8     C9     1.364(6)         

C9     C10    1.380(5)         

C11    C12'   1.32(3)          

C11    C16    1.322(14)        

C11    C12    1.436(13)        

C11    C16'   1.56(3)          

C12    C13    1.393(16)        

C13    C14    1.382(11)        

C14    C15    1.421(12)        

C14    C17    1.483(12)        

C15    C16    1.413(17)        

C17    F2     1.350(8)         

C17    F3     1.378(9)         
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C17    F1     1.412(16)        

C12'   C13'   1.43(3)          

C13'   C14'   1.34(2)          

C14'   C15'   1.32(2)          

C14'   C17'   1.56(3)          

C15'   C16'   1.37(4)          

C17'   F3'    1.22(4)          

C17'   F1'    1.28(2)          

C17'   F2'    1.37(2)          

C1A    C2A    1.376(6)         

C1A    C3A#   1.383(6)        3_667 

C2A    C3A    1.390(6)         

C2A    C4A    1.506(9)         

C1B    C2B    1.3900           

C1B    C6B    1.3900           

C1B    C7B    1.511(6)         

C2B    C3B    1.3900           

C3B    C4B    1.3900           

C4B    C5B    1.3900           

C5B    C6B    1.3900           

C1B'   C2B'   1.3900           

C1B'   C6B'   1.3900           

C2B'   C3B'   1.3900           

C2B'   C7B'   1.505(13)        

C3B'   C4B'   1.3900           

C4B'   C5B'   1.3900           

C5B'   C6B'   1.3900           

 

Angles---------- 

C11    Ni1    N1     94.64(13)                 

C11    Ni1    N2     175.70(14)                

N1     Ni1    N2     82.69(12)                 

C11    Ni1    Br1    87.26(10)                 

N1     Ni1    Br1    176.06(8)                 

N2     Ni1    Br1    95.62(9)                  

C1     N1     C5     118.7(3)                  

C1     N1     Ni1    126.9(3)                  

C5     N1     Ni1    114.4(2)                  
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N1     C1     C2     121.7(4)                  

C3     C2     C1     120.1(4)                  

C10    N2     C6     117.9(3)                  

C10    N2     Ni1    127.9(3)                  

C6     N2     Ni1    114.1(2)                  

C2     C3     C4     118.7(4)                  

C3     C4     C5     119.5(4)                  

N1     C5     C4     121.3(3)                  

N1     C5     C6     115.2(3)                  

C4     C5     C6     123.5(3)                  

N2     C6     C7     122.0(3)                  

N2     C6     C5     113.6(3)                  

C7     C6     C5     124.3(3)                  

C6     C7     C8     119.3(4)                  

C9     C8     C7     118.5(4)                  

C8     C9     C10    119.3(4)                  

N2     C10    C9     122.9(4)                  

C16    C11    C12    119.9(9)                  

C12'   C11    C16'   111.1(17)                 

C12'   C11    Ni1    126.9(12)                 

C16    C11    Ni1    122.4(6)                  

C12    C11    Ni1    117.7(6)                  

C16'   C11    Ni1    122.1(12)                 

C13    C12    C11    120.9(10)                 

C14    C13    C12    119.2(8)                  

C13    C14    C15    119.3(9)                  

C13    C14    C17    122.1(7)                  

C15    C14    C17    118.6(8)                  

C16    C15    C14    120.3(9)                  

C11    C16    C15    120.5(11)                 

F2     C17    F3     103.5(6)                  

F2     C17    F1     108.1(8)                  

F3     C17    F1     105.7(8)                  

F2     C17    C14    113.5(6)                  

F3     C17    C14    112.8(6)                  

F1     C17    C14    112.5(9)                  

C11    C12'   C13'   122.7(19)                 

C14'   C13'   C12'   120.9(17)                 
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C15'   C14'   C13'   125.0(19)                 

C15'   C14'   C17'   114.7(16)                 

C13'   C14'   C17'   120.3(16)                 

C14'   C15'   C16'   114(2)                    

C15'   C16'   C11    126(2)                    

F3'    C17'   F1'    114(2)                    

F3'    C17'   F2'    97.7(18)                  

F1'    C17'   F2'    106.7(18)                 

F3'    C17'   C14'   114(2)                    

F1'    C17'   C14'   112.8(16)                 

F2'    C17'   C14'   109.7(14)                 

C2A    C1A    C3A#   121.8(5)           3_667 

C1A    C2A    C3A    117.6(4)                  

C1A    C2A    C4A    127.0(6)                  

C3A    C2A    C4A    115.3(6)                  

C1A#   C3A    C2A    120.6(4)          3_667     

C2B    C1B    C6B    120.0                     

C2B    C1B    C7B    120.0(3)                  

C6B    C1B    C7B    120.0(3)                  

C3B    C2B    C1B    120.0                     

C2B    C3B    C4B    120.0                     

C5B    C4B    C3B    120.0                     

C4B    C5B    C6B    120.0                     

C5B    C6B    C1B    120.0                     

C2B'   C1B'   C6B'   120.0                     

C3B'   C2B'   C1B'   120.0                     

C3B'   C2B'   C7B'   119.4(7)                  

C1B'   C2B'   C7B'   120.6(7)                  

C4B'   C3B'   C2B'   120.0                     

C5B'   C4B'   C3B'   120.0                     

C4B'   C5B'   C6B'   120.0                     

C5B'   C6B'   C1B'   120.0                     

------------------------------------------------------- 
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Table 3. Torsion angles [∞] for Ni-4.5.1. 

________________________________________________________________ 

C5     N1     C1     C2     0.9(5)                                      

Ni1    N1     C1     C2     178.8(3)                                    

N1     C1     C2     C3     -1.1(6)                                     

C1     C2     C3     C4     0.1(7)                                      

C2     C3     C4     C5     1.0(6)                                      

C1     N1     C5     C4     0.4(5)                                      

Ni1    N1     C5     C4     -177.9(3)                                   

C1     N1     C5     C6     179.4(3)                                    

Ni1    N1     C5     C6     1.2(4)                                      

C3     C4     C5     N1     -1.3(6)                                     

C3     C4     C5     C6     179.7(4)                                    

C10    N2     C6     C7     -0.6(5)                                     

Ni1    N2     C6     C7     -178.6(3)                                   

C10    N2     C6     C5     179.2(3)                                    

Ni1    N2     C6     C5     1.2(4)                                      

N1     C5     C6     N2     -1.6(4)                                     

C4     C5     C6     N2     177.5(3)                                    

N1     C5     C6     C7     178.2(3)                                    

C4     C5     C6     C7     -2.8(6)                                     

N2     C6     C7     C8     -0.2(5)                                     

C5     C6     C7     C8     -179.9(3)                                   

C6     C7     C8     C9     1.2(5)                                      

C7     C8     C9     C10    -1.5(6)                                     

C6     N2     C10    C9     0.3(5)                                      

Ni1    N2     C10    C9     178.0(3)                                    

C8     C9     C10    N2     0.8(6)                                      

N1     Ni1    C11    C12'   65.5(15)                                    

Br1    Ni1    C11    C12'   -118.0(15)                                  

N1     Ni1    C11    C16    -104.0(7)                                   

Br1    Ni1    C11    C16    72.5(7)                                     

N1     Ni1    C11    C12    74.3(7)                                     

Br1    Ni1    C11    C12    -109.2(6)                                   

N1     Ni1    C11    C16'   -113.4(12)                                  

Br1    Ni1    C11    C16'   63.1(12)                                    

C16    C11    C12    C13    1.6(15)                                     

Ni1    C11    C12    C13    -176.7(8)                                   
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C11    C12    C13    C14    -1.5(16)                                    

C12    C13    C14    C15    0.1(14)                                     

C12    C13    C14    C17    177.5(9)                                    

C13    C14    C15    C16    1.1(14)                                     

C17    C14    C15    C16    -176.4(9)                                   

C12    C11    C16    C15    -0.4(14)                                    

Ni1    C11    C16    C15    177.9(7)                                    

C14    C15    C16    C11    -1.0(15)                                    

C13    C14    C17    F2     -6.7(12)                                    

C15    C14    C17    F2     170.7(7)                                    

C13    C14    C17    F3     110.7(9)                                    

C15    C14    C17    F3     -71.9(10)                                   

C13    C14    C17    F1     -129.9(10)                                  

C15    C14    C17    F1     47.6(12)                                    

C16'   C11    C12'   C13'   -1(3)                                       

Ni1    C11    C12'   C13'   -179.7(14)                                  

C11    C12'   C13'   C14'   4(3)                                        

C12'   C13'   C14'   C15'   -3(3)                                       

C12'   C13'   C14'   C17'   176(2)                                      

C13'   C14'   C15'   C16'   -1(3)                                       

C17'   C14'   C15'   C16'   -179.9(19)                                  

C14'   C15'   C16'   C11    4(3)                                        

C12'   C11    C16'   C15'   -3(3)                                       

Ni1    C11    C16'   C15'   175.6(18)                                   

C15'   C14'   C17'   F3'    99(2)                                       

C13'   C14'   C17'   F3'    -80(3)                                      

C15'   C14'   C17'   F1'    -34(2)                                      

C13'   C14'   C17'   F1'    146.9(18)                                   

C15'   C14'   C17'   F2'    -152.8(18)                                  

C13'   C14'   C17'   F2'    28(3)                                       

C3A#   C1A    C2A    C3A    -1.9(7)           3_667                       

C3A#   C1A    C2A    C4A    -178.8(5)       3_667                       

C1A    C2A    C3A    C1A#   1.9(7)            3_667 

C4A    C2A    C3A    C1A#   179.2(4)        3_667 

C6B    C1B    C2B    C3B    0.0                                         

C7B    C1B    C2B    C3B    179.9(4)                                    

C1B    C2B    C3B    C4B    0.0                                         

C2B    C3B    C4B    C5B    0.0                                         
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C3B    C4B    C5B    C6B    0.0                                         
C4B    C5B    C6B    C1B    0.0                                         
C2B    C1B    C6B    C5B    0.0                                         
C7B    C1B    C6B    C5B    -179.9(4)                                   
C6B'   C1B'   C2B'   C3B'   0.0                                         
C6B'   C1B'   C2B'   C7B'   -178.4(9)                                   
C1B'   C2B'   C3B'   C4B'   0.0                                         
C7B'   C2B'   C3B'   C4B'   178.4(8)                                    
C2B'   C3B'   C4B'   C5B'   0.0                                         
C3B'   C4B'   C5B'   C6B'   0.0                                         
C4B'   C5B'   C6B'   C1B'   0.0                                         
C2B'   C1B'   C6B'   C5B'   0.0                                         
----------------------------------------------------------------- 
Symetry operations 
________________________________________________________________ 
1 'x, y, z' 
2 '-x+1/2, y+1/2, -z+1/2' 
3 '-x, -y, -z' 
4 'x-1/2, -y-1/2, z-1/2' 
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4.8.10 NMR Spectra 
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The synthetic methods developed during this Doctoral Thesis give access to sp3 

carbon linkages via Ni-catalyzed reductive coupling reactions. It would be useful to 

highlight what we have achieved in our initial aims. 
 

 

Chapter 2: 

 

■ A site-selective Ni-catalyzed reductive alkylation of unactivated olefins with 

-haloboronate have been developed. 
 

■ The utilization of internal, unactivated olefins results in a C−C bond-formation at 

remote unfunctionalized sp3 C−H sites via Ni-catalyzed chain-walking strategy. 

 

■ This mild protocol allowed for incorporating the alkylboron fragment into olefin 

feedstocks, thus providing a complementary and conceptually different approach to 

existing borylation techniques. 

 

■ The protocol can be applied in an iterative fashion to build up molecular complexity 

by using simple starting materials. 

 

■ Preliminary mechanistic studies ruled out a pathway consisting of an addition of an 

in-situ generated -boryl radical to the olefin, suggesting that a hydrometallation 

via nickel hydrides precedes C−C bond-formation with the corresponding 

-haloborane. 
 

 

Chapter 3: 
 

■ A site-selective Ni-catalyzed deaminative alkylation of unactivated olefins with 

alkylamine derived pyridinium salts have been developed. 

 

■ The method features as its mild conditions, wide scope and exquisite site-selectivity 

pattern for both -olefins and internal olefins, even in the context of ethylene 
valorization or late-stage functionalization. 
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■ This new platform offers new opportunities in both olefin functionalization and 

deamination events and a complementary activation mode to existing sp3-sp3 

bond-forming reactions. 
 

Chapter 4: 

 

■ A modular, site-selective 1,2-dicarbofunctionalization via a Ni/Photoredox dual 

catalyzed reductive coupling of three electrophiles have been described. 

 

■ The method presented a complementary new technique for preparing densely 

functionalized alkyl boron architectures from simple precursors and is 

characterized by its mild conditions and excellent chemo- and regio-selectivity. 

 

■ The applicability of the transformation is demonstrated with further 

functionalization via C−B bond cleavage. 

 

■ Detailed mechanistic studies suggest the initially formation of intermediacy 

open-shell species and the recombination with an oxidative addition species. 
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