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ABSTRACT: We disclose a Ni-catalyzed regioselective dialkylation reaction of alkenylarenes with -halocarbonyls and alkylzinc reagents. 

The reaction produces -arylated alkanecarbonyl compounds with the generation of two new C(sp3)-C(sp3) bonds at the vicinal carbons of 

alkenes. This reaction is effective for the use of primary, secondary and tertiary -halocarboxylic esters, amides and ketones in conjunction 

with primary and secondary alkylzinc reagents as the sources of two C(sp3) carbons for the dialkylation of terminal and cyclic internal 

alkenes. 

  

Transition metal [M]-catalyzed vicinal difunctionalization of alkenes with two carbon sources is emerging as a powerful method to build 

molecular complexity rapidly.1 Recently, an astounding number of catalytic protocols have focused on the generation of two C(sp2)-C(sp2)2 

or a combination of one C(sp2) and one C(sp3) bonds3 across alkenes. These reactions generally utilize aryl, alkenyl and alkyl halides in 

conjunction with aryl, alkenyl and alkynyl nucleophiles and their analogs. In sharp contrast, a simultaneous construction of two vicinal 

C(sp3)-C(sp3) bonds involving two discrete alkyl sources is a rare occurrence. In limited reports, the alkenes in vinyl-Bpin and N-vinyl 

pyrrolidinone were previously dialkylated with a combination of t-alkyl halide/alkylzinc halide, t-alkyl/n-alkyl bromide and difluoroalkyl 

bromide/alkyl2Zn reagents.4 A dual photoredox/Fe(OTf)2 catalysis also enabled styrene dialkylation with cycloalkanes and active methylene 

compounds via dehydrogenative coupling.5 Koh, Engle and us have disclosed imine and pyridylamide-assisted dialkylation reactions6 of 2-

alkenylbenzaldimines and alkenyl-8-aminoquinolinamides with two alkyl halides and a combination of alkyl halide and alkylzinc reagents, 

respectively.7     

The difficulty in incorporating two alkyl, C(sp3), fragments across an alkene resides in the directional C(sp3)-orbitals that discount productive 

bonding overlap for C(sp3)-C(sp3) bond formation. Critically, the C(sp3)-C(sp3) reductive elimination from a dialkylmetal intermediate, 

C(sp3)-[M]-C(sp3), is much slower than from a C(sp2)-[M] center when a [M]-catalyst functions as a conduit of bond formation.8  Even prior 

to reductive elimination, an in situ-generated secondary carbon-bound sec-C(sp3)-[M]X species requires navigation of a critical step of 

C(sp3)-[M]-d orbital bond-forming transmetallation (or oxidative addition, C-radical recombination). This step is further riddled with multi-

ple possibilities of faster -H elimination than reductive elimination from the kinetically competent dialkylmetal species, C(sp3)-[M]-C(sp3), 

even after the formation of C(sp3)-[M](d) bond is attained. Despite these challenges, we herein demonstrate that Ni(cod)2 can catalyze a 

regioselective dialkylation of alkenylarenes with two C(sp3) carbon sources, -halocarbonyls and alkylzinc reagents, under mild conditions, 

a process that proceeds with the generation of two vicinal C(sp3)-C(sp3) bonds across an alkene. The dialkylation reaction can be performed 

with a range of 1°/2°/3° -halocarbonyls and 1°/2° alkylzinc reagents along with terminal and cyclic internal alkenylarenes. 
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Scheme 1. Challenges in regioselective alkene dialkylation via the formation of two C(sp3)-C(sp3) bonds    

Our initial studies began by examining parameters to effect the dialkylation of 4-methoxystyrene with ethyl α-bromoisobutyrate as an elec-

trophile and (2-(1,3-dioxan-2-yl)ethyl)zinc bromide (1) as a nucleophile (Table 1). Pleasingly, we found that 2 mol % Ni(cod)2 was able to 

catalyze the reaction in 1,2-dichloroethane (DCE) at room temperature, and the dialkylated product 2 was generated in 99% yield in 1 h 

when two equivalents of each of the ethyl α-bromoisobutyrate and dioxanylzinc bromide 1 were used. We also found that, at the expense of 

time (24 h), the catalyst loading could be lowered to as little as 1000 ppm to form the desired product in 69% yield (entry 2). The reaction 

can be conducted in toluene, instead of DCE, without loss in product yield (entry 3). Replacing DCE with dioxane or pentane generated the 

product 3 in moderate yields (entry 4) while the other solvents like MeCN, DMSO, DMA, DMF, DME or NMP were less effective (entry 

5). Use of other Ni-catalyst precursors, such as NiBr2 and NiCl2(PCy3)2, and decreasing the equiv of either of the coupling reagents both 

lowered the product yield (entries 6-8). No product was observed when Ni(cod)2 was replaced with Pd(OAc)2, CoCl2, CuI or FeCl3 as a 

catalyst (entry 9), suggesting the importance of the Ni(cod)2 to efficiently catalyze the current dialkylation reaction.  

Table 1. Optimization of Reaction Conditionsa 

 

Entry Deviation in reaction condition Yield [%]b 

1 None 99 (93) 

2 0.1 mol % catalyst, 24 h 69 

3 Toluene instead of DCE 99 

4 Dioxane,  pentane or DCM instead of DCE 50-79 

5 MeCN, DMSO, DMA, DMF, DME or NMP instead 

of DCE 

10-22 

6 NiBr2 or Ni(PCy3)2Cl2 instead of Ni(cod)2  10-24 

7 1 equiv. RZnX instead of 2 equiv. 55 

8 1 equiv. ethyl -bromo-isobutyrate instead of 2 

equiv.  

64 

9 Pd(OAc)2, CoCl2, CuI or FeCl3 instead of Ni(cod)2 0 

Conditions. aReactions were run in 0.10 mmol scale in 0.5 mL solvent. bIsolated yield from a 0.5 mmol scale in parenthesis. 
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With the optimized reaction conditions in hand, we began to explore the scope of this reaction by varying the alkenylarenes, α-halocarbonyl, 

and alkylzinc halide (Table 2). The reaction tolerates both electron-rich as well as electron-poor alkenyl arenes. The reaction is compatible 

with arenes containing various functional groups, such as methyl, tert-butyl, methoxy, fluoro, chloro, trifluoromethyl and acetoxy. The 

reaction proceeds well with a range of primary alkylzinc reagents including unfunctionalized and those containing functional groups like 

dioxanyl-protected aldehydes, methoxy and chloro. Branched acyclic and cyclic alkylzinc reagents also function as good coupling partners. 

Likewise, the reaction demonstrates a wide scope with regard to -bromocarboxylic esters. The reaction is amenable to primary, secondary 

and tertiary -bromocarboxylic esters with reactivity trends following tertiary > secondary > primary consistent with the nucleophilic nature 

of -carbon radicals (see Scheme 3). Tertiary -bromocarboxylic esters, such as -bromoisobutyrate, -bromocyclobutyl carboxylate and 

-bromo-,-difluoroacetate, and secondary -bromocarboxylic esters, like -bromopropionate and -bromo--fluoroacetate, could be 

readily added to different alkenylarenes along with unfunctionalized and functionalized alkylzinc reagents. However, the reaction of -

bromo--fluoroacetate with 2-vinylnaphthalene and propylzinc iodide required to be conducted in toluene with the catalytic amounts of 

DMFU and AgBF4.3v In alkene dicarbofunctionalization reactions, the majority of reactions are only compatible with secondary, tertiary, -

monofluorinated and ,-difluororinated -bromocarboxylates owing to their ability to stabilize -carbon radicals and the developing pos-

itive charge during nucleophilic radical additions. Primary -carbon radicals are typically not compatible. Pleasingly, current dialkylation 

reaction is also compatible with primary -bromocarboxylates, which afford dialkylated products with different alkylzinc reagents in mod-

erate yields.  

Table 2. Scope of dialkylation reaction with alkenylarenes, α-bromocarbonyl compounds, and primary alkylzinc reagents 
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aConditions. Reactions were run in 0.50 mmol scale in 2.5 mL solvent. Isolated yields. bIn toluene with 5 mol% Ni(cod)2, 5 mol% DMFU 

and 30 mol% AgBF4. 

Use of secondary alkylzinc halides as nucleophilic coupling partners is typically problematic in alkene difunctionalization reactions largely 

because of the steric issues at transmetallation with secondary alkylmetal intermediates generated after migratory insertion. Even after 

transmetallation, a C-C bond-forming reductive elimination requires a bond formation between two secondary carbon centers and as such 

coupling with secondary alkylzinc reagents are kinetically slow and typically do not work in alkene difunctionalization reactions. Neverthe-

less, our current dialkylation reaction conditions can be applied toward coupling with secondary alkylzinc reagents (Table 3). Both linear 

acyclic and cyclic alkylzinc reagents, such as isopropyl, 1-methylphenethyl, cyclopropyl, cyclobutyl and cyclohexylzinc halides, could be 

added to alkenylarenes along with a range of primary, secondary, tertiary, -monofluorinated and ,-difluororinated -bromocarboxylates. 

However, the coupling of secondary alkylzinc reagents was not straightforward and in many cases individual reaction optimization was 
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required. In general, reactions in which either the alkylzinc reagents or alkenylarenes contained some functional groups proceeded under 

standard conditions. Reactions in which both alkylzinc reagents and alkenylarenes lacked functional groups required the addition of either 

1.0 equiv of ZnBr2 (31 and 38)3j or 5 mol% dimethyl fumarate (DMFU) and 30 mol% AgBF4 (36, 40 and 41)3v along with conducting the 

reactions in toluene or pentane. The structure of the dialkylation reaction with secondary alkylzinc reagents was confirmed by a single crystal 

X-ray structure of compound 33. 

Table 3. Scope of dialkylation reaction with secondary alkylzinc reagents 

 

aConditions. Reactions were run in 0.50 mmol scale in 2.5 mL solvent. Isolated yields. b1.0 equiv ZnBr2. cIn toluene. d5 mol% DMFU and 

30 mol% AgBF4. eIn DCE. f5 mol% Ni(cod)2. gIn pentane. 

Reactions of -halocarbonyls are known to proceed with the generation of -C radicals in the presence of Ni-catalysts, which generally add 

to alkenes prior to recombination with Ni.9 The trans-stereochemical outcomes of the products from indene also indicate that the addition of 

-halocarbonyls to alkenylarenes involves a radical process rather than migratory insertion. A radical clock experiment with O-allyl -

bromoacetate generated an uncyclized dialkylation product 43. While cyclization would be anticipated with the tethered alkene, the outcome 

is also consistent with the nucleophilic nature of -C radicals that preferentially add to the activated and electrophilic alkenes in 

alkenylarenes.   

 

 

Scheme 2. Radical Clock Experiment 
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In order to provide further evidence for radical nature of the reaction, we conducted a series of competition experiments with -bromo 

carboxylates. Competition reactions of 4-methoxystyrene and dioxanylzinc bromide 1 with -bromoacetate as 1° and -bromopropionate as 

2° -bromocarboxylates, and with -bromopropionate as 2° and -bromoisobutyrate as 3° -bromocarboxylates revealed that 3° -bromo-

carboxylate reacted faster than 2° -bromocarboxylate, and 2° -bromocarboxylate reacted faster than 1° -bromocarboxylate (3° RX > 2° 

RX > 1° RX) (Scheme 3). Similar competition reactions conducted with primary -iodo and -bromo carboxylates, and with -bromo and 

-chloro carboxylates indicated that -iodo carboxylate reacted faster than -bromo carboxylate, and -bromo carboxylate reacted faster 

than -chloro carboxylate (RI > RBr > RCl) (Scheme 4). These results are consistent with the reaction of a nucleophilic radical in which 

direct halogen atom abstraction from -bromocarboxylate happens at the rate-limiting step via an inner sphere electron transfer from a Ni-

catalyst.10  

 

Scheme 3. Competition Experiments with 1°, 2°, and 3° R-X 

Based on the literature reports9 and our experimental results, we propose a catalytic cycle (Scheme 5) wherein the reaction proceeds via a 

SET from Ni(0) to the -bromocarboxylate, generating an -C radical which adds to an alkenylarene forming a secondary C-radical. This 

C-radical then recombines with (cod)Ni-R, generated after transmetalation with alkylzinc halides, prior to reductive elimination to make the 

final product.   
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Scheme 4. Competition Experiments with RI, RBr, and RCl 

 

 

Scheme 5. Proposed catalytic cycle 

In summary, we have developed a Ni-catalyzed dialkylation reaction of alkenylarenes with -bromocarbonyl compounds and alkylzinc 

reagents to generate a wide range of -aryl alkyl carbonyl compounds. The dialkylation reaction works with -bromo carboxylates, ketones 

and amides. The reaction can utilize primary and secondary alkylzinc reagents as nucleophiles and primary, secondary and tertiary -bromo 

carbonyls electrophiles for addition across the alkenes in alkenylarenes. In addition, the method is also applicable to cyclic internal alkenes 

in which the dialkylation proceeds with trans-addition of the two alkyl groups. The relative stereochemistry of dialkylation across internal 

alkenes, and preliminary mechanistic studies with a radical probe and a series of competition studies indicate that the current reaction pro-

ceeds via the addition of nucleophilic -C radicals, generated by SET from Ni(0) to -bromo carbonyls, to alkenes followed by radical 

recombination with alkylnickel(I) and reductive elimination. 

ASSOCIATED CONTENT  

Supporting Information 

Experimental procedures and characterization data for all compounds. This material is available free of charge via the 

Internet at http://pubs.acs.org. 

AUTHOR INFORMATION 

Corresponding Author 

rkg5374@psu.edu 



 

 

8 

 

Notes 

The authors declare no competing financial interests. 

ACKNOWLEDGMENT  

We gratefully acknowledge the NIH NIGMS (R35GM133438) and The Pennsylvania State University (PSU) for support of 

this work. We thank Dr. Christy George at the PSU NMR facility for help with stereochemistry determination of product 

41. 

REFERENCES 

(1) For reviews, see: (a) Dhungana, R. K.; Shekhar, K. C.; Basnet, P.; Giri, R. Transition Metal-Catalyzed 

Dicarbofunctionalization of Unactivated Olefins. Chem. Rec. 2018, 18, 1314-1340; (b) Wickham, L. M.; Giri, R. Transition 

Metal (Ni, Cu, Pd)-Catalyzed Alkene Dicarbofunctionalization Reactions. Acc. Chem. Res. 2021, 54, 3415-3437; (c) Qi, X. 

X.; Diao, T. N. Nickel-Catalyzed Dicarbofunctionalization of Alkenes. ACS Catal. 2020, 10, 8542-8556; (d) Badir, S. O.; 

Molander, G. A. Developments in Photoredox/Nickel Dual-Catalyzed 1,2-Difunctionalizations. Chem 2020, 6, 1327-1339; (e) 

Derosa, J.; Apolinar, O.; Kang, T.; Tran, V. T.; Engle, K. M. Recent developments in nickel-catalyzed intermolecular 

dicarbofunctionalization of alkenes. Chem. Sci. 2020, 11, 4287-4296. 

(2) (a) Qin, J.-H.; Luo, M.-J.; An, D.-L.; Li, J.-H. Electrochemical 1,2-Diarylation of Alkenes Enabled by Direct Dual C–H 

Functionalizations of Electron-Rich Aromatic Hydrocarbons. Angew. Chem. Int. Ed. 2021, 60, 1861-1868; (b) Li, Z.; Wu, D.; 

Ding, C.; Yin, G. Modular Synthesis of Diarylalkanes by Nickel-Catalyzed 1,1-Diarylation of Unactivated Terminal Alkenes. 

CCS Chem. 2021, 3, 576-582; (c) Kleinmans, R.; Apolinar, O.; Derosa, J.; Karunananda, M. K.; Li, Z.-Q.; Tran, V. T.; 

Wisniewski, S. R.; Engle, K. M. Ni-Catalyzed 1,2-Diarylation of Alkenyl Ketones: A Comparative Study of Carbonyl-Directed 

Reaction Systems. Org. Lett. 2021, 23, 5311-5316; (d) Hailiang Pang, D. W., Guoyin Yin Palladium-Catalyzed Stereoselective 

1,3-Diarylation of 1,4-Cyclohexadiene. Chin. J. Org. Chem. 2021, 41, 849-856; (e) Derosa, J.; Kang, T.; Tran, V. T.; 

Wisniewski, S. R.; Karunananda, M. K.; Jankins, T. C.; Xu, K. L.; Engle, K. M. Nickel-Catalyzed 1,2-Diarylation of Alkenyl 

Carboxylates: A Gateway to 1,2,3-Trifunctionalized Building Blocks. Angew. Chem. Int. Ed. 2020, 59, 1201-1205; (f) Apolinar, 

O.; Tran, V. T.; Kim, N.; Schmidt, M. A.; Derosa, J.; Engle, K. M. Sulfonamide Directivity Enables Ni-Catalyzed 1,2-

Diarylation of Diverse Alkenyl Amines. ACS Catal. 2020, 10, 14234-14239; (g) Zhang, Y.; Chen, G.; Zhao, D. Three-

component vicinal-diarylation of alkenes via direct transmetalation of arylboronic acids. Chem. Sci. 2019, 10, 7952-7957; (h) 

Anthony, D.; Lin, Q.; Baudet, J.; Diao, T. Nickel-Catalyzed Asymmetric Reductive Diarylation of Vinylarenes. Angew. Chem. 

Int. Ed. 2019, 58, 3198-3202; (i) Thapa, S.; Dhungana, R. K.; Magar, R. T.; Shrestha, B.; Kc, S.; Giri, R. Ni-catalysed 

regioselective 1,2-diarylation of unactivated olefins by stabilizing Heck intermediates as pyridylsilyl-coordinated transient 

metallacycles. Chem. Sci. 2018, 9, 904-909; (j) Ouyang, X.-H.; Cheng, J.; Li, J.-H. 1,2-Diarylation of alkenes with 

aryldiazonium salts and arenes enabled by visible light photoredox catalysis. Chem. Commun. 2018, 54, 8745-8748; (k) Gao, 

P.; Chen, L.-A.; Brown, M. K. Nickel-Catalyzed Stereoselective Diarylation of Alkenylarenes. J. Am. Chem. Soc. 2018, 140, 

10653-10657; (l) Derosa, J.; Kleinmans, R.; Tran, V. T.; Karunananda, M. K.; Wisniewski, S. R.; Eastgate, M. D.; Engle, K. 

M. Nickel-Catalyzed 1,2-Diarylation of Simple Alkenyl Amides. J. Am. Chem. Soc. 2018, 140, 17878-17883; (m) Basnet, P.; 

Kc, S.; Dhungana, R. K.; Shrestha, B.; Boyle, T. J.; Giri, R. Synergistic Bimetallic Ni/Ag and Ni/Cu Catalysis for 

Regioselective γ,δ-Diarylation of Alkenyl Ketimines: Addressing β-H Elimination by in Situ Generation of Cationic Ni(II) 

Catalysts. J. Am. Chem. Soc. 2018, 140, 15586-15590; (n) Basnet, P.; Dhungana, R. K.; Thapa, S.; Shrestha, B.; Kc, S.; Sears, 

J. M.; Giri, R. Ni-Catalyzed Regioselective β,δ-Diarylation of Unactivated Olefins in Ketimines via Ligand-Enabled 



 

 

9 

Contraction of Transient Nickellacycles: Rapid Access to Remotely Diarylated Ketones. J. Am. Chem. Soc. 2018, 140, 7782-

7786; (o) Yamamoto, E.; Hilton, M. J.; Orlandi, M.; Saini, V.; Toste, F. D.; Sigman, M. S. Development and Analysis of a 

Pd(0)-Catalyzed Enantioselective 1,1-Diarylation of Acrylates Enabled by Chiral Anion Phase Transfer. J. Am. Chem. Soc. 

2016, 138, 15877-15880; (p) Kusunuru, A. K.; Jaladanki, C. K.; Tatina, M. B.; Bharatam, P. V.; Mukherjee, D. TEMPO-

Promoted Domino Heck–Suzuki Arylation: Diastereoselective Cis-Diarylation of Glycals and Pseudoglycals. Org. Lett. 2015, 

17, 3742-3745; (q) Saini, V.; Liao, L.; Wang, Q.; Jana, R.; Sigman, M. S. Pd(0)-Catalyzed 1,1-Diarylation of Ethylene and 

Allylic Carbonates. Org. Lett. 2013, 15, 5008-5011; (r) Trejos, A.; Fardost, A.; Yahiaoui, S.; Larhed, M. Palladium(ii)-catalyzed 

coupling reactions with a chelating vinyl ether and arylboronic acids: a new Heck/Suzuki domino diarylation reaction. Chem. 

Commun. 2009, 7587-7589; (s) Wang, H.; Liu, C.-F.; Martin, R. T.; Gutierrez, O.; Koh, M. J. Directing-group-free catalytic 

dicarbofunctionalization of unactivated alkenes. Nat. Chem. 2022, 14, 188-195; (t) Yu, W.; Wang, S.; He, M.; Jiang, Z.; Yu, Y.; 

Lan, J.; Luo, J.; Wang, P.; Qi, X.; Wang, T.; Lei, A. Electroreduction Enables Regioselective 1,2-Diarylation of Alkenes with 

Two Electrophiles. Angew. Chem. Int. Ed., n/a, e202219166; (u) Dong, Z.; Tang, Q.; Xu, C.; Chen, L.; Ji, H.; Zhou, S.; Song, 

L.; Chen, L.-A. Directed Asymmetric Nickel-Catalyzed Reductive 1,2-Diarylation of Electronically Unactivated Alkenes. 

Angew. Chem. Int. Ed. 2023, 62, e202218286. 

(3) (a) Cabrera-Afonso, M. J.; Sookezian, A.; Badir, S. O.; El Khatib, M.; Molander, G. A. Photoinduced 1,2-

dicarbofunctionalization of alkenes with organotrifluoroborate nucleophiles via radical/polar crossover. Chem. Sci. 2021, 12, 

9189-9195; (b) Tu, H.-Y.; Wang, F.; Huo, L.; Li, Y.; Zhu, S.; Zhao, X.; Li, H.; Qing, F.-L.; Chu, L. Enantioselective Three-

Component Fluoroalkylarylation of Unactivated Olefins through Nickel-Catalyzed Cross-Electrophile Coupling. J. Am. Chem. 

Soc. 2020, 142, 9604-9611; (c) Wang, F.; Pan, S.; Zhu, S.; Chu, L. Selective Three-Component Reductive Alkylalkenylation 

of Unbiased Alkenes via Carbonyl-Directed Nickel Catalysis. ACS Catal. 2022, 12, 9779-9789; (d) KC, S.; Dhungana, R. K.; 

Khanal, N.; Giri, R. Nickel-Catalyzed α-Carbonylalkylarylation of Vinylarenes: Expedient Access to γ,γ-Diarylcarbonyl and 

Aryltetralone Derivatives. Angew. Chem. Int. Ed. 2020, 59, 8047-8051; (e) Yong, X.; Han, Y.-F.; Li, Y.; Song, R.-J.; Li, J.-H. 

Alkylarylation of styrenes via direct C(sp3)–Br/C(sp2)–H functionalization mediated by photoredox and copper cooperative 

catalysis. Chem. Commun. 2018, 54, 12816-12819; (f) Sun, S.-Z.; Duan, Y.; Mega, R. S.; Somerville, R. J.; Martin, R. Site-

Selective 1,2-Dicarbofunctionalization of Vinyl Boronates through Dual Catalysis. Angew. Chem. Int. Ed. 2020, 59, 4370-

4374; (g) Xu, C.; Wang, M.-K.; Zhang, S.; Zhang, X. Nickel-catalyzed alkyl-arylation of 3,3,3-trifluoropropene. Commun. 

Chem. 2022, 5, 41; (h) Kc, S.; Dhungana, R. K.; Shrestha, B.; Thapa, S.; Khanal, N.; Basnet, P.; Lebrun, R. W.; Giri, R. Ni-

Catalyzed Regioselective Alkylarylation of Vinylarenes via C(sp3)–C(sp3)/C(sp3)–C(sp2) Bond Formation and Mechanistic 

Studies. J. Am. Chem. Soc. 2018, 140, 9801-9805; (i) Kc, S.; Dhungana, R. K.; Aryal, V.; Giri, R. Concise Synthesis of a 

Potential 5-Lipoxygenase Activating Protein (FLAP) Inhibitor and Its Analogs through Late-Stage Alkene 

Dicarbofunctionalization. Org. Process Res. Dev. 2019, 23, 1686-1694; (j) Dhungana, R. K.; Sapkota, R. R.; Wickham, L. M.; 

Niroula, D.; Shrestha, B.; Giri, R. Ni-Catalyzed Arylbenzylation of Alkenylarenes: Kinetic Studies Reveal Autocatalysis by 

ZnX2. Angew. Chem. Int. Ed. 2021, 60, 22977-22982; (k) Yang, T.; Chen, X.; Rao, W.; Koh, M. J. Broadly Applicable Directed 

Catalytic Reductive Difunctionalization of Alkenyl Carbonyl Compounds. Chem 2020, 6, 738-751; (l) Zhao, L.; Meng, X.; 

Zou, Y.; Zhao, J.; Wang, L.; Zhang, L.; Wang, C. Directed Nickel-Catalyzed Diastereoselective Reductive Difunctionalization 

of Alkenyl Amines. Org. Lett. 2021, 23, 8516-8521; (m) Wang, S.; Luo, C.; Zhao, L.; Zhao, J.; Zhang, L.; Zhu, B.; Wang, C. 

Regioselective nickel-catalyzed dicarbofunctionalization of unactivated alkenes enabled by picolinamide auxiliary. Cell Rep. 

Phys. Sci. 2021, 2, 100574; (n) Zhu, X.; Su, M.; Zhang, Q.; Li, Y.; Bao, H. Cu-Catalyzed Alkylarylation of Vinylarenes with 

Masked Alkyl Electrophiles. Org. Lett. 2020, 22, 620-625; (o) Yang, S.; Gao, P.; Suo, M.-T.; Gao, S.-X.; Duan, X.-H.; Guo, 

L.-N. Copper-catalyzed alkylarylation of vinylarenes with cycloalkylsilyl peroxides and boronic acids. Chem. Commun. 2020, 

56, 10714-10717; (p) García-Domínguez, A.; Mondal, R.; Nevado, C. Dual Photoredox/Nickel-Catalyzed Three-Component 



 

 

10 

Carbofunctionalization of Alkenes. Angew. Chem. Int. Ed. 2019, 58, 12286-12290; (q) Guo, L.; Tu, H.-Y.; Zhu, S.; Chu, L. 

Selective, Intermolecular Alkylarylation of Alkenes via Photoredox/Nickel Dual Catalysis. Org. Lett. 2019, 21, 4771-4776; (r) 

Wang, X.; Han, Y.-F.; Ouyang, X.-H.; Song, R.-J.; Li, J.-H. The photoredox alkylarylation of styrenes with alkyl N-

hydroxyphthalimide esters and arenes involving C–H functionalization. Chem. Commun. 2019, 55, 14637-14640; (s) Xu, S.; 

Chen, H.; Zhou, Z.; Kong, W. Three-Component Alkene Difunctionalization by Direct and Selective Activation of Aliphatic 

C−H Bonds. Angew. Chem. Int. Ed. 2021, 60, 7405-7411; (t) Zheng, S.; Chen, Z.; Hu, Y.; Xi, X.; Liao, Z.; Li, W.; Yuan, W. 

Selective 1,2-Aryl-Aminoalkylation of Alkenes Enabled by Metallaphotoredox Catalysis. Angew. Chem. Int. Ed. 2020, 59, 

17910-17916; (u) Guo, L.; Yuan, M.; Zhang, Y.; Wang, F.; Zhu, S.; Gutierrez, O.; Chu, L. General Method for Enantioselective 

Three-Component Carboarylation of Alkenes Enabled by Visible-Light Dual Photoredox/Nickel Catalysis. J. Am. Chem. Soc. 

2020, 142, 20390-20399; (v) Aryal, V.; Chesley, L. J.; Niroula, D.; Sapkota, R. R.; Dhungana, R. K.; Giri, R. Ni-Catalyzed 

Regio- and Stereoselective Alkylarylation of Unactivated Alkenes in γ,δ-Alkenylketimines. ACS Catal. 2022, 12, 7262-7268; 

(w) Tang, Y.; Liu, K.; Zhang, J.; Liu, L.; Huang, T.; Li, C.; Tang, Z.; Chen, T. Palladium-Catalyzed Stereoselective 

Difunctionalization of Bicyclic Alkenes with Organoammonium Salts and Organoboronic Compounds. J. Org. Chem. 2021, 

86, 11937-11947; (x) Feng, X.; Guo, L.; Zhu, S.; Chu, L. Borates as a Traceless Activation Group for Intermolecular 

Alkylarylation of Ethylene through Photoredox/Nickel Dual Catalysis. Synlett 2020, 32, 1519-1524; (y) Luo, S.-Z.; Min, M.-

Y.; Wu, Y.-C.; Jiang, S.-S.; Xiao, Y.-T.; Song, R.-J.; Li, J.-H. Synthesis of Bulky 1,1-Diarylalkanes by Copper-Catalyzed 1,2-

Alkylarylation of Styrenes with α-Carbonyl Alkyl Bromides and Arenes involving C−H Functionalization. Adv. Synth. Catal. 

2020, 362, 2921-2929; (z) Jia, X.; Zhang, Z.; Gevorgyan, V. Three-Component Visible-Light-Induced Palladium-Catalyzed 

1,2-Alkyl Carbamoylation/Cyanation of Alkenes. ACS Catal. 2021, 11, 13217-13222; (aa) Xi, X.; Chen, Y.; Yuan, W. Nickel-

Catalyzed Three-Component Alkylacylation of Alkenes Enabled by a Photoactive Electron Donor–Acceptor Complex. Org. 

Lett. 2022, 24, 3938-3943; (ab) Zheng, C.; Yan, F.; Liu, Y.; Chen, R.; Zheng, K.; Xiao, H.; Li, X.-X.; Feng, Y.-S.; Fan, S. 

Regioselective Alkylpolyfluoroarylation of Styrenes by Copper-Catalyzed C(sp3)–H and C(sp2)–H Double Activation. Org. 

Lett. 2022, 24, 5462-5467; (ac) Jiang, H.-M.; Sun, Q.; Jiang, J.-P.; Qin, J.-H.; Ouyang, X.-H.; Song, R.-J. Copper-Catalyzed 

Oxidative 1,2-Alkylarylation of Styrenes with Unactivated C(sp3)-H Alkanes and Electron-Rich Aromatics via C(sp3)-

H/C(sp2)-H Functionalization. Adv. Synth. Catal. 2022, 364, 2772-2782; (ad) Dey, P.; Jana, S. K.; Rai, P.; Maji, B. 

Dicarbofunctionalizations of an Unactivated Alkene via Photoredox/Nickel Dual Catalysis. Org. Lett. 2022, 24, 6261-6265; 

(ae) Zhao, Q.-W.; Yang, Z.-F.; Fu, X.-P.; Zhang, X. Access to α,α-Difluoro-γ-amino Acids by Nickel-Catalyzed Reductive 

Aryldifluoroacetylation of N-Vinylacetamide. Synlett 2020, 32, 1565-1569; (af) Hu, P.; Guo, L.; Zhao, L.; Yang, C.; Xia, W. 

Nickel-Catalyzed Reductive Dicarbofunctionalization of Vinylarenes Enabled by Electrochemical Process. Org. Lett. 2022, 

24, 7583-7588. 

(4) (a) Chierchia, M.; Xu, P.; Lovinger, G. J.; Morken, J. P. Enantioselective Radical Addition/Cross-Coupling of Organozinc 

Reagents, Alkyl Iodides, and Alkenyl Boron Reagents. Angew. Chem. Int. Ed. 2019, 58, 14245-14249; (b) Wang, X.-X.; Lu, 

X.; He, S.-J.; Fu, Y. Nickel-catalyzed three-component olefin reductive dicarbofunctionalization to access alkylborates. Chem. 

Sci. 2020, 11, 7950-7956; (c) Xu, C.; Yang, Z.-F.; An, L.; Zhang, X. Nickel-Catalyzed Difluoroalkylation–Alkylation of 

Enamides. ACS Catal. 2019, 9, 8224-8229. 

(5) Ouyang, X.-H.; Li, Y.; Song, R.-J.; Hu, M.; Luo, S.; Li, J.-H. Intermolecular dialkylation of alkenes with two distinct 

C(sp3)─H bonds enabled by synergistic photoredox catalysis and iron catalysis. Science Advances 2019, 5, eaav9839. 

(6) (a) Yang, T.; Jiang, Y.; Luo, Y.; Lim, J. J. H.; Lan, Y.; Koh, M. J. Chemoselective Union of Olefins, Organohalides, and 

Redox-Active Esters Enables Regioselective Alkene Dialkylation. J. Am. Chem. Soc. 2020, 142, 21410-21419; (b) Derosa, J.; 

van der Puyl, V. A.; Tran, V. T.; Liu, M.; Engle, Keary M. Directed nickel-catalyzed 1,2-dialkylation of alkenyl carbonyl 

compounds. Chem. Sci. 2018, 9, 5278-5283; (c) Dhungana, R. K.; Sapkota, R. R.; Wickham, L. M.; Niroula, D.; Giri, R. Ni-



 

 

11 

Catalyzed Regioselective 1,2-Dialkylation of Alkenes Enabled by the Formation of Two C(sp3)–C(sp3) Bonds. J. Am. Chem. 

Soc. 2020, 142, 20930-20936. 

(7) For related dialkylation reactions, see: (a) Semba, K.; Ohta, N.; Nakao, Y. Carboallylation of Electron-Deficient Alkenes 

with Organoboron Compounds and Allylic Carbonates by Cooperative Palladium/Copper Catalysis. Org. Lett. 2019, 21, 4407-

4410; (b) Sun, W.-H.; Zou, J.-Y.; Xu, X.-J.; Wang, J.-L.; Liu, M.-L.; Liu, X.-Y. Photo-Catalyzed Redox-Neutral 1,2-

Dialkylation of Alkenes. Adv. Synth. Catal. 2022, 364, 2260-2265; (c) Zhang, J.-X.; Shu, W. Ni-Catalyzed Reductive 1,2-

Cross-Dialkylation of Unactivated Alkenes with Two Alkyl Bromides. Org. Lett. 2022, 24, 3844-3849. 

(8) (a) Low, J. J.; Goddard, W. A. Theoretical studies of oxidative addition and reductive elimination. 3. Carbon-hydrogen 

and carbon-carbon reductive coupling from palladium and platinum bis(phosphine) complexes. J. Am. Chem. Soc. 1986, 108, 

6115-6128; (b) Low, J. J.; Goddard, W. A. Reductive coupling of hydrogen-hydrogen, hydrogen-carbon, and carbon-carbon 

bonds from palladium complexes. J. Am. Chem. Soc. 1984, 106, 8321-8322. 

(9) For the mechanism of Ni-catalyzed coupling reactions, see: (a) Diccianni, J.; Lin, Q.; Diao, T. Mechanisms of Nickel-

Catalyzed Coupling Reactions and Applications in Alkene Functionalization. Acc. Chem. Res. 2020, 53, 906-919; (b) Lin, Q.; 

Diao, T. Mechanism of Ni-Catalyzed Reductive 1,2-Dicarbofunctionalization of Alkenes. J. Am. Chem. Soc. 2019, 141, 17937-

17948; (c) Yu, G.-F.; Wang, P.; Bao, X.; Wang, Y. Computational Insights into the Divergent Regioselectivities for Nickel-

Catalyzed Dicarbofunctionalization of Allyl Moiety of N-Allyl-2-aminopyrimidine. Asian J. Org. Chem. 2020, 9, 793-800; (d) 

Li, N.; Chang, R.; Yang, W.; Zhang, Z.; Guo, Z. Mechanistic Insights into Ni-Catalyzed Difunctionalization of Alkenes Using 

Organoboronic Acids and Organic Halides: Understanding Remarkable Substrate-Dependent Regioselectivity. 

Organometallics 2020, 39, 2057-2067. 

(10) Huber, T. A.; Macartney, D. H.; Baird, M. C. Kinetics and Mechanisms of Halogen Abstraction Reactions of the 17-

Electron, Metal-Centered Radical CpCr(CO)3 with Organic Halides. Organometallics 1995, 14, 592-602. 

 

 

 

 

 

 

 

 

 

 


