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Dual Photoredox/Nickel-Catalyzed Three-Component 

Carbofunctionalization of Alkenes  

Andrés García-Domínguez, Rahul Mondal, Cristina Nevado*[a] 

 

Abstract: The potential of merging photoredox and nickel catalysis to 

perform multicomponent alkene difunctionalizations under visible light 

irradiation is demonstrated here. Secondary and tertiary alkyl groups 

as well as sulfonyl moieties can be added to the terminal position of 

the double bond with simultaneous arylation of the internal carbon 

atom in a single step under mild conditions. The process, devoid of 

stoichiometric additives, benefits from the use of bench-stable and 

easy-to-handle reagents, is operationally simple and tolerates a wide 

variety of functional groups. 

The intermolecular difunctionalization of alkenes represents a 

powerful strategy to construct complex aliphatic structures by 

concomitant formation of C-C and/or C-X bonds across the π-

system.[1] The use of radicals in this context has become 

particularly attractive due to their ability to rapidly add onto 

unsaturated moieties under mild conditions.[2] Because of their 

synthetic utility, alkene dicarbofunctionalization reactions, i.e. 

transformations involving the simultaneous formation of two new 

C-C bonds have been thoroughly studied in this context.[3-5] 

Typically, these strategies utilize tertiary or perfluoroalkyl radical 

precursors that are combined either with electron-rich styrenes 

and arenes[3] or, alternatively, with activated olefins and 

functionalized aromatics (arylmetal Ar-M or haloarenes Ar-X) in 

the presence of a metal catalyst (Scheme 1, top).[4] The need for 

activated tertiary or perfluoroalkyl derivatives and for 

electronically biased substrates together with the use of sensitive 

organometallic reagents under harsh conditions, still limits the 

synthetic potential of these methods.  

Photoredox catalysis has emerged as a powerful tool to enable 

single electron transfer (SET) reactions under mild conditions.[5] 

On the other hand, the ability of nickel catalysts to forge C-C and 

C-X bonds involving Csp3 partners is also well established.[6] The 

combination of these two strategies has bared fruit, and thus 

novel alkyl-alkyl and alkyl-aryl cross coupling reactions have been 

developed under such paradigm.[7] However, and despite its 

potential, three-component dicarbofunctionalizations of alkenes 

exploiting the synergy between photoredox and Ni catalysis are 

still scarce.[4c, 7l] Given our ongoing interest in the radical 

difunctionalization of -systems,[8] we set out to explore a 

photoredox/nickel dual catalysis towards a flexible three-

component difunctionalization of alkenes. We envisioned that an 

off-cycle radical generation by the excited photocatalyst would 

enable the addition of several groups (both, carbon- and 

heteroatom-based) across the olefin under analogous reaction 

conditions. Herein, we report the first examples of photoredox 

alkene carbosulfonylations and alkylarylations by combination of 

aromatic halides with both, secondary and tertiary alkyl silicates 

and sulfonyl derivatives, respectively (Scheme 1, bottom). These 

reactions proceed with complete chemo- and regiocontrol 

employing bench-stable starting materials under mild conditions. 

In addition to its operational simplicity, this method significantly 

broadens the scope of existing strategies[3-5] both in terms of the 

compatible olefins (acrylates, acrylonitriles, vinylboronic esters, 

allylic acetates) and addition partners (secondary and tertiary 

alkyl as well as alkyl and arylsulfonyl groups), which highlights the 

synergistic potential of dual photoredox/Ni catalysis beyond the 

cross-coupling realm. 

 
Scheme 1. Three-component carbofunctionalizations of alkenes. FG = 

Functional Group. 

First, we focused our efforts on the activation of secondary alkyl 

silicates (Eox= 0.3 - 0.9 V vs SCE in DMF)[9a-c] by the photoexcited 

ruthenium (II) tris(bypiridine) complex (Ered= 0.77 V vs SCE in 

MeCN)[9d] in order to address one of the main limitations in current 

methods. Alkyl silicates are produced in three steps from the 

corresponding trichlorosilanes according to previously described 

procedures.[9] Further, aryl iodides were selected as Csp2 

partners given their facile reaction with nickel catalysts.[10] The 

reaction of tert-butylacrylate with diisopropylammonium 

cyclohexylbis-(catecholato)silicate and 4-tert-butyliodobenzene 

in the presence of a nickel precatalyst, bipyridine type ligands and 

Ru(bpy)3Cl2·6H2O under blue light irradiation was investigated 

first (Table 1).[11] The molar ratio between the reaction partners 

was found to be crucial for a successful outcome. A slight excess 

of alkene and alkyl silicate significantly favored the 

difunctionalization product minimizing the direct alkyl-arene 

cross-coupling. After initial optimization, the use of 

NiCl2·6H2O/dtbbpy (10 mol%) in DMF (0.1 M) provided 1 in 68% 
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isolated yield (Table 1, entry 1). Other bipyridine ligands led to 

lower yields (Table 1, entries 2-3), whereas the use of a 

preformed nickel catalyst did not improve the reaction outcome 

(Table 1, entry 4). An hexafluorophosphate ruthenium salt gave 

similar results (Table 1, entry 5) while 

tris(phenathroline)ruthenium(II) dichloride monohydrate as 

photocatalyst gave lower yields (Table 1, entry 6). The presence 

of oxygen was detrimental for the reaction as demonstrated by 

the results shown in entries 7 and 8. Further, control experiments 

confirmed the need for nickel, photocatalyst and light irradiation 

to produce the desired difunctionalized product 1 (entry 9). 

Table 1. Optimization of the reaction conditions for the alkene 

dicarbofunctionalization reaction. 

 

Entry Deviations from Above NMR Yield  of 1 

(%)[a] 

1 none 69 (68) 

2 diMeObpy (10 mol%) 58 

3 bpy (10 mol%) 55 

4 Using Ni(dtbbpy)(H2O)4Cl2 (10 mol%) 64  

5 Using Ru(bpy)3(PF6)2 (1 mol%)  68 

6 Using Ru(phen)3Cl2·H2O (1 mol%) 50 

7 Under air 34 

8 Not degassed DMF 43 

9 No nickel / No photocatalyst / No light 0 

[a] NMR yields using 4-nitroacetophenone as internal standard. In 

brackets: Isolated yield after column chromatography on silica gel. DMF: 

N,N-dimethylformamide; dttbpy: 4,4'-di-tert-butyl-2,2'-bipyridine; 

diMeObpy: 4,4'-dimethoxy-2,2'-bipyridine; bpy: 2,2'-bipyridine; phen: 

1,10-phenantroline. 

With the optimized conditions in hand, we set out to explore the 

scope of this transformation (Scheme 2). Both, electron-rich as 

well as electron-deficient substituted aryl iodides delivered the 

desired products 1-6 in moderate to good yields. The reaction is 

orthogonal with respect to classical cross-coupling procedures as 

the C-Boron bond remained intact in product 6, which could be 

isolated in 66% yield. A 5-cyanofurane derivative 7 could only be 

isolated in 22% yield. However, other acrylates containing benzyl 

or ketone groups in their structures as well as acrylonitriles and 

vinylsulfones could be successfully engaged in the reaction (8-11), 

highlighting the functional group compatibility of this method. In 

addition, an internal olefin (E:Z = 4:1) delivered the highly 

congested product 12 with exquisite diastereoselectivity (dr > 

20:1). 

Different alkyl silicates were evaluated next. Cyclic derivatives as 

well as species containing double bonds in their structures were 

well tolerated as demonstrated by the efficient isolation of 

products 13-15. Additionally, the method is not only restricted to 

the incorporation of cycloalkyl groups but also isopropyl and 

tertiary linear alkyl silicates could be engaged with similar 

efficiencies under the standard reaction conditions (16-19). To our 

delight, the use of tertiary alkyl silicates completely avoided the 

formation of Hiyama-type coupling products allowing the 

dicarbofunctionalization of a wider range of olefins. In this manner, 

electron rich olefins, vinyl boranes and even unactivated alkenes 

could be successfully transformed into desired 

dicarbofunctionalization products 20-22. 

Scheme 2. Scope of the dual photoredox/nickel catalyzed dicarbofunctionali-

zation. 

 

Difunctionalizations incorporating simultaneously both, sulfonyl 

and aryl groups across simple olefins have been mainly explored 

on intramolecular settings.[12] Thus, encouraged by the above-

mentioned results and the feasibility of oxidizing sodium 

arenesulfinates (Eox = 0.3-0.6 vs SCE in MeCN)[13] by the Ru-

photocatalyst,[14] we set out to expand the utility of our protocol in 

this context. When the previous standard conditions (Table 1, 

entry 1) were applied to the reaction of tert-butylacrylate with 4-

tert-butyliodobenzene and sodium benzenesulfinate, an 

encouraging 41% yield of compound 23 was obtained together 

with 28% of the undesired biarylsulfone 23´ (Table 2, entry 1). 

Increasing the amount of aryl iodide led to a slight improvement 

of the yield (48%) on the desired product (Table 2, entry 2). The 

use of 10 mol% NiCl2Py4 led to the formation of 23 in 44% yield 

(Table 2, entry 3). Further improvement was observed when DMF 

was replaced by DMSO, as 23 and 23´could be obtained in 53 

and 18% yield, respectively (Table 2, entry 4). Finally, the use of 

a more electron-rich bipyridine ligand (diMeObipy) furnished 23 in 

72% yield together with 13% of 23´ (Table 2, entry 5). Reducing 

the catalyst loading proved to be beneficial so that, under the 

newly optimized reaction conditions, compound 23 could be 

isolated in 69% yield and less than 10% of 23´ was detected in 
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the reaction media (Table 2, entry 6. For additional optimization 

experiments, see SI).[11]  

The reaction scope was investigated next (Scheme 3). Under the 

optimized conditions, different substitutions and functionalities in 

the ester moiety were tolerated, furnishing the desired 

arylsulfonylated products 24-39 in good yields. Remarkably the 

reaction proved not only suitable for the use of aryl iodides, but 

also for aryl bromides thus expanding the synthetic utility of the 

method (30-35). 

Table 2. Optimization of the reaction conditions for the alkene 

carbosulfonylation reaction. 

 

Entry Reaction conditions NMR yield of 23 

(%)[a] 

1 As in Scheme 2 41[b] 

2 NiCl2·6H2O (10 mol%),  

dtbbpy (10 mol%) in DMF (0.1 M) 

48[c] 

3 NiCl2Py4 (10 mol%),  

dtbbpy (10 mol%) in DMF (0.1 M) 

44 

4 NiCl2Py4 (10 mol%),  

dtbbpy (10 mol%) in DMSO (0.1 M) 

53[d] 

5 NiCl2Py4 (10 mol%),  

diMeObpy (10 mol%) in DMSO (0.1 M) 

72[e] 

6 NiCl2Py4 (10 mol%),  

diMeObpy (4 mol%) in DMSO (0.1 M) 

76 (69)[f] 

[a] NMR yields using 4-nitroacetophenone as internal standard. In brackets: 

Isolated yield after column chromatography on silica gel. [b] 28% of 

diarylsulfone tBuC6H4SO2Ph 23´ was obtained. [c] 20% 23´ [d] 18% of 23´ 

[e] 13% of 23´ [f] 8% of 23´ 

In addition, sulfinates with different electronic features were nicely 

engaged in the reaction giving products 37-39 in moderate to high 

efficiencies. Vinyl amides could also be incorporated in the 

reaction scope, as demonstrated by the successful isolation of 

difunctionalized product 40. 

 
Scheme 3. Scope of the dual photoredox/nickel catalyzed carbosulfonylation. 

To further showcase the synthetic potential of these 

transformations, the reactions to produce adducts 2, 28 and 30 

were carried out in 1 mmol scale. Under the standard reaction 

conditions, these products could be isolated in 58, 65 and 59% 

yield, respectively.  

After the successful development of both transformations, several 

control experiments were designed to interrogate the reaction 

pathway. First, the use of radical scavengers such as TEMPO or 

1,1-diphenylethylene decreased reaction efficiencies, which 

suggests a radical based mechanism (for details, see SI).[11] 

Further, competitive intermolecular experiments were carried out 

combining two different olefins at an equimolar ratio in the 

presence of the tert-butyl silicate derivative and 4-tert-butyl 

iodobenzene (Scheme 4A, top). A mixture of difunctionalization 

products from both olefins was obtained, favoring, in all cases, the 

adducts stemming from the most reactive olefinic acceptor 

towards the tert-butyl radical (19 vs. 1; 1 vs. 20; 20 vs. 22).[15] 

Besides, when both olefins were located within the same 

substrate, the addition of the alkyl or the sulfonyl group took place 

exclusively onto the more activated one to give 1,2-

carbofunctionalization products 41-42 (Scheme 4A, bottom). 

These competition experiments suggest the formation of radicals 

from the ‘nucleophilic’ reaction partner and its subsequent 

addition to the olefin on the outset of the reaction. These 

conclusions were further supported by radical clock experiments 

using a diallyl ether probe, which revealed the sole formation of 

the tetrahydrofuran derivative 44 in 61% yield as a 4:1 mixture of 

diastereoisomers (Scheme 4B). As the rate of the cyclization of 

similar substrates has been reported (k ~ 4-6·106 s-1),[16] these 

results indicate that the reaction of secondary radicals with the 

intermediates responsible to deliver the C-Ar bond at last may be 

a much slower process.[17] Further, the fact that cyclized product 

43 is not observed reflects the preference of the secondary C-

centered radical in α position to the ester group to recombine with 

the corresponding ArNi(II) complex. In contrast, upon addition of 

the tBu radical to the double bond on the diallylether radical clock, 

the secondary radical undergoes cyclization with the vicinal 

double bond rather than recombination with the Ni(II) species to 

give cyclized product 44. These results showcase the effect that 

the different stabilization of the secondary C-centered radical 

intermediates can have on the reaction outcome. 
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Scheme 4. Control experiments.   

Based on these control experiments and existing evidence 

gathered in the literature,[6,7] the following mechanism is proposed 

(Scheme 5). The excited photocatalyst oxidizes the nucleophile 

delivering the corresponding radical which, in an off-cycle process, 

adds to the terminal carbon of the olefin to give secondary C-

centered radical A. The reaction of A with Ni(0) generates a 

transient alkyl-Ni(I) complex B, that upon oxidative addition with 

the aromatic halide produces the key Ar-Ni(III)-alkyl intermediate 

C (Scheme 5, path I). Alternatively, the same species can be 

formed as a result of the oxidative addition of the aromatic halide 

onto Ni(0) followed by radical recombination with A (path II).[15] In 

both cases, a C-C reductive elimination from C delivers the 

product D together with a Ni(I) complex. Both catalytic cycles are 

closed by oxidation of Ru(I) species by Ni(I), which regenerates 

both, the Ru(II) photocatalyst and the Ni(0) catalyst, 

respectively.[19]  

 

 
Scheme 5. Proposed catalytic pathways towards product formation. 

In summary, we showcase here the potential of merging 

photoredox and nickel catalysis under visible light to perform 

three-component carbofunctionalizations of alkenes. As the 

generation of radicals is independ from the nickel complex, the 

use of an affordable photocatalyst has allowed the utilization of 

sulfinates and alkylsilicates to generate sulfonyl and both, 

secondary and tertiary alkyl radicals, respectively, with minor 

changes in the reaction conditions. In addition, the stability and 

ease of handling of all precursors confers excellent functional 

group compatibility and operational simplicity to this approach, 

while significantly expanding the scope of existing alkene 

carbofunctionalization methods.  
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