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Abstract: A simple procedure is reported for the nickel-catalyzed defluorinative alkylation of 

unactivated aliphatic aldehydes. The process involves the catalytic reductive union of 

trifluoromethyl styrenes with aldehydes using a nickel complex of a 6,6’-disubstituted bipyridine 

ligand with zinc metal as the terminal reductant. The protocol is distinguished by its broad substrate 

scope, mild conditions, and simple catalytic setup. Reaction outcomes are consistent with the 

intermediacy of an a-silyloxy(alkyl)nickel intermediate generated by a low-valent nickel catalyst, 

silyl electrophile, and the aldehyde substrate. Mechanistic findings with 

cyclopropanecarboxaldehyde provide insights into nature of the reactive intermediates and 

illustrate fundamental reactivity differences that are governed by subtle changes in ligand and 

substrate structure. 

INTRODUCTION 

Transition metal-catalyzed reductive coupling reactions that avoid the need for pre-

generation of air- and moisture-sensitive organometallic reagents provide an attractive route to 

highly functionalized synthetic intermediates.1 Notably, reductive couplings of unsaturated 

compounds with aldehydes have demonstrated high efficiency for the construction of carbon-

carbon bonds in a number of contexts using alkynes,2 1,3-dienes,3 or allenes (Scheme 1A).4 

Couplings of alkenes with aldehydes, however, are more difficult, and methods are often restricted 

to intramolecular versions,5 highly activated alkenes such as norbornene6 and 



methylenecyclopropane,7 or hydroacylations of styrenes.8 Advances using triethylsilyl triflate as 

promoter enabled considerable improvements in olefin scope to include alkenes with aromatic 

aldehydes and tertiary aliphatic aldehydes (Scheme 1B).9 More recently, cobalt- and chromium 

co-catalyzed branch-selective coupling of alkenes with aldehydes through an alkyl chromium 

intermediate further broadened the scope of substrate combinations tolerated.10 Additionally, iron-

catalyzed transfer hydrogenative coupling of alkenes with aromatic and aliphatic aldehydes11 and 

Brønsted acid enabled nickel-catalyzed hydroalkenylation of styrene derivatives with unactivated 

aldehydes provided further advances.12 Despite these developments, the majority of current 

methods for aldehyde-alkene reductive coupling are restricted to aromatic aldehydes,13 and the 

direct coupling reaction of abundantly available alkenes with unactivated aliphatic aldehydes still 

presents challenges in many cases. 

 An alternative approach for functionalization α to oxygen involves the generation and 

capture of α-oxy radical intermediates, which have been developed as highly useful cross-coupling 

partners using nickel catalysis.14 Among these approaches, ketyl radicals offer a versatile platform 

of reactivity for reversing the traditional electrophilic character of carbonyls and play a pivotal 

role in numerous bond-forming and bond-breaking processes including ketyl-olefin couplings.15 

The requirement for strong, stoichiometric reductants, however, places practical limits on the 

synthetic utility of ketyl intermediates generated by classical approaches.16 Several innovative 

strategies to generate ketyl radical were recently reported through processes such as concerted 

proton-coupled electron transfer,17 Lewis acid-facilitated photocatalytic reduction,18 redox-neutral 

photochemical promotion through transient a-acetoxy vinyl iodides intermediate,19 and 

electrocatalytic reduction.20  



Recent efforts in our laboratory have identified the addition of Ni(0) to aliphatic aldehydes 

through the activation by silyl halides as an alternative strategy for promoting reductive cross 

couplings of aldehydes either involving cyclization of an ynal with alkylation by an alkyl bromide 

or through direct coupling of the aldehyde with alkyl electrophiles.21 By analogy, we envisioned 

that trifluoromethyl-substituted alkenes might serves as competent electrophiles in cross couplings 

with aldehydes under reductive conditions. This outcome would enable reactivity that serves as a 

functional synthetic equivalent of ketyl radicals through activation of the aldehyde by a low-valent 

nickel species in the presence of a silyl chloride. The 1,1-difluoroalkenes obtained through 

reductive couplings of aldehydes with trifluoromethyl-substituted alkenes with extrusion of a 

single fluorine atom are intriguing motifs owing to their presence in a number of biologically active 

compounds.22 Due to their resistance to in vivo metabolism, gem-difluoroalkenes are a promising 

carbonyl bioisostere owing to their steric and electronic similarity to aldehydes, ketones, and 

esters, offering new opportunities in the drug discovery pipeline.23 Commonly, gem-

difluoroalkenes are typically prepared by synthetic routes involving gem-difluoroolefination of 

diazo or carbonyl precursors,24 highly reactive organometallic species or strong base-mediated 

nucleophilic addition to α-trifluoromethyl alkenes,25 suffering from the limited functional group 

tolerance and narrow substrates scope, due to the harsh reaction conditions. However, considerable 

progress has been made with expanded reaction scope in the field of photo-,26 or transition metal-

caralyzed27 redox-neutral allylic defluorinative cross-coupling reactions. Recently, Wang and 

other groups have established Ni- and Ti-catalyzed reductive defluorinative couplings between 

different electrophiles with trifluoromethyl alkenes to further expand the diversity of gem-

difluoroalkenes,28 but approaches to gem-difluoroalkenes bearing additional functionality are still 

limited. Herein, we describe efficient nickel-catalyzed defluorinative couplings of trifluoromethyl-



substituted alkenes with aliphatic aldehydes to provide homoallylic alcohols possessing the gem-

difluoroalkenes structural motif. These advances further establish effective strategies for the 

nickel-catalyzed functionalization of simple aliphatic aldehydes, and the mechanistic findings 

presented highlight the impact of subtle modifications of the reactant structure and ligand motif 

employed. 

 

Scheme 1. Nickel-catalyzed additions to alkynes and alkenes. 

 

RESULTS AND DISCUSSION 

 Initial experiments focused on the coupling of hydrocinnamaldehyde (1a) with a 

trifluoromethyl alkene (2a) (Table 1). Through systematic investigation of the reaction parameters, 

optimal results were found using a combination of NiCl2(DME), 6,6’-disubstituted bipyridine 

ligand L1, LiCl, 1,5-hexadiene, chlorotriethylsilane (TESCl), and nanopowder zinc as sacrificial 

reductant, providing 3a in 83% isolated yield (entry 1). Control experiments showed that the nickel 

source, ligand (L1), nanopowder zinc, and 1,5-hexadiene (entries 2-7) each played a pivotal role 

in this transformation. Although the inclusion of LiCl did not significantly affect yields of the 

standard product (entry 8), it resulted in modest improvements in yield with other substrates. 

Importantly, olefin additives can minimize the formation of enol ether (Scheme 1, 9) and silyl 

A. Ni-catalyzed aldehyde-alkyne reductive couplings (well developed):

H R1

O

R2

R3

+ Ni / L
Ni

O

R1 R2

R3
L

R1

OH

R2

R3

H
reductant

H R1

O
+ R2

B. Ni-catalyzed aldehyde-alkene cross-couplings (more limited):

OH
R2

R1 Or
OH

R1 R2

C. This work - defluorinative reductive couplings:

R1

O

H R3Si-Cl [Ni]

OSiR3

R1

OSiR3

R1

CF2R3

CF3

R3
R2 R2

[Ni]



ether (Scheme 1, 10) side products, and 1,5-hexadiene provided superior reactivity compared with 

other olefin additives (entries 9-13).21b,c It should be noted Ni(COD)2 had a comparable efficiency 

to NiCl2(DME), but NiCl2(DME) was employed due to its stability in air and ease of handling 

(entry 19). Finally, the ligand selection was essential for the reaction outcome, and the 2,2′-

bipyridine framework provided optimal results with 6,6’-disubstitution providing further 

improvements, leading to L1 (6,6’-dimethyl-2,2’-bipyridine) as the optimal choice from our 

studies (entries 1, 14). Other nitrogen-based ligands such as Biox, Terpy, phosphines such as PCy3, 

or NHC ligands such as IMes led to lower yields (entries 15-18).  

Table 1. Optimization of couplings of aldehydes with trifluoromethyl alkenes 

 

Entry Deviation from Standard Conditions % Yielda 

1 None 86(83)b 

2 NiCl2•DME omitted --- 

3 L1 omitted 6 

4 nanopowder Zn omitted --- 

5 Zinc dustc 67 

6 Mn powderc 71 

7 1,5-hexadiene omitted 37 

8 LiCl omitted 80 

9 1,5-cyclooctadiened 49 

10 1,7-octadiened 37 

11 1,6-heptadiened 67 
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12 (E)-stilbened 68 

13 duroquinoned 6 

14 bpye 80 

15 Bioxe 7 

16 Terpye --- 

17 PCy3
e --- 

18 IMese 3 

19 Ni(COD)2
f 86 

aYields were determined by GC with n-tridecane as the internal standard. bIsolated yield from a 0.2 mmol 

preparative experiment. cadditive in place of nanopowder zinc. dadditive in place of 1,5-hexadiene. eligand 

instead of L1. fcatalyst instead of NiCl2•DME 

 

 We next turned our attention to define the substrate scope using the optimized conditions 

from the above studies. First, we explored an array of aliphatic aldehydes 1 to examine the 

generality of the coupling with trifluoromethyl alkenes (2a) (Table 2). Unhindered aliphatic 

aldehydes were well tolerated, delivering the corresponding products in good yield (3c-3m). The 

presence of β–substituents (3b) and α–substituents (3n-3p) was also tolerated albeit with 

diminished efficiency. Notably, a number of potentially reactive functional groups were unaffected 

in the transformation, including aryl chlorides (3c), aryl bromides (3d), aryl boronate esters (3e), 

and alkynes (3f). Benzyl ethers (3g), silyl ethers (3h), acetals (3i), esters (3j), and carbamates (3p) 

were also well tolerated. In addition, heterocyclic substrates including furans (3l) and indoles (3m) 

were also suitable coupling partners in the process. When the substrate contains both an aldehyde 

and ketone functional group (3k), the reaction is completely selective for aldehydes, leaving the 

ketone unchanged. 

 

 



Table 2. Aldehyde scope in couplings with trifluoromethyl alkenes. 

 
aReactions performed on 0.20 mmol scale unless otherwise noted. Yields are for isolated material. Tol = p-tolyl. 

 

 We next demonstrated the generality of this protocol with respect to the trifluoromethyl 

alkenes 2a−t (Table 3). Under these mild and base-free conditions, various 1,1-

trifluoromethylstyrenes featuring either electron-rich (4a-4e) or electron-deficient (4g-4k) 

substituents underwent the transformation smoothly, affording the corresponding products in good 

yields (71-93%). Notably, this reductive protocol is tolerant of a wide range of functionality on 

the alkene coupling partner, such as esters (4i), amides (4j), sulfonyl groups (4k), nitriles (4l), and 

sulfides (4m). Furthermore, heterocycles including quinolone (4o), benzofuran (4p), 

benzothiophene (4q), dibenzofuran (4r), and carbazole (4s), are also readily compatible. It is 

noteworthy that beyond the aryl and heteroaryl system, mono-substituted alkenes, such as 2-

nonafluorobutyl-1alkene (2t), smoothly proceeded to afford the desired product 4t in moderate 

yield. 
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Table 3. Trifluoromethyl alkene scope in couplings with aldehydes. 

 

aReactions performed on 0.20 mmol scale unless otherwise noted. Yields are for isolated material; 

bReactions performed with 0.40 mmol aldehyde and 0.20 mmol trifluoromethyl alkenes; cReactions 

performed with 0.24 mmol aldehyde and 0.20 mmol trifluoromethyl alkenes.  

 

 To showcase the robustness and practicality of our method, a 5-mmol-scale experiment 

was conducted under an inert atmosphere using a benchtop setup without glovebox manipulations 

to provide 1.5 g of the desired product 3a in 73% yield using only 2 mol% catalyst loading (Scheme 

2A). Additionally, the protocol was also expanded to include a-trifluoromethyl enoates. As shown 

in Scheme 2B, subjecting methyl 4,4,4-trifluorocrotonate (5) to this catalytic system exclusively 

provided the defluorinative alkylation product 6 in high yield, illustrating that the trifluoromethyl 

group directs regiochemistry of the addition in analogy to the examples provided in Tables 2 and 

3. Alkyl-substituted trifluoromethyl alkene (7), however, did not participate in the process, and 
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competitive formation of enol ether 9 and reduced silyl ether 10 was observed, with most of 

trifluoromethyl alkene 7 recovered intact with only 6% yield of the desired product 8 observed by 

GCMS analysis.  

 

Scheme 2. Scaleup experiment and additional substrate classes. 

 

A related chromium-catalyzed method for the addition of ketyl radicals to trifluoromethyl 

alkene intermediates was recently described by Wang.29 Notably, the use of nickel catalysis was 

described in that study as ineffective in promoting the reaction, illustrating the unique effectiveness 

of the ligand/additive/reductant combination developed herein. ICP analysis illustrated that trace 

levels of chromium (0.4 ppm) are present in the commercial samples of NiCl2(DME) that were 

used in this study. Control experiments, however, illustrated that CrCl3, used in the method of 

Wang, has little effect on rates or outcomes of our optimal nickel-catalyzed conditions, suggesting 

that co-catalysis with trace chromium is not involved in the method describe herein (see supporting 

information for details). 
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 A description of possible reaction pathways is outlined (Scheme 3). The addition of Ni(0), 

generated from the reduction of the Ni(II) pre-catalyst, to the aldehyde 1a in the presence of 

chlorotriethylsilane (TESCl) provides a possible route to Ni(II) intermediate I. Intermediate I 

could undergo single electron reduction with Zn to afford the corresponding Ni(I) intermediate II. 

Notably, our recent report of aldehyde couplings with redox-active esters illustrated that 

stoichiometric Ni(COD)2 in the absence of Zn or Mn reductants led to high yields of product, 

suggesting that the catalytic process involves catalyst turnover by the terminal reductant and that 

reduction of intermediates that precede product formation are not strictly required. In couplings of 

trifluoromethyl alkenes, however, the use of stoichiometric Ni(COD)2 in the absence of a terminal 

reductant led only to trace product formation (7 % isolated yield). This outcome suggests that the 

reduction of Ni(II) species I to Ni(I) intermediate II is likely required in the current protocol. 

Notably, the redox-active ester protocol requires BiOx as ligand whereas the trifluoromethyl 

alkene protocol requires L1, and a recent study from Diao30 illustrates that bipyridyl complex of 

nickel are much more easily reduced than are the corresponding BiOx complexes, which provides 

a potential rationale for the differing behavior of these catalytic systems.   

 



 

Scheme 3. Possible intermediates involved in key mechanistic steps. 

 

Free radical species have previously been proposed as intermediates derived from 

homolytic bond scission of nickel alkyl species in other classes of nickel-catalyzed trifluoromethyl 

alkene addition reactions,28g,j and it is plausible that free ketyl intermediate III could potentially be 

derived from either intermediate I or II. The observation of product 3a is consistent with either an 

organometallic addition of I or II to provide intermediate IV, which would undergo nickel fluoride 

elimination to afford product 3a, or from addition of a transiently generated ketyl radical III to 

produce V. To gain further insight into the involvement of addition of a free radical or 

organometallic intermediate to the trifluoromethyl alkene, we examined the catalytic addition of 

cyclopropanecarboxaldehyde (1q) and trifluoromethyl alkene 2j. Ring opening of either a 

cyclopropylcarbinyl radical or the corresponding organonickel intermediate VI would be expected, 

but in this case, further rearrangement of the cyclopropane fragment led to the production of 

Ni0Ph H

O

TESCl
1a

Tol

CF3

Ph

OTES

Ph

OTES

Tol

Ph

OTES

Tol CF23aNiLn

Ph NiIILn

OTES

Cl

CF3

2a

I

III

Ph NiILn

OTES

Tol

CF3II

1/2 Zn0

H

Ph

OTES

Tol CF3

1/2 ZnCl2

or

IV V

A. Possible Mechanistic Intermediates.

B. Insights from Cyclopropane Rearrangement

Et3SiO
Me

F2C O

N
Me

MeF3C

O

N
Me

Me

O

H

standard
conditions+

NiLn

OTES
O

NiLn

TES

1q

VI VII

11, 25%

O
NiLn

TES

IX
CH3

O
TES

NiLn
H

VIII

2j

2j



compound 11 in 25% isolated yield. A recent study from Weix31 illustrates ring-opening processes 

of cyclopropyl aldehydes and provides deep insight into the mechanism of how intermediate VII 

can be produced directly from 1q under conditions similar to those described in this report. 

Additionally, we attributed reactivity of 1a with redox-active esters to be derived from 

intermediates similar to VII in our recent report of aldehyde / redox-active ester couplings.21c The 

product 11 from the current study, however, is unusual and informative in several respects. First, 

the putative ring-opened organometallic intermediate VII undergoes chain-walking28g,j,32 through 

VIII to intermediate IX prior to capture by 2j, ultimately forming the branched isomer of product 

11. In contrast, our recent report of aldehyde couplings with redox-active esters led exclusively to 

ring-opened products but without evidence for chain walking.21c We attribute this difference to be 

the result of the changes in ligand structure between redox-active ester couplings (BiOx) and 

trifluoromethyl alkene couplings (L1). While we originally envisioned that VII was likely derived 

from VI, the recent evidence from Weix illustrating the direct formation of VII from 1q is detailed 

and convincing.31 Formation of a ketyl radical through homolysis of VI would not afford the 

rearranged constitution of 11 unless recombination of the radical with nickel again leads to 

intermediate VII. Formation of the Z-isomer of the enol silane of 11 is consistent with the 

formation of cyclic intermediates such as VII and IX where the alkene is constrained within a 

ring.33  

Other rearrangements involving Ni(0) catalyzed cyclopropyl ketone rearrangements have 

been described, but only under much higher temperature conditions with different ligand types.34 

Those studies documenting the formation of intermediates such as VII in the absence of silyl 

electrophiles showed that a,b-unsaturated carbonyl intermediates were produced through this 

pathway. While this potentially suggests that crotonaldehyde produced from intermediates 



analogous to VII could be an intermediate in the formation of 1q, when crotonaldehyde was used 

in place of aldehyde 1q, only trace quantities of 11 were observed. On this basis, we favor the 

pathway depicted in Scheme 3B as the operative mechanism for the production of 11. Treatment 

of 1q and 2j to conditions using CrCl3 described by Wang29 afforded no product 11, providing 

further evidence that the Ni and Cr procedures fundamentally differ in mechanism. With the 

insights from the behavior of substrate 1q, the involvement of organometallic intermediates such 

as I, II, and IV seem most likely in the reductive couplings described in Tables 2 and 3 rather than 

ketyl-derived additions directly to the trifluoromethyl alkene. 

 

CONCLUSIONS 

 In summary, an efficient method for defluorinative cross-couplings of aliphatic aldehydes 

with trifluoromethyl styrenes has been developed. The facile installation of the difluoromethylene 

unit to an array of aldehyde structures provides an effective entry to this desirable functional group 

class. The substrate scope enables wide variation of the aldehyde reaction partner, and the protocol 

is amenable to gram-scale syntheses. The combination of a hindered 6,6’-disubstituted bipyridine 

ligand, 1,5-hexadiene as an additive, triethylsilyl chloride, and nanopowder zinc were key 

components of the optimized procedure. Experiments detailing a ring-opening / chain-walking 

cascade process with cyclopropanecarboxaldehyde lends support to the involvement of 

organonickel intermediates as key intermediates involved in C-C bond formation and illustrate 

important differences in mechanism that result from subtle changes in ligand and substrate 

structures. This work expands the use of simple alkenes in nickel-catalyzed reductive couplings of 

aldehydes and illustrates that bipyridine ligand frameworks enable unique reactivity in processes 

of this type when used in combination with simple diene additives. 



ASSOCIATED CONTENT 

Supporting Information. Experimental and computational details. This material is available free 

of charge via the Internet at http://pubs.acs.org. Experimental details, copies of spectra. 

 

AUTHOR INFORMATION 

Corresponding authors 

*John Montgomery 

 

ACKNOWLEDGEMENTS  

The authors thank the National Institute of General Medical Sciences (R35-GM118133) for 

support of this research. Dr. Cole L. Cruz is thanked for helpful suggestions. 

 

REFERENCES 

1. (a) Krische, M. J., Metal Catalyzed Reductive C-C Bond Formation. Springer: Berlin 

2007; (b) Everson, D. A.; Weix, D. J., Cross-Electrophile Coupling: Principles of Reactivity and 

Selectivity. J. Org. Chem. 2014, 79, 4793-4798; (c) Moragas, T.; Correa, A.; Martin, R., Metal-

Catalyzed Reductive Coupling Reactions of Organic Halides with Carbonyl-Type Compounds. 

Chem. Eur. J. 2014, 20, 8242-8258; (d) Weix, D. J., Methods and Mechanisms for Cross-

Electrophile Coupling of Csp(2) Halides with Alkyl Electrophiles. Acc. Chem. Res. 2015, 48, 

1767-1775; (e) Wang, X.; Dai, Y.; Gong, H., Nickel-Catalyzed Reductive Couplings. Top. Curr. 

Chem. 2016, 374, 43. 

2. (a) Oblinger, E.; Montgomery, J., A New Stereoselective Method for the Preparation of 

Allylic Alcohols. J. Am. Chem. Soc. 1997, 119, 9065-9066; (b) Tang, X.-Q.; Montgomery, J., 

Nickel-Catalyzed Preparation of Bicyclic Heterocycles:  Total Synthesis of (+)-Allopumiliotoxin 

267a, (+)-Allopumiliotoxin 339a, and (+)-Allopumiliotoxin 339b. J. Am. Chem. Soc. 2000, 122, 



6950-6954; (c) Mahandru, G. M.; Liu, G.; Montgomery, J., Ligand-Dependent Scope and 

Divergent Mechanistic Behavior in Nickel-Catalyzed Reductive Couplings of Aldehydes and 

Alkynes. J. Am. Chem. Soc. 2004, 126, 3698-3699; (d) Malik, H. A.; Sormunen, G. J.; 

Montgomery, J., A General Strategy for Regiocontrol in Nickel-Catalyzed Reductive Couplings 

of Aldehydes and Alkynes. J. Am. Chem. Soc. 2010, 132, 6304-6305; (e) Jackson, E. P.; Malik, 

H. A.; Sormunen, G. J.; Baxter, R. D.; Liu, P.; Wang, H.; Shareef, A. R.; Montgomery, J., 

Mechanistic Basis for Regioselection and Regiodivergence in Nickel-Catalyzed Reductive 

Couplings. Acc. Chem. Res. 2015, 48, 1736-1745; (f) Jackson, E. P.; Montgomery, J., 

Regiocontrol in Catalytic Reductive Couplings through Alterations of Silane Rate Dependence. 

J. Am. Chem. Soc. 2015, 137, 958-963; (g) Huang, W. S.; Chan, J.; Jamison, T. F., Highly 

Selective Catalytic Intermolecular Reductive Coupling of Alkynes and Aldehydes. Org. Lett. 

2000, 2, 4221-4223; (h) Miller, K. M.; Huang, W. S.; Jamison, T. F., Catalytic Asymmetric 

Reductive Coupling of Alkynes and Aldehydes: Enantioselective Synthesis of Allylic Alcohols 

and Alpha-Hydroxy Ketones. J. Am. Chem. Soc. 2003, 125, 3442-3443; (i) Moslin, R. M.; 

Miller, K. M.; Jamison, T. F., Directing Effects of Tethered Alkenes in Nickel-Catalyzed 

Coupling Reactions of 1,6-Enynes and Aldehydes. Tetrahedron 2006, 62, 7598-7610; (j) 

Standley, E. A.; Tasker, S. Z.; Jensen, K. L.; Jamison, T. F., Nickel Catalysis: Synergy between 

Method Development and Total Synthesis. Acc. Chem. Res. 2015, 48, 1503-1514; (k) Saito, N.; 

Katayama, T.; Sato, Y., Nickel-Catalyzed Highly Regioselective Multicomponent Coupling of 

Ynamides, Aldehydes, and Silane: A New Access to Functionalized Enamides. Org. Lett. 2008, 

10, 3829-3832; (l) Zhou, C. Y.; Zhu, S. F.; Wang, L. X.; Zhou, Q. L., Enantioselective Nickel-

Catalyzed Reductive Coupling of Alkynes and Imines. J. Am. Chem. Soc. 2010, 132, 10955-

10957. 

3. (a) Sawaki, R.; Sato, Y.; Mori, M., Ligand-Controlled Highly Stereoselective Syntheses 

of E- and Z-Allylsilanes from Dienes and Aldehydes Using Nickel Complex. Org. Lett. 2004, 6, 

1131-1133; (b) Sato, Y.; Hinata, Y.; Seki, R.; Oonishi, Y.; Saito, N., Nickel-Catalyzed Enantio- 

and Diastereoselective Three-Component Coupling of 1,3-Dienes, Aldehydes, and Silanes Using 

Chiral N-Heterocyclic Carbenes as Ligands. Org. Lett. 2007, 9, 5597-5599. 

4. (a) Kang, S. K.; Yoon, S. K., Cis-Stereoselective Nickel-Catalyzed 

Cyclization/Alkylation and Arylation Reactions of Allenyl-Aldehydes and -Ketones with 

Organozinc Reagents. Chem. Commun. 2002, 2634-2635; (b) Montgomery, J.; Song, M., 



Preparation of Homoallylic Alcohols by Nickel-Catalyzed Cyclizations of Allenyl Aldehydes. 

Org. Lett. 2002, 4, 4009-4011; (c) Ng, S. S.; Jamison, T. F., Highly Enantioselective and 

Regioselective Nickel-Catalyzed Coupling of Allenes, Aldehydes, and Silanes. J. Am. Chem. 

Soc. 2005, 127, 7320-7321; (d) Song, M.; Montgomery, J., Nickel-Catalyzed Couplings and 

Cyclizations Involving Allenes, Aldehydes, and Organozincs. Tetrahedron 2005, 61, 11440-

11448. 

5. (a) Ogoshi, S.; Oka, M. A.; Kurosawa, H., Direct Observation of Oxidative Cyclization 

of Eta2-Alkene and Eta2-Aldehyde on Ni(0) Center. Significant Acceleration by Addition of 

Me3siotf. J. Am. Chem. Soc. 2004, 126, 11802-11803; (b) Ogoshi, S.; Ueta, M.; Arai, T.; 

Kurosawa, H., Alme3-Promoted Oxidative Cyclization of Eta(2)-Alkene and Eta(2)-Ketone on 

Nickel(0). Observation of Intermediate in Methyl Transfer Process. J. Am. Chem. Soc. 2005, 

127, 12810-12811; (c) Hoshimoto, Y.; Hayashi, Y.; Suzuki, H.; Ohashi, M.; Ogoshi, S., 

Synthesis of Five- and Six-Membered Benzocyclic Ketones through Intramolecular Alkene 

Hydroacylation Catalyzed by Nickel(0)/N-Heterocyclic Carbenes. Angew. Chem. Int. Ed. 2012, 

51, 10812-10815; (d) Hayashi, Y.; Hoshimoto, Y.; Kumar, R.; Ohashi, M.; Ogoshi, S., 

Nickel(0)-Catalyzed Intramolecular Reductive Coupling of Alkenes and Aldehydes or Ketones 

with Hydrosilanes. Chem. Commun. 2016, 52, 6237-6240; (e) Hayashi, Y.; Hoshimoto, Y.; 

Kumar, R.; Ohashi, M.; Ogoshi, S., Nickel(0)-Catalyzed Coupling Reactions of Carbonyls and 

Alkenes with Reducing Reagents Giving Six- and Seven-Membered Benzocycloalkanols. Chem. 

Lett. 2017, 46, 1096-1098; (f) Hoshimoto, Y.; Hayashi, Y.; Ohashi, M.; Ogoshi, S., Kinetic and 

Theoretical Studies on Ni(0) /N-Heterocyclic Carbene-Catalyzed Intramolecular Alkene 

Hydroacylation. Chem. - Asian J. 2017, 12, 278-282. 

6. (a) Ogata, K.; Atsuumi, Y.; Shimada, D.; Fukuzawa, S., Nickel-Catalyzed Three-

Component Coupling between Aryl Aldehydes, Norbornenes, and Silanes Leading to Indanols 

through Aromatic C-H Bond Activation of Aryl Aldehydes. Angew. Chem. Int. Ed. 2011, 50, 

5896-5899; (b) Ogata, K.; Toh, A.; Shimada, D.; Fukuzawa, S.-i., Nickel-Catalyzed 

Diastereoselective Reductive Coupling Reaction of Norbornene with Aldehydes in the Presence 

of Triethylborane. Chem. Lett. 2012, 41, 157-158; (c) Ahlin, J. S.; Cramer, N., Chiral N-

Heterocyclic Carbene Ligand Enabled Nickel(0)-Catalyzed Enantioselective Three-Component 

Couplings as Direct Access to Silylated Indanols. Org. Lett. 2016, 18, 3242-3245. 



7. Ogata, K.; Atsuumi, Y.; Fukuzawa, S., Nickel-Catalyzed Ring-Opening Three-

Component Coupling of Methylenecyclopropane with Aldehydes and Silanes. Org. Lett. 2010, 

12, 4536-4539. 

8. Xiao, L.-J.; Fu, X.-N.; Zhou, M.-J.; Xie, J.-H.; Wang, L.-X.; Xu, X.-F.; Zhou, Q.-L., 

Nickel-Catalyzed Hydroacylation of Styrenes with Simple Aldehydes: Reaction Development 

and Mechanistic Insights. J. Am. Chem. Soc. 2016, 138, 2957-2960. 

9. (a) Ng, S. S.; Jamison, T. F., Simple Alkenes as Substitutes for Organometallic Reagents: 

Nickel-Catalyzed, Intermolecular Coupling of Aldehydes, Silyl Triflates, and Alpha Olefins. J. 

Am. Chem. Soc. 2005, 127, 14194-14195; (b) Ho, C. Y.; Ng, S. S.; Jamison, T. F., Nickel-

Catalyzed, Carbonyl-Ene-Type Reactions: Selective for Alpha Olefins and More Efficient with 

Electron-Rich Aldehydes. J. Am. Chem. Soc. 2006, 128, 5362-5363; (c) Ng, S. S.; Ho, C. Y.; 

Jamison, T. F., Nickel-Catalyzed Coupling of Alkenes, Aldehydes, and Silyl Triflates. J. Am. 

Chem. Soc. 2006, 128, 11513-11528; (d) Ho, C. Y.; Jamison, T. F., Highly Selective Coupling of 

Alkenes and Aldehydes Catalyzed by [Ni(Nhc){P(Oph)3}]: Synergy between a Strong Sigma 

Donor and a Strong Pi Acceptor. Angew. Chem. Int. Ed. 2007, 46, 782-785; (e) Ho, C. Y.; 

Schleicher, K. D.; Chan, C.-W.; Jamison, T. F., Catalytic Addition of Simple Alkenes to 

Carbonyl Compounds Using Group 10 Metals. Synlett 2009, 2009, 2565-2582. 

10. Matos, J. L. M.; Vasquez-Cespedes, S.; Gu, J.; Oguma, T.; Shenvi, R. A., Branch-

Selective Addition of Unactivated Olefins into Imines and Aldehydes. J. Am. Chem. Soc. 2018, 

140, 16976-16981. 

11. Zheng, Y. L.; Liu, Y. Y.; Wu, Y. M.; Wang, Y. X.; Lin, Y. T.; Ye, M., Iron-Catalyzed 

Regioselective Transfer Hydrogenative Couplings of Unactivated Aldehydes with Simple 

Alkenes. Angew. Chem. Int. Ed. 2016, 55, 6315-6318. 

12. Han, X. W.; Zhang, T.; Zheng, Y. L.; Yao, W. W.; Li, J. F.; Pu, Y. G.; Ye, M.; Zhou, Q. 

L., Bronsted Acid Enabled Nickel-Catalyzed Hydroalkenylation of Aldehydes with Styrene and 

Its Derivatives. Angew. Chem. Int. Ed. 2018, 57, 5068-5071. 

13. Garcia, K. J.; Gilbert, M. M.; Weix, D. J., Nickel-Catalyzed Addition of Aryl Bromides 

to Aldehydes to Form Hindered Secondary Alcohols. J. Am. Chem. Soc. 2019, 141, 1823-1827. 

14. (a) Zuo, Z.; Ahneman, D. T.; Chu, L.; Terrett, J. A.; Doyle, A. G.; MacMillan, D. W., 

Dual Catalysis. Merging Photoredox with Nickel Catalysis: Coupling of Alpha-Carboxyl Sp(3)-

Carbons with Aryl Halides. Science 2014, 345, 437-440; (b) Arendt, K. M.; Doyle, A. G., 



Dialkyl Ether Formation by Nickel-Catalyzed Cross-Coupling of Acetals and Aryl Iodides. 

Angew. Chem. Int. Ed. 2015, 54, 9876-9880; (c) Jeffrey, J. L.; Terrett, J. A.; MacMillan, D. W., 

O-H Hydrogen Bonding Promotes H-Atom Transfer from Alpha C-H Bonds for C-Alkylation of 

Alcohols. Science 2015, 349, 1532-1536; (d) Noble, A.; McCarver, S. J.; MacMillan, D. W., 

Merging Photoredox and Nickel Catalysis: Decarboxylative Cross-Coupling of Carboxylic Acids 

with Vinyl Halides. J. Am. Chem. Soc. 2015, 137, 624-627; (e) Karimi-Nami, R.; Tellis, J. C.; 

Molander, G. A., Single-Electron Transmetalation: Protecting-Group-Independent Synthesis of 

Secondary Benzylic Alcohol Derivatives Via Photoredox/Nickel Dual Catalysis. Org. Lett. 2016, 

18, 2572-2575; (f) Shields, B. J.; Doyle, A. G., Direct C(Sp(3))-H Cross Coupling Enabled by 

Catalytic Generation of Chlorine Radicals. J. Am. Chem. Soc. 2016, 138, 12719-12722; (g) 

Twilton, J.; Christensen, M.; DiRocco, D. A.; Ruck, R. T.; Davies, I. W.; MacMillan, D. W. C., 

Selective Hydrogen Atom Abstraction through Induced Bond Polarization: Direct Alpha-

Arylation of Alcohols through Photoredox, Hat, and Nickel Catalysis. Angew. Chem. Int. Ed. 

2018, 57, 5369-5373. 

15. (a) Hart, D. J., Free-Radical Carbon-Carbon Bond Formation in Organic Synthesis. 

Science 1984, 223, 883-887; (b) Edmonds, D. J.; Johnston, D.; Procter, D. J., Samarium(Ii)-

Iodide-Mediated Cyclizations in Natural Product Synthesis. Chem. Rev. 2004, 104, 3371-3404; 

(c) Nicolaou, K. C.; Ellery, S. P.; Chen, J. S., Samarium Diiodide Mediated Reactions in Total 

Synthesis. Angew. Chem. Int. Ed. 2009, 48, 7140-7165; (d) Peter, A.; Agasti, S.; Knowles, O.; 

Pye, E.; Procter, D. J., Recent Advances in the Chemistry of Ketyl Radicals. Chem. Soc. Rev. 

2021, 50, 5349-5365. 

16. (a) Kahn, B. E.; Rieke, R. D., Carbonyl Coupling Reactions Using Transition-Metals, 

Lanthanides, and Actinides. Chemical Reviews 1988, 88, 733-745; (b) Mcmurry, J. E., Carbonyl-

Coupling Reactions Using Low-Valent Titanium. Chemical Reviews 1989, 89, 1513-1524; (c) 

Corey, E. J.; Zheng, G. Z., Catalytic Reactions of Samarium(Li) Iodide. Tetrahedron Lett. 1997, 

38, 2045-2048; (d) Streuff, J., The Electron-Way: Metal-Catalyzed Reductive Umpolung 

Reactions of Saturated and Α,Β-Unsaturated Carbonyl Derivatives. Synthesis 2013, 45, 281-307; 

(e) Szostak, M.; Fazakerley, N. J.; Parmar, D.; Procter, D. J., Cross-Coupling Reactions Using 

Samarium(Ii) Iodide. Chem. Rev. 2014, 114, 5959-6039. 

17. (a) Tarantino, K. T.; Liu, P.; Knowles, R. R., Catalytic Ketyl-Olefin Cyclizations Enabled 

by Proton-Coupled Electron Transfer. J. Am. Chem. Soc. 2013, 135, 10022-10025; (b) Rono, L. 



J.; Yayla, H. G.; Wang, D. Y.; Armstrong, M. F.; Knowles, R. R., Enantioselective Photoredox 

Catalysis Enabled by Proton-Coupled Electron Transfer: Development of an Asymmetric Aza-

Pinacol Cyclization. J. Am. Chem. Soc. 2013, 135, 17735-17738. 

18. (a) Ischay, M. A.; Anzovino, M. E.; Du, J.; Yoon, T. P., Efficient Visible Light 

Photocatalysis of [2+2] Enone Cycloadditions. J. Am. Chem. Soc. 2008, 130, 12886-12887; (b) 

Du, J.; Skubi, K. L.; Schultz, D. M.; Yoon, T. P., A Dual-Catalysis Approach to Enantioselective 

[2 + 2] Photocycloadditions Using Visible Light. Science 2014, 344, 392-396; (c) Lee, K. N.; 

Lei, Z.; Ngai, M. Y., Beta-Selective Reductive Coupling of Alkenylpyridines with Aldehydes 

and Imines Via Synergistic Lewis Acid/Photoredox Catalysis. J. Am. Chem. Soc. 2017, 139, 

5003-5006; (d) Ye, C. X.; Melcamu, Y. Y.; Li, H. H.; Cheng, J. T.; Zhang, T. T.; Ruan, Y. P.; 

Zheng, X.; Lu, X.; Huang, P. Q., Dual Catalysis for Enantioselective Convergent Synthesis of 

Enantiopure Vicinal Amino Alcohols. Nat. Commun. 2018, 9, 410. 

19. Wang, L.; Lear, J. M.; Rafferty, S. M.; Fosu, S. C.; Nagib, D. A., Ketyl Radical 

Reactivity Via Atom Transfer Catalysis. Science 2018, 362, 225-229. 

20. (a) Hu, P.; Peters, B. K.; Malapit, C. A.; Vantourout, J. C.; Wang, P.; Li, J.; Mele, L.; 

Echeverria, P. G.; Minteer, S. D.; Baran, P. S., Electroreductive Olefin-Ketone Coupling. J. Am. 

Chem. Soc. 2020, 142, 20979-20986; (b) Zhang, X.; Yang, C.; Gao, H.; Wang, L.; Guo, L.; Xia, 

W., Reductive Arylation of Aliphatic and Aromatic Aldehydes with Cyanoarenes by Electrolysis 

for the Synthesis of Alcohols. Org. Lett. 2021, 23, 3472-3476. 

21. (a) Shimkin, K. W.; Montgomery, J., Synthesis of Tetrasubstituted Alkenes by Tandem 

Metallacycle Formation/Cross-Electrophile Coupling. J. Am. Chem. Soc. 2018, 140, 7074-7078; 

(b) Cruz, C. L.; Montgomery, J., Nickel-Catalyzed Reductive Coupling of Unactivated Alkyl 

Bromides and Aliphatic Aldehydes. Chem. Sci. 2021, 12, 11995-12000; (c) Xiao, J.; Li, Z.; 

Montgomery, J., Nickel-Catalyzed Decarboxylative Coupling of Redox-Active Esters with 

Aliphatic Aldehydes. J. Am. Chem. Soc. 2021, 142, XXX-XXX. 

22. (a) Bobek, M.; Kavai, I.; De Clercq, E., Synthesis and Biological Activity of 5-(2,2-

Difluorovinyl)-2'-Deoxyuridine. J. Med. Chem. 1987, 30, 1494-1497; (b) Pan, Y.; Qiu, J.; 

Silverman, R. B., Design, Synthesis, and Biological Activity of a Difluoro-Substituted, 

Conformationally Rigid Vigabatrin Analogue as a Potent Gamma-Aminobutyric Acid 

Aminotransferase Inhibitor. J. Med. Chem. 2003, 46, 5292-5293; (c) Muller, K.; Faeh, C.; 

Diederich, F., Fluorine in Pharmaceuticals: Looking Beyond Intuition. Science 2007, 317, 1881-



1886; (d) Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur, V., Fluorine in Medicinal 

Chemistry. Chem. Soc. Rev. 2008, 37, 320-330; (e) Messaoudi, S.; Treguier, B.; Hamze, A.; 

Provot, O.; Peyrat, J. F.; De Losada, J. R.; Liu, J. M.; Bignon, J.; Wdzieczak-Bakala, J.; Thoret, 

S.; Dubois, J.; Brion, J. D.; Alami, M., Isocombretastatins a Versus Combretastatins A: The 

Forgotten Isoca-4 Isomer as a Highly Promising Cytotoxic and Antitubulin Agent. J. Med. 

Chem. 2009, 52, 4538-4542. 

23. (a) Leriche, C.; He, X.; Chang, C. W.; Liu, H. W., Reversal of the Apparent 

Regiospecificity of Nad(P)H-Dependent Hydride Transfer: The Properties of the 

Difluoromethylene Group, a Carbonyl Mimic. J. Am. Chem. Soc. 2003, 125, 6348-6349; (b) 

Magueur, G.; Crousse, B.; Ourévitch, M.; Bonnet-Delpon, D.; Bégué, J.-P., Fluoro-Artemisinins: 

When a Gem-Difluoroethylene Replaces a Carbonyl Group. Journal of Fluorine Chemistry 

2006, 127, 637-642; (c) Meanwell, N. A., Synopsis of Some Recent Tactical Application of 

Bioisosteres in Drug Design. J. Med. Chem. 2011, 54, 2529-2591. 

24. (a) Nowak, I.; Robins, M. J., New Methodology for the Deoxygenative 

Difluoromethylenation of Aldehydes and Ketones; Unexpected Formation of 

Tetrafluorocyclopropanes. Org. Lett. 2005, 7, 721-724; (b) Zhao, Y.; Huang, W.; Zhu, L.; Hu, J., 

Difluoromethyl 2-Pyridyl Sulfone: A New Gem-Difluoroolefination Reagent for Aldehydes and 

Ketones. Org. Lett. 2010, 12, 1444-1447; (c) Zheng, J.; Lin, J. H.; Cai, J.; Xiao, J. C., 

Conversion between Difluorocarbene and Difluoromethylene Ylide. Chem. Eur. J. 2013, 19, 

15261-15266; (d) Zheng, J.; Cai, J.; Lin, J. H.; Guo, Y.; Xiao, J. C., Synthesis and 

Decarboxylative Wittig Reaction of Difluoromethylene Phosphobetaine. Chem. Commun. 2013, 

49, 7513-7515; (e) Hu, M.; He, Z.; Gao, B.; Li, L.; Ni, C.; Hu, J., Copper-Catalyzed Gem-

Difluoroolefination of Diazo Compounds with Tmscf3 Via C-F Bond Cleavage. J. Am. Chem. 

Soc. 2013, 135, 17302-17305; (f) Gao, B.; Zhao, Y.; Hu, M.; Ni, C.; Hu, J., Gem-

Difluoroolefination of Diaryl Ketones and Enolizable Aldehydes with Difluoromethyl 2-Pyridyl 

Sulfone: New Insights into the Julia-Kocienski Reaction. Chem-Eur J 2014, 20, 7803-7810; (g) 

Wang, X. P.; Lin, J. H.; Xiao, J. C.; Zheng, X., Decarboxylative Julia- Kocienski Gem- Difluoro- 

Olefination of 2-Pyridinyl Sulfonyldifluoroacetate. Eur. J. Org. Chem. 2014, 2014, 928-932; (h) 

Aikawa, K.; Toya, W.; Nakamura, Y.; Mikami, K., Development of (Trifluoromethyl)Zinc 

Reagent as Trifluoromethyl Anion and Difluorocarbene Sources. Org. Lett. 2015, 17, 4996-4999; 

(i) Hu, M.; Ni, C.; Li, L.; Han, Y.; Hu, J., Gem-Difluoroolefination of Diazo Compounds with 



Tmscf3 or Tmscf2br: Transition-Metal-Free Cross-Coupling of Two Carbene Precursors. J. Am. 

Chem. Soc. 2015, 137, 14496-14501; (j) Zheng, J.; Lin, J. H.; Yu, L. Y.; Wei, Y.; Zheng, X.; 

Xiao, J. C., Cross-Coupling between Difluorocarbene and Carbene-Derived Intermediates 

Generated from Diazocompounds for the Synthesis of Gem-Difluoroolefins. Org. Lett. 2015, 17, 

6150-6153; (k) Zhang, Z.; Yu, W.; Wu, C.; Wang, C.; Zhang, Y.; Wang, J., Reaction of Diazo 

Compounds with Difluorocarbene: An Efficient Approach Towards 1,1-Difluoroolefins. Angew. 

Chem. Int. Ed. 2016, 55, 273-277; (l) Krishnamoorthy, S.; Kothandaraman, J.; Saldana, J.; 

Prakash, G. K. S., Direct Difluoromethylenation of Carbonyl Compounds by Using Tmscf3: The 

Right Conditions. Eur. J. Org. Chem. 2016, 2016, 4965-4969; (m) Zeng, J. L.; Zhang, Y.; Zheng, 

M. M.; Zhang, Z. Q.; Xue, X. S.; Zhang, F. G.; Ma, J. A., Chemodivergent and Stereoselective 

Construction of Gem-Difluoroallylic Amines from Masked Difluorodiazo Reagents. Org. Lett. 

2019, 21, 8244-8249; (n) Wang, S.; Cheng, B. Y.; Srsen, M.; Konig, B., Umpolung 

Difunctionalization of Carbonyls Via Visible-Light Photoredox Catalytic Radical-Carbanion 

Relay. J. Am. Chem. Soc. 2020, 142, 7524-7531. 

25. (a) Hiyama, T.; Obayashi, M.; Sawahata, M., Preparation and Carbonyl Addition of Γ,Γ-

Difluoroallylsilanes. Tetrahedron Lett. 1983, 24, 4113-4116; (b) Fuchikami, T.; Shibata, Y.; 

Suzuki, Y., Facile Syntheses of Fluorine-Containing Α,Β-Unsaturated Acids and Esters from 2-

Trifluoromethylacrylic Acid. Tetrahedron Lett. 1986, 27, 3173-3176; (c) Bégué, J.-P.; Daniélé 

Bonnet-Delpon; MichaelH.Rock, A Concise Synthesis of Functionalised Gem-Difluoroalkenes, 

Via the Addition of Organolithium Reagents to Α-Trifluoromethylstyrene. Tetrahedron Lett. 

1995, 36, 5003-5006; (d) Bégué, J.-P.; Bonnet-Delpon, D.; Rock, M. H., Addition of 

Organolithium Reagents to Α- (Trifluoromethyl)Styrene: Concise Synthesis of Functionalised 

Gemdifluoroalkenes. J. Chem. Soc., Perkin Trans. 1 1996, 1, 1409-1413; (e) Ichikawa, J.; Fukui, 

H.; Ishibashi, Y., 1-Trifluoromethylvinylsilane as a Cf2c−-Ch2+ Synthon: Synthesis of 

Functionalized 1,1-Difluoro--Alkenes Via Isolable 2,2-Difluorovinylsilanes. J. Org. Chem. 2003, 

68, 7800-7805; (f) Ichikawa, J.; Ishibashi, Y.; Fukui, H., A Novel Synthesis of Functionalized 

1,1-Difluoro-1-Alkenes Via Isolable 2,2- Difluorovinylsilanes. Tetrahedron Lett. 2003, 44, 707-

710; (g) Ichikawa, J.; Mori, T.; Iwai, Y., A New Class of Substrates for the Nucleophilic 5-Endo-

Trig Cyclization, 1-Trifluoromethylvinyl Compounds: Syntheses of Indoline and Pyrrolidine 

Derivatives. Chem. Lett. 2004, 33, 1354-1355; (h) Miura, T.; Ito, Y.; Murakami, M., Synthesis 

Ofgem-Difluoroalkenes Via Β-Fluoride Elimination of Organorhodium(I). Chem. Lett. 2008, 37, 



1006-1007; (i) Ichikawa, J.; Iwai, Y.; Nadano, R.; Mori, T.; Ikeda, M., A New Class of 

Substrates for Nucleophilic 5-Endo-Trig Cyclization, 2-Trifluoromethyl-1-Alkenes: Synthesis of 

Five-Membered Hetero- and Carbocycles That Bear Fluorinated One-Carbon Units. Chem. - 

Asian J. 2008, 3, 393-406; (j) Fuchibe, K.; Takahashi, M.; Ichikawa, J., Substitution of Two 

Fluorine Atoms in a Trifluoromethyl Group: Regioselective Synthesis of 3-Fluoropyrazoles. 

Angew. Chem. Int. Ed. 2012, 51, 12059-12062; (k) Cai, Y.; Zeng, H.; Zhu, C.; Liu, C.; Liu, G.; 

Jiang, H., Double Allylic Defluorinative Alkylation of 1,1-Bisnucleophiles with 

(Trifluoromethyl)Alkenes: Construction of All-Carbon Quaternary Centers. Org. Chem. Front. 

2020, 7, 1260-1265. 

26. (a) Xiao, T.; Li, L.; Zhou, L., Synthesis of Functionalized Gem-Difluoroalkenes Via a 

Photocatalytic Decarboxylative/Defluorinative Reaction. J. Org. Chem. 2016, 81, 7908-7916; (b) 

Lang, S. B.; Wiles, R. J.; Kelly, C. B.; Molander, G. A., Photoredox Generation of Carbon-

Centered Radicals Enables the Construction of 1,1-Difluoroalkene Carbonyl Mimics. Angew. 

Chem. Int. Ed. 2017, 56, 15073-15077; (c) Xia, P. J.; Ye, Z. P.; Hu, Y. Z.; Song, D.; Xiang, H. 

Y.; Chen, X. Q.; Yang, H., Photocatalytic, Phosphoranyl Radical-Mediated N-O Cleavage of 

Strained Cycloketone Oximes. Org. Lett. 2019, 21, 2658-2662; (d) He, Y.; Anand, D.; Sun, Z.; 

Zhou, L., Visible-Light-Promoted Redox Neutral Gamma,Gamma-Difluoroallylation of 

Cycloketone Oxime Ethers with Trifluoromethyl Alkenes Via C-C and C-F Bond Cleavage. Org. 

Lett. 2019, 21, 3769-3773; (e) Wiles, R. J.; Phelan, J. P.; Molander, G. A., Metal-Free 

Defluorinative Arylation of Trifluoromethyl Alkenes Via Photoredox Catalysis. Chem. Commun. 

2019, 55, 7599-7602; (f) Anand, D.; Sun, Z.; Zhou, L., Visible-Light-Mediated Beta-C-H Gem-

Difluoroallylation of Aldehydes and Cyclic Ketones through C-F Bond Cleavage of 1-

Trifluoromethyl Alkenes. Org. Lett. 2020, 22, 2371-2375; (g) Guo, Y. Q.; Wu, Y.; Wang, R.; 

Song, H.; Liu, Y.; Wang, Q., Photoredox/Hydrogen Atom Transfer Cocatalyzed C-H 

Difluoroallylation of Amides, Ethers, and Alkyl Aldehydes. Org. Lett. 2021, 23, 2353-2358; (h) 

Yue, W. J.; Day, C. S.; Martin, R., Site-Selective Defluorinative Sp(3) C-H Alkylation of 

Secondary Amides. J. Am. Chem. Soc. 2021, 143, 6395-6400. 

27. (a) Ichitsuka, T.; Fujita, T.; Ichikawa, J., Nickel-Catalyzed Allylic C(Sp3)–F Bond 

Activation of Trifluoromethyl Groups Via Β-Fluorine Elimination: Synthesis of Difluoro-1,4-

Dienes. ACS. Catal. 2015, 5, 5947-5950; (b) Huang, Y.; Hayashi, T., Rhodium-Catalyzed 

Asymmetric Arylation/Defluorination of 1-(Trifluoromethyl)Alkenes Forming Enantioenriched 



1,1-Difluoroalkenes. J. Am. Chem. Soc. 2016, 138, 12340-12343; (c) Liu, Y.; Zhou, Y.; Zhao, 

Y.; Qu, J., Synthesis of Gem-Difluoroallylboronates Via Fecl2-Catalyzed Boration/Beta-Fluorine 

Elimination of Trifluoromethyl Alkenes. Org. Lett. 2017, 19, 946-949; (d) Dai, W.; Lin, Y.; 

Wan, Y.; Cao, S., Cu-Catalyzed Tertiary Alkylation of Α-(Trifluoromethyl)Styrenes with 

Tertiary Alkylmagnesium Reagents. Org. Chem. Front. 2018, 5, 55-58; (e) Wu, X.; Xie, F.; 

Gridnev, I. D.; Zhang, W., A Copper-Catalyzed Reductive Defluorination of Beta-

Trifluoromethylated Enones Via Oxidative Homocoupling of Grignard Reagents. Org. Lett. 

2018, 20, 1638-1642; (f) Wang, M.; Pu, X.; Zhao, Y.; Wang, P.; Li, Z.; Zhu, C.; Shi, Z., 

Enantioselective Copper-Catalyzed Defluoroalkylation Using Arylboronate-Activated Alkyl 

Grignard Reagents. J. Am. Chem. Soc. 2018, 140, 9061-9065; (g) Yao, C.; Wang, S.; Norton, J.; 

Hammond, M., Catalyzing the Hydrodefluorination of Cf3-Substituted Alkenes by Phsih3. H* 

Transfer from a Nickel Hydride. J. Am. Chem. Soc. 2020, 142, 4793-4799; (h) Cheng, R.; Sang, 

Y.; Gao, X.; Zhang, S.; Xue, X. S.; Zhang, X., Highly Gamma-Selective Arylation and 

Carbonylative Arylation of 3-Bromo-3,3-Difluoropropene Via Nickel Catalysis. Angew. Chem. 

Int. Ed. 2021, 60, 12386-12391. 

28. (a) Lu, X.; Wang, Y.; Zhang, B.; Pi, J. J.; Wang, X. X.; Gong, T. J.; Xiao, B.; Fu, Y., 

Nickel-Catalyzed Defluorinative Reductive Cross-Coupling of Gem-Difluoroalkenes with 

Unactivated Secondary and Tertiary Alkyl Halides. J. Am. Chem. Soc. 2017, 139, 12632-12637; 

(b) Lan, Y.; Yang, F.; Wang, C., Synthesis of Gem-Difluoroalkenes Via Nickel-Catalyzed 

Allylic Defluorinative Reductive Cross-Coupling. ACS. Catal. 2018, 8, 9245-9251; (c) Lin, Z.; 

Lan, Y.; Wang, C., Synthesis of Gem-Difluoroalkenes Via Nickel-Catalyzed Reductive C–F and 

C–O Bond Cleavage. ACS. Catal. 2018, 9, 775-780; (d) Ding, D.; Lan, Y.; Lin, Z.; Wang, C., 

Synthesis of Gem-Difluoroalkenes by Merging Ni-Catalyzed C-F and C-C Bond Activation in 

Cross-Electrophile Coupling. Org. Lett. 2019, 21, 2723-2730; (e) Lin, Z.; Lan, Y.; Wang, C., 

Reductive Allylic Defluorinative Cross-Coupling Enabled by Ni/Ti Cooperative Catalysis. Org. 

Lett. 2019, 21, 8316-8322; (f) Lu, X.; Wang, X. X.; Gong, T. J.; Pi, J. J.; He, S. J.; Fu, Y., 

Nickel-Catalyzed Allylic Defluorinative Alkylation of Trifluoromethyl Alkenes with Reductive 

Decarboxylation of Redox-Active Esters. Chem. Sci. 2019, 10, 809-814; (g) Chen, F.; Xu, X.; 

He, Y.; Huang, G.; Zhu, S., Nih-Catalyzed Migratory Defluorinative Olefin Cross-Coupling: 

Trifluoromethyl-Substituted Alkenes as Acceptor Olefins to Form Gem-Difluoroalkenes. Angew. 

Chem. Int. Ed. 2020, 59, 5398-5402; (h) Jin, Y.; Wu, J.; Lin, Z.; Lan, Y.; Wang, C., Merger of 



C-F and C-N Bond Cleavage in Cross-Electrophile Coupling for the Synthesis of Gem-

Difluoroalkenes. Org. Lett. 2020, 22, 5347-5352; (i) Lin, Z.; Lan, Y.; Wang, C., Titanocene-

Catalyzed Reductive Domino Epoxide Ring Opening/Defluorinative Cross-Coupling Reaction. 

Org. Lett. 2020, 22, 3509-3514; (j) Zhu, C.; Liu, Z. Y.; Tang, L.; Zhang, H.; Zhang, Y. F.; 

Walsh, P. J.; Feng, C., Migratory Functionalization of Unactivated Alkyl Bromides for 

Construction of All-Carbon Quaternary Centers Via Transposed Tert-C-Radicals. Nat. Commun. 

2020, 11, 4860. 

29. Zhang, C.; Lin, Z.; Zhu, Y.; Wang, C., Chromium-Catalyzed Allylic Defluorinative Ketyl 

Olefin Coupling. J. Am. Chem. Soc. 2021, 143, 11602-11610. 

30. Ju, L.; Lin, Q.; LiBretto, N. J.; Wagner, C. L.; Hu, C. T.; Miller, J. T.; Diao, T., 

Reactivity of (Bi-Oxazoline)Organonickel Complexes and Revision of a Catalytic Mechanism. J. 

Am. Chem. Soc. 2021, 143, 14458-14463. 

31. Gilbert, M. M.; Trenerry, M. J.; Longley, V. R.; Berry, J. F.; Weix, D. J., Ligand-Metal 

Cooperation Enables C–C Activation Cross-Coupling Reactivity of Cyclopropyl Ketones. 

ChemRxiv 2021, https://doi.org/10.33774/chemrxiv-32021-hjdbr. 

32. Juliá-Hernández, F.; Moragas, T.; Cornella, J.; Martin, R., Remote Carboxylation of 

Halogenated Aliphatic Hydrocarbons with Carbon Dioxide. Nature 2017, 545, 84-88. 

33. Herath, A.; Montgomery, J., Highly Chemoselective and Stereoselective Synthesis of Z-

Enol Silanes. J. Am. Chem. Soc. 2008, 130, 8132-8133. 

34. (a) Liu, L.; Montgomery, J., Dimerization of Cyclopropyl Ketones and Crossed Reactions 

of Cyclopropyl Ketones with Enones as an Entry to Five-Membered Rings. J. Am. Chem. Soc. 

2006, 128, 5348-5349; (b) Ogoshi, S.; Nagata, M.; Kurosawa, H., Formation of 

Nickeladihydropyran by Oxidative Addition of Cyclopropyl Ketone. Key Intermediate in Nickel-

Catalyzed Cycloaddition. J. Am. Chem. Soc. 2006, 128, 5350-5351; (c) Tamaki, T.; Nagata, M.; 

Ohashi, M.; Ogoshi, S., Synthesis and Reactivity of Six-Membered Oxa-Nickelacycles: A Ring-

Opening Reaction of Cyclopropyl Ketones. Chem. Eur. J. 2009, 15, 10083-10091. 

 

 

 

 
 



Synopsis TOC 
 

 

H

O

R1 [Si]-Cl [Ni]

O[Si]

R1

O[Si]

R1

CF2R3

R2
CF3

R3 R2[Ni]

Unactivated aliphatic aldehydes

Reductive Ni-catalysis
Up to 93% yield
High functional group tolerance
Gram-scale efficiency with 2% Ni loading


