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a b s t r a c t

A nickel-catalyzed direct hydromonofluoromethylation of unactivated olefins with industrial raw fluo-

roiodomethane is developed, furnishing various primary alkyl fluorides in a step-economic manner. The

key factor to success is the use of pyridine-oxazoline as ligand and (MeO)2MeSiH as the hydrogen source.

This transformation demonstrates high efficiency, mild conditions, good functional-group compatibility

and great potential in the drug discovery.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Monofluorinated compounds serve as the most important kind

of fluorine-containing molecules in pharmaceuticals and agro-

chemicals, due to their significantly increased lipid solubility, per-

meability, metabolic stability and bioactivity by comparison of the

parent molecules (Fig. 1) [1–5]. Accordingly, the selective incorpo-

ration of fluorine atom into organic molecules has sustained sig-

nificant interest in recent years [6–11], and persistent efforts have

been devoted to establishing efficient methods by direct fluori-

nation or indirect monofluoroalkylation to make monofluorinated

alkanes. Indeed, the direct C-F bond construction from alkyl alco-

hols was first reported in the 1970s and was later popularized and

expanded to other alkyl-X (X=halide, COOH, etc.) through decades

of hard work from lots of groups [12–15]. Even though a num-

ber of fluorinating agents have been developed for direct fluorina-

tion in the past decades [16–28], the known methods for synthe-

sis of alkyl fluorides, especially terminal aliphatic fluorides, were

still suffered from limited substrate compatibility, low catalytic re-

activity and poor site selectivity. Considering the C-F bond form-

ing reductive elimination from the metal fluorides was quite dif-

ficult, an alternative C–C cross-coupling strategy offered a solu-

tion for synthesis of primary alkyl fluorides via a transition-metal

catalyzed monofluoromethylation of aryl/alkyl halides or boronic

acids [29–35]. Recently, our group reported a nickel-catalyzed re-

ductive cross-coupling [32–34] of alkyl (pesudo)halides and fluo-

romethyl bromide to access various aliphatic fluorides, in which
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the reaction was initiated by oxidation addition of CH2FBr to Ni0

and followed by in situ reduction of NiII to NiI species for further

activation of alkyl halides to furnish the final primary fluorides

(Scheme 1a).

As the most abundant, low-cost and versatile feedstock on

large scale readily available from petrochemical industry, simple

unactivated alkenes have been widely utilied to a great variety

of organic transformations to produce various fine chemicals or

useful molecules for industrial production and academic research

[36–38]. In view of the normally used electrophiles and nucle-

ophiles were typically generated from alkenes, no doubtedly, the

direct use of alkenes as the coupling partner for nickel-catalyzed

monofluoroalkylation represents the most step-economic and effi-

cient way to make primary aliphatic fluorides [39,40]. As a power-

ful synthetic strategy developed rapidly in the past decade, the use

of simple unactivated alkenes as alkyl organometallic equivalents

in transition-metal catalzyed cross-coupling reactions, in which

silanes were normally used as hydride sources to generate alkyl

organic metal species by insertion of C=C double bond to M-H

species generated in situ [41–44]. As one part of our continuous

interests on monofluoroalkylation, we speculated that such alky-

lated NiI species could activate monofluoromethyl halide via two

SET steps, affording the terminal alkyl fluorides after the following

reductive elimination.

Herein, we report the first example of nickel-catalyzed three-

component hydrofluoromethylation of unactivated alkenes with in-

dustrial raw fluoroiodomethane as the fluoromethylating source,

which furnished diverse terminal aliphatic fluorides in a conve-

nient and efficient manner (Scheme 1b). This transformation tol-
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Fig. 1. Bioactive molecules containing terminal fluorine atom.

Scheme 1. Synthesis of primary alkyl fluorides via nickel-catalyzed C–C cross-

coupling.

erates diverse collection of terminal alkenes and demonstrates

mild conditions, high catalytic reactivity and excellent functional

group compatibility. Mechanistic studies support a Ni-H initiated

hydronickelation of alkenes followed by monofluoromethyl radical-

involved SET oxidative addition.

Our study commenced with but–3-en-1-ylbenzene (1a) as

the pilot substrate, (EtO)3SiH as the hydrogen source, fluo-

roiodomethane (2) as the coupling partner, Na2CO3 (3.0 equiv.) as

the base in DMAc. By using dtbpy (15 mol%) as the ligand, a care-

ful investigation of nickel sources were firstly performed (Table 1,

entries 1–5; for details, see Supporting information). While NiCl2
afforded none of the desired aliphatic fluoride 3a (Table 1, entry

1), to our interests, NiBr2 and NiI2 furnished 3a successfully un-

der the same conditions, albeit with low yields at 15% or 26% re-

spectively (Table 1, entries 2 and 3). In view of the solubility of

different nickel sources may play a key role for the catalytic effi-

cience, easily soluble nickels like NiCl2·DME and NiBr2·DME were

next explored in this catalytic system to furnish the desired 3a in

relatively higher yield in 51% and 54% yields respectively. To fur-

ther improve the yield of this transformation, diverse nitrogen lig-

ands have been carefully investigated. While phenanthroline and

its derivatives (L8 and L9) afforded 3a with only lower yields,

pyridine-imidazoline (L15) gave a slightly higer yield at 56%. As

sterically hindered ligands could facilitate the reductive elimina-

tion of this nickel catalytic cycle, pyridine-oxazoline ligands were

next examined and L20 could further prove the yield to 61% (Table

1, entry 10). Considering the important role of external hydro-

gen source played in forming the Ni-H species, several hydrogen

sources were then examined (Table 1, entries 11–13), among which

(MeO)2MeSiH increased productivity to 80%. Meanwhile, screening

of the ratio of nickel salt to ligand revealed that 1:1 works best

(Table 1, entries 14 and 15). To our satisfactory, a detailed examina-

tion of pyridine-oxazoline ligand analogs (for details see Support-

Table 1

Nickel-catalyzed hydromonofluoromethylation of alkenes: optimization of condi-

tions.a

Entry [Ni] Ligand (mol%) [Si-H] Yield (%)

1 NiCl2 Dtbpy (15) (EtO)3SiH 0

2 NiBr2 Dtbpy (15) (EtO)3SiH 15

3 NiI2 Dtbpy (15) (EtO)3SiH 26

4 NiCl2 ·DME Dtbpy (15) (EtO)3SiH 51

5 NiBr2 ·DME Dtbpy (15) (EtO)3SiH 54

6b NiBr2 ·DME L8 (15) (EtO)3SiH 26

7b NiBr2 ·DME L9 (15) (EtO)3SiH 15

8b NiBr2 ·DME L14 (15) (EtO)3SiH 37

9b NiBr2 ·DME L15 (15) (EtO)3SiH 56

10b NiBr2 ·DME L20 (15) (EtO)3SiH 61

11b NiBr2 ·DME L20 (15) Et3SiH 0

12b NiBr2 ·DME L20 (15) DEMS 54

13b NiBr2 ·DME L20 (15) (MeO)2MeSiH 80

14b NiBr2 ·DME L20 (5) (MeO)2MeSiH 70

15b NiBr2 ·DME L20 (10) (MeO)2MeSiH 88

16b NiBr2 ·DME L25 (10) (MeO)2MeSiH 92

a Reaction conditions: 1a (2.5 equiv.), 2 (0.2mmol, 1.0 equiv.), [Ni] (10 mol%), Lig-

and (15 mol%), [Si-H] (3.0 equiv.), Na2CO3 (3.0 equiv.), DMAc (0.4mL), Ar, 30 °C,
24h. Isolated yield.

b DMAc (0.5mL).

ing information) indicated that L25 with a CF3 group installed on

the pyridine ring proved to be the best choice (92% yield, Table 1,

entry 16).

With the optimized conditions in hand, we examined the

alkenes scope (Scheme 2). First, alkenes tethered with substituted

phenyl ethers were used to evaluate the functional group tol-

erance. Good to excellent yields (68%–96%) were observed with

numerous functional groups, including electron-neutral alkyl (3b-

3d, 3m) and aryl (3e) groups, electron-donating groups such as

thiomethyl (3f), methoxy (3k) and electron-withdrawing groups

such as ester (3g), trifluoromethyl (3h), chloride (3i), cyano (3j)

and formyl (3l). Silyl ether (3q) and benzoate derivatives (3n)

were also well tolerated, giving 70%–76% yields. Of note we were

able to prepare 3v, which contains a free hydroxyl group, and

3x, an amino acid derivative, in 84% and 70% yields respectively.

Considering the importance of heterocycles as building blocks in

medicinal chemistry, we next screened various representative het-

erocyclic compounds. We were pleased that coordinating atoms

like nitrogen, oxygen and sulfur, which typically pose challenges

in transition metal catalysis, were all compatible under our re-

action conditions. For example, this transformation was effective

with quinoline (3p), furan (3r), thiophene (3s), pyridine (3t), N-

methyl indole (3u) and amide (3w), affording the desired products

in 65%−96% yields. After demonstrating the excellent functional

group tolerance and substrate compatibility, the synthetic poten-

tial of this method was then elucidated via monofluoromethy-

lation of drug candidates. Alkene species bearing bioactive mo-

tifs such as flavonols (3aa), 4-methylumbelliferone (3ab), etodolac

(3ac), isoxepac (3ad), loxoprofen (3ae), flurbiprofen (3af), estrone

(3ag), febuxostat (3ah) and fenofibric acid (3ai) could be smoothly

monofluoromethylated with gratifying yields (61%–83%), showcas-

ing its great potential to be an efficient and expedient tactic for

drug discovery. This method could be easily scaled up and al-
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Scheme 2. Scope of unactivated alkenes. Reaction conditions: 1 (0.5mmol, 2.5 equiv.), 2 (0.2mmol, 1.0 equiv.), NiBr2·DME (10 mol%), L25 (10 mol%), (MeO)2MeSiH (3.0

equiv.), Na2CO3 (3.0 equiv.), DMAc (0.5mL), Ar, 30 °C, 24h. Isolated yield.

Scheme 3. Mmol scale experiment.

lowed for isolation of 82% yield, indicating that it could be used

for industrial-grade synthesis process (Scheme 3).

In analogy to earlier work, we surmised that the reaction

may proceed via a radical pathway and a series of control ex-

periments were carried out to verify this proposal (Scheme 4).

First, 2.0 equiv. of free radical inhibitor TEMPO was added to the

standard reaction system and found no product, while product 4

was detected by HRMS (Scheme 4a), indicating that there con-

tains a monofluoromethyl radical in this process. Meanwhile, (2-

vinylcyclopropyl)benzene 5 was then subjected to the standard

Scheme 4. Mechanistic studies.

conditions to verify the reaction sequence of Ni-H species and rad-

ical species with alkenes and the product 6 was obtained in 30%

yield, while the ring-opening product normally furnished by flu-

oromethyl radical attack first to alkene was not isolated (Scheme

4b), which indicated that the concentration of free radicals was

very low. This result indicates that the reation was initiated by the

insertion of Ni-H species to the alkenes rather than the addition of

the monofluoromethyl radical to the alkenes.

Based on our observations and previous reports [45–49], the

plausible mechanism involving a NiI/NiIII catalytic cycle was de-
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Scheme 5. Proposed mechanism.

picted in Scheme 5. With the presence of Na2CO3, the hydro-

gen atom transfer between NiI species A and silane generated

Ni-H species B, which offered alkyl-nickel intermediate C after

the following insertion by alkene. Single electron oxidation of NiI

species C by fluoroiodomethane 2 afforded monofluoromethyl rad-

ical and NiII intermediate D, and radical oxidation of D furnished

NiIII species E. Finally, the reductive elimination from E furnished

monofluoroalkane 3 and regenerated NiI catalyst A.

In conclusion, we have developed a nickel-catalyzed three-

component hydrofluoromethylation of unactivated alkenes with in-

dustrial raw material CH2FI. This method enables the use of readily

available and low-cost alkenes, thereby complementing the exist-

ing reductive cross-coupling reactions which requires the prepara-

tion of its alkyl halide counterparts. The transformation tolerates

a diverse collection of functional groups and bioactive compounds.

While this strategy is expected to flourish in the coming years with

growing applications in the drug discovery, further exploration of

the detailed mechanism and more synthetic applications was still

ongoing in our laboratory.
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