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a b s t r a c t

The synthesis methods of α-fluoro-arylketones were well-established through electrophilic/nucleophilic

fluorination and transition metal catalyzed cross-coupling. However, due to the site selectivity and sub-

strate restriction, only a few cases have been developed to afford α-alkyl-α-fluoro-alkylketones. Herein,

we report a general and efficient method of preparing diverse α-alkyl-α-fluoro-alkylketones via nickel-

catalyzed reductive coupling reaction of monofluoroalkyl triflates with low-cost industrial raw material

alkyl carboxylic acids. These transformations demonstrate high efficiency, mild conditions, and excellent

functional group compatibility. This strategy provides a general and efficient method for the synthesis of

α-alkyl-α-fluoro-alkylketones.

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

Medica, Chinese Academy of Medical Sciences.

As a widely applied strategy to significantly modulate the

lipophilic properties, electronic, metabolic stability and bioavail-

ability of functional molecules [1–6], the introduction of fluorine

atom into organic compounds has been found widespread appli-

cations in almost all aspects of the chemical industry, ranging

from pharmaceuticals, agrochemicals and materials [7–13]. How-

ever, due to the limited variety of monofluorinating agents [14–

33], compared with the construction of trifluoromethyl compounds

[34–46] and difluoroalkyl compounds [47–58], monofluoroalkyla-

tion especially the production of α-fluoroketones have been less

intensively investigated.

α-Fluoroketones as valuable building blocks are easily found

in the pharmaceutical and bioactive molecules (Scheme 1a)

[59,60]. Accordingly, several methods for the synthesis of

α-fluoro-arylketones have been developed via direct elec-

trophilic/nucleophilic fluorination methods (Scheme 1b) [61–63].

The synthesis of α-fluoro-arylketones using α-fluorocarbonyl com-

pounds as building block through the transition metals catalyzed

cross-coupling was another alter alternative choice. Recently,

Qing [64,65], Shreeve [66], and Wu [67] have accomplished the

synthesis of α-fluoro-arylketones via palladium-catalyzed α-

fluorocarbonyl compounds coupling reactions with phenylboronic

acids or bromobenzenes. Moreover, Negishi and Suzuki cross-
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coupling of α-halo-α-fluoroketones have been shown to be ef-

fective strategies to obtain α-fluoro-arylketones [68,69]. However,

to the best of our knowledge, only a few cases of directly con-

structing α-alkyl-α-fluoro-alkylketones have been reported. Belén

has accomplished iridium-catalysed tandem isomerisation/C–F

bond formation from allylic alcohols and selectfluors to prepare

α-fluorinated ketones as single constitutional isomers [70]. Then

Pher. G. Andersson has disclosed a straightforward method for the

preparation of chiral α-alkyl-α-fluoro-alkylketones (Scheme 1c)

[71]. However due to the site selectivity and substrate restriction,

it still remains huge challenge to synthesize α-alkyl-α-fluoro-

alkylketones easily and efficiently.

Monofluoroalkyl triflates developed by our group could be used

as a leveraging modular synthetic scaffold in divergent synthe-

ses of aliphatic monofluorides [72]. Meanwhile we have simpli-

fied the previous synthetic route in a one-step procedure by se-

quential addition of trifluoromethylsulfonic anhydride and Et3N·HF
to the mixture of aldehydes and lutidine in dichloromethane. As

expected, a series of alkyl aldehydes were smoothly transformed

to the desired monofluoroalkyl triflates in a rapid and efficient

fashion with high yields. To address the issues and challenges in

synthesizing α-alkyl-α-fluoro-alkylketones, we envisaged monoflu-

oroalkyl triflates as the monofluoroalkylating reagent for synthesis

the desired products via nickel-catalyzed reductive coupling reac-

tions with cheap and readily available alkyl carboxylic acids.

Herein, we describe a novel and efficient nickel-catalyzed re-

ductive coupling reaction of monofluoroalkyl triflates with alkyl

carboxylic acids, giving a series of α-alkyl-α-fluoro-alkylketones in
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Scheme 1. Synthesis of α-fluoroketones: Status quo & challenges.

moderate to high yields (Scheme 1d). The transformation demon-

strated broad functional group compatibility and mild conditions.

This method could provide a highly efficient and selective synthetic

route to α-fluoroketones-containing pharmaceutical design and de-

velopment.

Our initial studies commenced with 3-phenylpropionic acid (1a)

as the pilot substrate, 1-fluoro-3-phenylpropyl trifluoromethane-

sulfonate (2a) as the mono-fluoroalkylating reagent and Boc2O (2.0

equiv.) was chosen as the activating agent to generate mixed anhy-

dride in situ from carboxylic acids (Table 1). First, using Ni(acac)2
(10 mol%), bipyridine L1 (15 mol%), Zn (3.0 equiv.) as the reduc-

tant, MgCl2 (1.5 equiv.) as the additive and THF (0.2mol/L) as the

solvent, the desired product 3 was obtained in 14% yield (entry 1).

Unfortunately, the yield of 3 could not been improved when po-

lar solvents such as DMF, CH3CN and NMP were used (<10%, en-

tries 2–4). Then a series of mixed solvents were tested (for details,

see Supporting information). To our delight, THF and CH3CN com-

ponent solvent could afford the desired product with 38% yield

(entries 5–7). To further improved the yield, various nickel cata-

lysts were investigated, which indicated that Ni(NO3)2·6H2O was

the best choice to catalyze the reaction (entries 7–11). Consid-

ered the importance of the ligand for this transformation, ligands

screening was then tested. The results showed that the conversion

efficiency was promoted when the electron-donating substituents

were introduced on the C4-position of bipyridine, the correspond-

ing product 3 with 62% yield could be provided by using L2 (entry

12). When L3 replacing the Me- on the ligand with more electron-

donating group MeO- was investigated, the yield of 3 was en-

hanced to 67% (entry 13). L4 with an electron-withdrawing sub-

stituent (4-CF3) would lead to a significantly lower yield (entry

14). And higher yield could not be obtained by using phenan-

throline ligands (entries 15 and 16). We then reduced TBAI to 1.2

equiv., which could further increase the yield to 75% (entry 17).

It was a critical factor that TBAI and 1-fluoro-3-phenylpropyl tri-

fluoromethanesulfonate (2a) were added after the stirring of the

other reactants for 30min. Finally, the α-alkyl-α-fluoro-alkylketone

3 could be obtained with a separation yield of 80% by step feeding

(entries 18 and 19).

Table 1

Optimization of reaction conditions of nickel-catalyzed reductive coupling reaction

of monofluoroalkyl triflates with alkyl carboxylic acids. a

Entry Ni source Ligand Solvent Yield (%)b

1 Ni(acac)2 L1 THF 14

2 Ni(acac)2 L1 DMF Trace

3 Ni(acac)2 L1 CH3CN 3

4 Ni(acac)2 L1 NMP 5

5 Ni(acac)2 L1 THF:CH3CN= 6:4 38

6 Ni(acac)2 L1 THF:CH3CN= 4:6 35

7 NiBr2·DME L1 THF:CH3CN= 6:4 25

8 NiCl2·6H2O L1 THF:CH3CN= 6:4 29

9 Ni(OTf)2 L1 THF:CH3CN= 6:4 18

10 Ni(OAc)2 L1 THF:CH3CN= 6:4 22

11 Ni(NO3)2·6H2O L1 THF:CH3CN= 6:4 43

12 Ni(NO3)2·6H2O L2 THF:CH3CN= 6:4 62

13 Ni(NO3)2·6H2O L3 THF:CH3CN= 6:4 67

14 Ni(NO3)2·6H2O L4 THF:CH3CN= 6:4 14

15 Ni(NO3)2·6H2O L5 THF:CH3CN= 6:4 49

16 Ni(NO3)2·6H2O L6 THF:CH3CN= 6:4 52

17c Ni(NO3)2·6H2O L3 THF:CH3CN= 6:4 75

18c ,d Ni(NO3)2·6H2O L3 THF:CH3CN= 6:4 85 (80)f

19c , e Ni(NO3)2·6H2O L3 THF:CH3CN= 6:4 67

a Unless otherwise noted, the reaction conditions were as follows: 1a (0.2mmol,

1.0 equiv.), 2a (0.3mmol, 1.5 equiv.), Ni(NO3)2·6H2O (10 mol%), Ligand (15 mol%),

TBAI (2.0 equiv.), Boc2O (0.4mmol, 2.0 equiv.), MgCl2 (0.3mmol, 1.5 equiv.), Zn

(0.6mmol, 3.0 equiv.), THF (1.0mL), 35 °C, 12 h.
b Yield was determined by 19F NMR spectroscopy using PhCF3 as an internal

standard.
c TBAI (1.2 equiv.).
d 1a, Boc2O, [Ni], L3 , Zn, MgCl2, solvent was stirred for 30min, 2a and TBAI was

added.
e 2a, TBAI, [Ni], L3 , Zn, MgCl2, solvent was stirred for 30min, 1a and Boc2O was

added.
f Separated yield.
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Scheme 2. Scope of nickel-catalyzed reductive coupling reaction of monofluoroalkyl triflates with alkyl carboxylic acids. Reaction conditions were as follows: 1 (0.2mmol), 2

(0.3mmol), [Ni] (10 mol%), L3 (15 mol%), TBAI (1.2 equiv.), Boc2O (0.4mmol, 2.0 equiv.), MgCl2 (0.3mmol, 1.5 equiv.), Zn (0.6mmol, 3.0 equiv.), THF:CH3CN (0.6 mL: 0.4mL),

35 °C, 12 h.

With the optimized conditions established for this nickel-

catalyzed reductive mono-fluoroalkylation in hand, we next started

to test the substrate tolerance of this transformation (Scheme 2)

First, a series of alkyl carboxylic acids were well compatible

with this catalytic system for cross-coupling with 1-fluoro-3-

phenylpropyl trifluoromethanesulfonate (2a). Those carboxylicacids

bearing different steric properties or long chains alkyl furnished

the corresponding α-alkyl-α-fluoro-alkylketone with 50%−84%

yields (4–7). It should be mentioned that a series of functional

groups including alkene (8, 9), chloro (10) and ester (11) were well

tolerated in this catalytic method. Remarkably, the alkyl halide,

alkyl ester, and olefin can serve as versatile synthetic handles

for further structural elaborations. This monofluoroalkylation pro-

ceeded well with 1-naphthyl (12) and 1-pyrenyl (13) substituted

alkyl carboxylic acids and gave 64%−78% yields. The substituent ef-

fect on the phenyl rings was next examined, and good yields were

observed with both electron-withdrawing and electron-donating

groups, such as fluoro (14), chloro (15), bromo (16), methoxy (17),

3,4-methylenedioxy (18), ester (19) and nitrile (20) were all well

tolerated, which furnished the corresponding products in 43%−73%

yields. To our delight, different heterocycles such as furan (21) and

thiofuran (22) were also compatible and gave 78%−82% yields.

Next, we moved on to the scope of monofluoroalkylating

reagents (Scheme 2). It should be noted that monofluoroalkyl

triflates containing simple alkyl chains or cyclohexyl could also

be successfully transformed into corresponding products with

71%−80% yields (23, 24, 38, 39). Notably, monofluoroalkyl tri-

flates installed with a terminal chloro group on the alkyl chains

were also applied onto different alkyl carboxylic acids and

moderate yields of α-alkyl-α-fluoro-alkylketones were accessed

(25, 36, 37). To our delight, both electron-donating groups such as

methoxy (28, 29) and electron-withdrawing groups such as fluoro

(26), chloro (27), ester (30) on the aryl rings were well compatible

with this transformation, affording α-alkyl-α-fluoro-alkylketones

with 60%−82% yields. Meanwhile, it was also suitable for the 1-

naphthalene derived monofluoroalkyl triflates, which gave the de-
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Scheme 3. Suggested catalytic cycle.

sired products 31–35 in 56%−76% yields. And different alkyl car-

boxylic acids and monofluoroalkyl triflates can be coupled well un-

der this strategy to obtain corresponding products (39–41).

Base on the previous reports [73–75], a propose a plausible

mechanism have been depicted in Scheme 3. In the presence of

Zn powder, Ni(NO3)2·6H2O can be reduced to Ni(0) species A to

start the catalytic process. Acid anhydride in situ formation from

Boc2O and alkyl carboxylic acids followed by oxidative addition to

A, giving Ni(II) species B. Then radical oxidation to afford R1CO-

LnNi(III)-Rf (intermediate C) and subsequent afford desired α-alkyl-

α-fluoro-alkylketones and R1(CO)O-LnNi(I) species D via reductive

elimination. The alkyl radical and R1(CO)O-LnNi(II)-X can be gen-

erated by Ni(I) species D which undergo a SET process with Rf-I.

Finally, intermediate E can be reduced to Ni(0) species A by zinc

powder in the presence of MgCl2 to complete the cycle.

In summary, we have developed a practical and creationary

strategy for the fast synthesis of α-alkyl-α-fluoro-alkylketones.

With alkyl carboxylic acids a low-cost industrial raw mate-

rial, served as the acyl source, a general and efficient nickel-

catalyzed reductive cross-coupling with monofluoroalkyl triflates

has been established. this method demonstrated mild conditions

and the excellent functional-group tolerance. α-Fluoroketones-

containing pharmaceutical design and development could be com-

pleted though this efficient strategy.
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