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Abstract: Fluorinated ketones are intriguing compounds in

synthetic chemistry and life science-related fields. The devel-
opment of efficient methodologies to obtain these com-

pounds is of significant importance and has therefore
attracted considerable attention. This Minireview highlights

recent progress made in the synthesis of fluorine-containing

ketones, with an emphasis on those methods in which the
construction of carbonyl groups is synergetic with distal

(b-, g-, d-, etc.) incorporation of fluorine atoms or fluorinated
groups.

1. Introduction

Fluorine-containing molecules are prevalent in pharmaceuti-
cals, agrochemicals and materials, because the introduction of

fluorine atoms or fluorinated moieties can potentially enhance
their lipophilicity, metabolic stability, and bioavailability.[1]

Among various types of fluoroorganic compounds, fluorinated

ketones have attracted considerable attention in synthetic
chemistry and life science-related fields.[2] For instance, fluo-

roalkylated ketones can act as inhibitors for a variety of
enzymes[3] or serve as fluorinated synthons[4] (or intermediates)

in constructing fluorinated heterocycles[5] and bioactive mole-
cules.[6] Moreover, they have also been used as monomers for

polymeric materials,[7] heavy metal scavengers,[8] and chiral

catalysts for epoxidation reactions (Scheme 1).[9]

Much effort has been exerted to develop new methods for

the synthesis of fluorinated ketones (Scheme 2). Generally, tra-
ditional routes to fluorinated ketones could be divided into
several categories : 1) Condensation/alkylation reactions using
fluorinated compounds as building blocks (Scheme 2 a, c,
and e);[10] 2) oxidation of fluorinated alcohols (Scheme 2 b);[11]

3) nucleophilic or electrophilic fluorination/fluoroalkylation of
carbonyl compounds (Scheme 2 d and i) ;[12] 4) Wittig reaction

between phosphonium ylides and fluoroacetic derivatives

(Scheme 2 f) ;[13] 5) electrophilic acylation (Friedel–Crafts

reaction; Scheme 2 g);[14] 6) rearrangement of fluorinated
compounds (Scheme 2 h).[15]

Despite considerable developments being attained in the
realm of fluorinated ketone synthesis, prominent limitations

remain. On the one hand, these methods are generally limited
to the synthesis of structurally simple fluorinated ketones. As

carbonyl and fluorinated groups are introduced stepwise, the

synthetic efficiency could be very low for complex target mole-
cules. On the other hand, although traditional methods men-

tioned above are applicable to a-fluoro/fluoroalkyl ketone syn-
thesis,[16] the synthesis of distally fluorinated ketones (such as

b-, g- and d-fluoro/fluoroalkyl ketones) are still challenging.
Thus, efficient and straightforward protocols for fluorinated

ketones, especially for distally fluorinated ketones, are of high

synthetic importance.
To address these limitations, recent efforts have been direct-

ed towards developing more facile and concise routes to dis-
tally fluorinated ketones. An introduction of these important

advances to the synthetic community would be timely. In this
Minireview, we highlight recent breakthroughs in this field,

with an emphasis on those methods that feature in situ intro-

duction of the fluorinated moiety and carbonyl group in
a single-step or one-pot process, that afford efficient access to

distally (b-, g-, d-, etc.) fluorinated ketones, and that are
suitable for the synthesis of complex molecules and natural

product analogues.

2. One-Step Syntheses of Distally Fluorinated
Ketones

2.1. Trifluoromethylation/fluorination-initiated
1,2-migration of allylic alcohols

b-Trifluoromethyl ketones are difficult to prepare because
direct nucleophilic trifluoromethylation of a,b-unsaturated ke-

tones typically undergo 1,2-addition rather than 1,4-addition,
affording trifluoromethyl allylic alcohols.[17] Although in some

particular cases, 1,4-nucleophilic trifluoromethylation could be
achieved,[18] direct 1,4-addition of CF3

¢ anion to conventional

a,b-unsaturated ketones has rarely been reported, presumably
due to the hardness of the CF3 group.[19]

To solve this problem, indirect synthetic routes have been

developed. a,a-Disubstituted allylic alcohols are useful precur-
sors in rearrangement reactions such as semipinacol rearrange-

ment[20] and neophyl rearrangement[21] (Scheme 3). In these re-
actions, substrates can be activated by cations or radicals, then

undergo a 1,2-migration to give corresponding a,b-disubstitut-
ed ketones. Notably, for unsymmetrical a,a-diaryl allylic alco-

Scheme 1. Applications of fluorinated ketones.
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hols, electron-rich aryl groups migrate preferentially in a
cationic (semipinacol) pathway,[22] while electron-deficient aryl

groups migrate preferentially in a radical (neophyl) pathway.[21c]

In 2013, Wu, Li and co-workers developed a copper-cata-

lyzed trifluoromethylation-initiated neophyl rearrangement of
a,a-diaryl allylic alcohols (Scheme 4).[23a] Both symmetrical and
unsymmetrical a,a-diaryl allylic alcohols can undergo this rear-
rangement, affording corresponding a-aryl b-trifluoromethyl
ketones in moderate to good yields. In this reaction, the elec-

tron-deficient aryl group migrates preferentially over the elec-
tron-rich aryl group, indicating that this rearrangement occurs

through a neophyl rearrangement (radical 1,2-aryl migration).
Moreover, a preferential migratory aptitude of non-ortho-sub-
stituted aryl groups over ortho-substituted ones was observed
and this aptitude was further supported by authors’ DFT

calculations for the radical 1,2-aryl migration (Scheme 4).
Shortly thereafter, another copper-catalyzed trifluoromethy-

lation/1,2-migration of allylic alcohols was reported by Tu and
co-workers (Scheme 5).[23b] In this reaction, a series of a-quater-
nary b-trifluoromethyl ketones were obtained in moderate

yields. Moreover, both aryl groups and alkyl groups could un-
dergo this 1,2-migration. The more electron-deficient aryl

group was found to migrate preferentially in unsymmetrical

a,a-diaryl allylic alcohols, with the expectation of a radical
(neophyl) rearrangement. However, when an aryl- and alkyl-

substituted allylic alcohol was tested, the more electron-rich
aryl-migrated product was obtained exclusively. Therefore,

both cationic (Scheme 6, path a) and radical (Scheme 6, path b)
pathways were possible after the initial trifluoromethylation

process.[24]

The semipinacol rearrangement strategy is also applicable to
the synthesis of b-fluoroketones, which are difficult to synthe-

size by traditional methods.[25] In 2005, Tu and co-workers
reported a noncatalytic asymmetric fluorination/semipinacol

rearrangement reaction, in which racemic allylic alcohols were
converted into a-quaternary b-fluoro aldehydes.[26] Seven years

later, Tu and co-workers demonstrated that by using more

reactive substrates (2-oxaallylic alcohols) and less reactive fluo-
rination reagent [N-fluorobenzenesulfonimide (NFSI)] in the
presence of hydroquinidine-2,5-diphenyl-4,6-pyrimidinediyl di-
ether [(DHQD)2PYR], this transformation could proceed in a cat-
alytic manner and be used in the synthesis of chiral b-fluoro-
ketones (Table 1).[27] To minimize side reactions and improve

the enantioselectivity, NFSI was added in several portions. All
substrates tested under these conditions afforded the desired
products in moderate to good yields with moderate to excel-

lent ee values (Table 1, Condition A). When (DHQD)2PYR was re-
placed by hydroquinine-2,5-diphenyl-4,6-pyrimidinediyl diether

[(DHQ)2PYR], the products were obtained in moderate yields
with slightly lower ee values (Table 1, Condition B).

2.2. Fluorinative cross-coupling of two olefins

In most organofluorine coupling reactions, perfluoroalkyl (RF)
groups are usually present in one of starting materials; only in

a few examples have these perfluorinated groups been gener-
ated from the difluorocarbene and various fluoride sources.[28]

These examples represent a distinct perfluoroalkylation strat-
egy, which could be used in the preparation of [18F]RF com-

pounds for positron emission tomography (PET) imaging.[28d]

However, this in situ generation concept had not previously

been reported for the synthesis of fluorinated ketones. In 2015,
our group disclosed an AgF-mediated fluorinative cross-cou-

pling reaction of two olefins (Scheme 7).[29] By combining the
in situ generation of the CF3 motif and the radical coupling
with a-methoxystyrene derivatives in a single reaction system,

b-trifluoromethyl ketones were readily obtained, after rapid hy-
drolysis, in moderate to good yields. Ester, tosyl, sulfonyl, nitro,
and cyano groups were tolerated during both the coupling
process and the mild hydrolysis process. It should be noted
that the heteroaryl substrate 2-(1-methoxyvinyl)pyridine was
also a good coupling partner in this transformation, affording

the corresponding ketone in satisfactory yield (64 %).

On the basis of mechanistic studies and previous work,[30]

a reaction pathway was proposed (Scheme 8). Initially, in the
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presence of AgF, the gem-difluoroolefin is converted into a a-

trifluoromethyl benzylsilver intermediate (step a), which under-
goes rapid C¢Ag bond homolysis to afford a a-trifluoromethyl

benzyl radical and Ag0 (step b). Further cross-coupling of this
benzylic radical and the non-fluorinated olefin forms a new

carbon-centered radical (step c), which is oxidized and depro-
tonated by 2 equivalent of AgF to give the a-trifluoromethyl

alkene (steps d and e). Finally, the hydrolysis of the newly

formed alkene releases the corresponding b-trifluoromethyl
ketone (step f). It is therefore worth noting that AgF plays sev-

eral roles in this reaction: 1) Affording the a-trifluoromethyl
benzylsilver intermediate by synergetic addition to the gem-di-

fluoroolefin; 2) oxidizing the carbon radical to give the carbo-
cation; 3) serving as a base to regenerate the double bond by

Scheme 2. Traditional approaches to fluorinated ketones.

Scheme 3. Semipinacol and neophyl rearrangements of a,a-disubstituted al-
lylic alcohols.

Scheme 4. Copper-catalyzed trifluoromethylation-initiated neophyl
rearrangement of a,a-diaryl allylic alcohols.

Scheme 5. Copper-catalyzed trifluoromethylation/1,2-migration of allylic
alcohols.
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removing the proton. These roles could also explain why an

excess amount of AgF (3.0 equiv) is needed in this process.

2.3. Trifluoromethylative rearrangement of propargylic
alcohols

Propargylic alcohols are useful and readily available inter-
mediates in organic synthesis. These compounds can undergo

Meyer–Schuster rearrangement to generate active allenols,
which can be trapped by various electrophiles to give a-substi-

tuted enones.[31a,b] Encouraged by these results, Liu and co-

workers developed a domino copper-catalyzed Meyer–Schuster

rearrangement/trifluoromethylation reaction, furnishing corre-
sponding a-trifluoromethyl enones (Scheme 9).[32] Both the

electronic properties and positions of the substituents had an
essential effect on reactivity, giving products with moderate to

good yields. Interestingly, cyclic alcohols were tolerated in this
transformation. Furthermore, these a-trifluoromethyl enones

could be trapped by hydroxylamine or hydrazine to provide
important trifluoromethylated heterocyclic motifs (isoxazole

and pyrazole, respectively) in a one-pot operation.

In light of control experiments and previous investiga-
tions,[31] Liu proposed a mechanism (Scheme 10), in which two
possible pathways may be involved after the initial copper-
catalyzed Meyer–Schuster rearrangement. In path a, the active

allenol intermediate A interacts directly with the CF3
· radical,

leading to an enone with the CF3 group trans to R’ (E-selective

isomer) as the active electrophilic CF3
· radical should approach

the enolic double bond from the less hindered face. In path b,
the favored copper-containing intermediate B[31c,d] was gener-

ated to yield a product with the CF3 group cis to R’ (Z-selective
isomer). On the basis of the experimental results with preferred

E-selectivity, the author concluded that path a might be the
predominant process.

Another recent example of trifluoromethylative rearrange-

ment of propargylic alcohols was reported by Park, Cho, and
Joo (Scheme 11).[33] In their method, terminal propargylic alco-

hols underwent visible light-induced hydrotrifluoromethylation
to afford trifluoromethylated allylic alcohols 2. The subsequent

radical process for allylic isomerization generated the trifluoro-
methylated enol species 3, which underwent tautomerization

Scheme 6. Proposed mechanism for different substrates.

Table 1. Organocatalytic asymmetric fluorination/semipinacol rearrangement of allylic alcohols.

Entry Substrate Condition A Condition B
Yield [%] ee [%] Yield [%] ee [%]

1 n = 1, R = C6H5, R’= H 56 93 46 89
2[a] n = 1, R = C6H5, R’= H 53 92 42 90
3 n = 1, R = 4-FC6H4, R’= H 41 92 38 86
4[b] n = 1, R = 4-ClC6H4, R’= H 34 79 31 77
5[b] n = 1, R = 4-BrC6H4, R’= H 39 71 29 70
6[b] n = 1, R = 3-FC6H4, R’= H 41 93 35 87
7[b] n = 1, R = 3,5-(CH3)2C6H3, R’= H 76 66 73 63
8 n = 1, R = 2-naphthyl, R’= H 54 71 44 68
9[b] n = 1, R = 2-thienyl, R’= H 76 38 58 36
10 n = 1, R = C6H5, R’= Me 47 86 42 77
11 n = 0, R = C6H5, R’= H 66 85 54 86
12 n = 0, R = 4-FC6H4, R’= H 48 81 33 84

[a] Using 0.1 equivalent of catalyst; [b] reaction was carried out at 0 8C.
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to give the final b-trifluoromethylated ketones products. One
limitation of this method is that only aryl-substituted propar-

gylic alcohols can undergo this isomerization to ketones.
Furthermore, internal propargyl alcohols were not good

substrates for this procedure, as their reactions generated a
mixture of products.

2.4. Radical carbofluorination of alkenes

The efficient construction of C¢F bonds has long been one of
the most important aims in organofluorine chemistry. In the

past few years, significant progress has been achieved in the
transition metal-mediated C(sp2)¢F bond formation.[34] In con-

trast, the construction of C(sp3)¢F bonds has been somewhat
less explored. Some recent breakthroughs come from radical

fluorination at specific sites, such as allylic, benzylic, and vinylic

positions.[35] However, the radical fluorination strategy has not
been employed in the synthesis of fluorinated ketones. Given

that a-fluorination of ketones is accomplished easily through
reaction with electrophilic fluorinating agents, whereas selec-

tive fluorination at distal positions remains a challenging task,
radical fluorination would be a promising approach, as this

strategy could provide new synthetic routes to homo-

fluorinated ketones.
Inspired by the great success of radical-mediated fluorina-

tion of unsaturated carbon–carbon bonds,[35a–e] Duan and co-
workers developed a mild silver-catalyzed decarboxylative acyl-

fluorination of styrenes for the synthesis of b-fluorinated 3-aryl
ketones (Scheme 12).[36] In this reaction, both electron-rich and
electron-deficient aryloxoacetic acids afford the desired prod-

Scheme 7. AgF-mediated fluorinative cross-coupling reaction of two olefins.

Scheme 8. Proposed mechanism of AgF-mediated fluorinative cross-
coupling reaction.

Scheme 9. Copper-catalyzed Meyer–Schuster rearrangement/trifluoromethylation.
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ucts in moderate to good yields. Moreover, a-methylstyrenes

are also good substrates for this transformation, giving rise to
the corresponding b-fluorinated 3-aryl ketones in moderate

yields. However, aliphatic terminal alkenes are not compatible
in this reaction.

Based on mechanistic studies and previous research by the

groups of Kochi[37] and Li,[38] Duan proposed a plausible mecha-
nism (Scheme 13).[36] Firstly, the oxidation of AgI by Selectfluor

gives rise to an AgIII¢F intermediate. The subsequent oxidative
decarboxylation of a-keto acids by this AgIII¢F intermediate af-

fords an AgII¢F species and the corresponding nucleophilic
acyl radicals. These acyl radicals react with styrenes to generate

benzylic radicals, which undergo fluorine atom transfer to
provide b-fluorinated ketones and regenerate the AgI catalyst.

This radical carbofluorination strategy can also be used in g-
fluorinated ketone synthesis. Li and co-workers developed

a silver-catalyzed carbofluorination of unactivated alkenes with

ketones in aqueous solution (Scheme 14).[39] Both mono- and
disubstituted alkenes exhibited high reactivities (Scheme 14,

Condition A). When acetone was used as both the substrate
and the co-solvent, even trisubstituted alkenes could undergo

this transformation (Scheme 14, Condition B). Functional
groups such as free carboxylic acid, unprotected hydroxy, and

primary alkyl bromide were well tolerated. Moreover, other cy-

Scheme 10. Proposed mechanism of copper-catalyzed Meyer–Schuster rearrangement/trifluoromethylation.

Scheme 11. Visible light-induced trifluoromethylation-isomerization of
propargylic alcohols. DBU = 1,8-diazabicyclo[5.4.0]-7-undecene.

Scheme 12. Silver-catalyzed decarboxylative acylfluorination of styrenes.

Scheme 13. Proposed mechanism of silver-catalyzed decarboxylation acyl-
fluorination of styrenes.

Scheme 14. Silver-catalyzed carbofluorination of unactivated alkenes.
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cloalkanones were also applicable to this protocol. Remarkably,
this method could also be used in direct modification of

complex molecules (Scheme 14).[39]

It was proposed that during the reaction course, the single-

electron oxidation of acetone with the AgIII¢F intermediate[38]

gives rise to an acetonyl radical cation[40] and an AgII¢F inter-

mediate (Scheme 15). The subsequent deprotonation of the
acetonyl radical cation affords an electrophilic carbonyl radical,
which further reacts with unactivated alkenes to give another

alkyl radical. This nucleophilic radical abstracts a fluorine atom
from the AgII¢F species to generate the carbofluorination
product and the AgI catalyst.

2.5. Ring-opening fluorination/fluoroalkylation of
cyclopropanols and cyclobutanols

Cyclopropanols are versatile intermediates in organic synthesis.
These highly strained compounds can be readily prepared by

Kulinkovich reactions[41] and can serve as equivalents of homo-
enolate anions,[42] as well as b-keto radical precursors[43] under

single-electron oxidation conditions (Scheme 16). These charac-

teristics, combined with the fact that other b-halide (Br, I)
ketone analogues have been obtained by the same ring-open-
ing strategy,[44] also render cyclopropanols potential substrates
for radical fluorination.

Recently, Zhu and co-workers reported a silver-catalyzed

ring-opening strategy for the synthesis of distal (b- and g-) flu-
orinated ketones (Scheme 17).[45] In this reaction, cyclopropa-

nols were transformed into b-fluorinated ketones in a concen-
trated biphasic solution at room temperature (Scheme 17 a).

Both electron-rich and electron-deficient 1-arylcyclopropanols
underwent this transformation smoothly, affording b-fluorinat-

ed products in moderate to good yields. Moreover, 1-alkylcy-

clopropanols with different substituents were also suitable
substrates. It should be noted that when 1,2-dialkyl substituted
cyclopropanol was employed in this transformation, the fluori-
nation happened exclusively at the tertiary rather than the

secondary carbon. Remarkably, fused bicyclic substrates give
rise to corresponding ring-expanded fluoroketone products in

useful yields.

This ring-opening protocol is also applicable to cyclobuta-
nols, providing g-fluoroketones in moderate to good yields

(Scheme 17 b). However, the reactivities of cyclobutanols are
generally lower than their cyclopropanol counterparts and this

reaction usually requires a prolonged reaction time.
To gain further insight into this ring-opening/fluorination re-

action, a series of experiments were conducted.[45] When the

single diastereomer 1 a was subjected to the standard reaction
conditions, the configuration of the fluorinated carbon center

in the product was not retained, which might suggest a radical
pathway (Scheme 18 a). This hypothesis was further supported

by a radical trapping experiment, in which the addition of
2 equivalents of TEMPO completely suppressed the formation

Scheme 15. Proposed mechanism of silver-catalyzed carbofluorination of
unactivated alkenes.

Scheme 16. Reactivity patterns of cyclopropanols.

Scheme 17. Synthesis of b- and g-fluorinated ketones.
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of fluorinated products (Scheme 18 b). Based on these results,
a mechanism was proposed (Scheme 19). Firstly, cyclic alcohols

coordinate to AgI to give complex A, which is oxidized by Se-

lectfluor to generate AgIII¢F complex B. Homolysis of this inter-
mediate affords oxy radical C and an AgII¢F species. Oxy radical

C undergoes ring-opening to generate alkyl radical D, which
reacts with the AgII¢F species to afford the fluorinated product

and releases the AgI catalyst.
Shortly thereafter, the groups of Murakami,[46] Lectka,[47] and

Loh[48] reported a series of similar ring-opening fluorination

protocols for the synthesis of b- and g-fluorinated ketones

(Scheme 20). The major differences in these methods were the
catalysts. Whereas AgI and FeIII salts were used as catalysts in

Murakami’s and Loh’s protocols, Lectka presented an alterna-
tive procedure for the same transformation, namely, employing

1,2,4,5-tetracyanobenzene (TCB) as a single-electron transfer
medium under photocatalytic conditions.

The ring-opening strategy could also be employed in the
synthesis of distal fluoroalkyl ketones, some recent examples

of which were reported by the groups of Dai,[49] Lopp,[50] and

Xu[51] (Scheme 21). In Dai’s method, both trifluoromethylation
and trifluoromethylthiolation of cyclopropanols could be realiz-
ed, although these reactions tended to take place at the less
substituted carbons, in contrast to the previous fluorination re-

Scheme 19. Proposed mechanism of silver-catalyzed ring-opening
fluorination of cyclopropanols and cyclobutanols.

Scheme 20. Ring-opening fluorination of cyclic alcohols. TCB = 1,2,4,5-tetra-
cyanobenzene.

Scheme 21. Copper-catalyzed ring-opening trifluoromethylation/trifluoro-
methylthiolation of cyclopropanols.

Scheme 18. Mechanistic studies of silver-catalyzed ring-opening fluorination
reactions.
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actions. Notably, these reactions are very general and tolerate

a wide range of functional groups (see Scheme 21 for
examples).

Although mechanistic pictures of these transformations are

not very clear at present, Lopp and co-workers proposed
a hybrid mechanism,[50] whereby both electrophilic and radical

ring-opening pathways operate (Scheme 22). Initially, the reac-
tion of CuCl with 3,3-dimethyl-1-(trifluoromethyl)-1,2-benzio-

doxole (Togni reagent) yields CuIII complex A, which undergoes
ligand exchange with the cyclopropanol and followed by an

electrophilic attack of the CuIII center to generate a b-metallo-

ketone intermediate B. Reductive elimination of the intermedi-
ate B results in formation of the product and regeneration of

the CuCl catalyst (Scheme 22, right). However, if the reaction of
A with the cyclopropanol is not rapid enough (e.g. in the case

of the more sterically hindered disubstituted cyclopropanols),
it could react with CuCl and lose a CF3 ligand to produce a CuII

complex C. This complex converts the cyclopropanol into

b-oxocarbonyl radical D, which abstracts the CF3 group from
the CuIICF3Cl to afford the final product and CuCl (Scheme 22,

left).
In the case of 1,2-dialkyl-substituted cyclopropanols, a radical

ring-opening pathway is known to proceed via b-keto radicals
with selective cleavage of the C1¢C2 bond, whereas the elec-

trophilic ring-opening pathway predominantly gives rise to
C1¢C3 bond cleavage products.[41b, 52] When enantiomerically
enriched cyclopropanol cis-3 a[53] was subjected to this ring

cleavage reaction, the C1¢C2 bond cleavage product 4 ab was
obtained in its racemic form, thus indicating the involvement

of a b-keto radical intermediate (Scheme 23). Moreover, forma-
tion of this product was dramatically suppressed by the

addition of 3,5-di-tert-butyl-4-hydroxytoluene (BHT), whereas

the yield of C1¢C3 cleavage product 4 aa remained almost un-
changed. These results further supported the participation of

both reaction pathways.

2.6. Nickel-catalyzed cross-trimerization of tetrafluoro-
ethylene, ethylene, and carbonyl substrates

Tetrafluoroethylene (TFE) is an industrial-grade organofluorine
feedstock and it has been widely applied in the polymer indus-

try.[54] From a synthetic viewpoint, TFE could also be an ideal

starting material in organic synthesis because it provides novel
synthetic routes to complex fluorinated molecules that are oth-
erwise difficult to access by conventional methods.[55] More-
over, the C¢F bond activation of TFE by transition metal com-

plexes could afford the corresponding organometallic com-
plexes,[56] which enables further transition metal-mediated

cross-coupling reactions, such as the Negishi,[57] Suzuki–
Miyaura,[58] and Hiyama couplings.[59] This activation–functional-
ization strategy could readily introduce a trifluoroethylene

motif (¢CF=CF2) into organic frameworks, yielding (a,b,b-tri-
fluoro)styrene derivatives.

Recently, Ohashi, Ogoshi, and co-workers reported an ele-
gant strategy for incorporating a tetrafluoroethylene unit

(¢CF2CF2¢) at the remote position of ketones, without the loss

of fluorine atoms (Scheme 24).[60] Initially, the oxidative cycliza-
tion of TFE and ethylene with Ni0 afforded a five-membered

nickelacycle intermediate. With the help of an auxiliary ligand
(PPh3), the partially fluorinated five-membered nickelacycle in-

termediate was isolated and characterized by X-ray analysis.
This nickelacycle complex was found to be useful as it could

Scheme 22. Proposed mechanistic pathways leading to b-trifluoromethylated ketones.

Scheme 23. Mechanistic studies of copper-catalyzed ring-opening trifluoro-
methylation of cyclopropanols.
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undergo migratory insertion of enones into the Ni¢CF2 bond

to give seven-membered nickelacycle intermediates. After b-
hydride elimination and reductive elimination, these macrocy-

clic intermediates were converted into the corresponding b-

substituted 6,6,7,7-tetrafluoroenones in 27–61 % yield (isolated
products). However, an attempt to develop a catalytic version

of this cross-trimerization reaction failed, due to the formation
of an inactive cyclization product from TFE and enones.

Shortly thereafter, another similar reaction, namely Ni0-cata-
lyzed selective cross-trimerization of TFE, ethylene, and alde-

hydes, was reported by the same group (Scheme 25).[61] By re-

placing a,b-unsaturated ketones with aldehydes and employ-
ing the N-heterocyclic carbene (NHC) ligand IPr, this reaction

could proceed in the presence of a catalytic amount of
[Ni(cod)2] (cod = 1,5-cyclooctadiene). Both aromatic aldehydes

and aliphatic aldehydes are good substrates for this trimeriza-
tion reaction. However, aromatic aldehydes bearing halides

such as Cl and Br were not tolerated in this reaction, probably

due to the occurrence of undesired oxidative addition of the
C¢Cl or C¢Br bond to Ni0 species. Moreover, sterically demand-

ing groups were found to retard the reaction, thus the efficien-
cy of o-tolualdehyde and mesitylaldehyde was diminished

(62 % and 15 %, respectively).
A mechanism was proposed for this novel cross-trimerization

reaction (Scheme 26). As demonstrated in the previous

study,[60] the oxidative cyclization of TFE, ethylene,
and Ni0 generates a 2,2,3,3-tetrafluoronickelacyclo-

pentane species A. This key intermediate undergoes
nucleophilic addition to the carbonyl group to afford

a seven-membered oxa-nickelacycle intermediate B.
Then, nickel hydride intermediate C would be gener-

ated through b-hydride elimination, before further
undergoing reductive elimination to give the 4,4,5,5-

tetrafluoro-1-pentanone derivatives and regenerating

the Ni0 catalyst.

3. Summary and Outlook

The development of highly efficient methods for the prepara-

tion of complex fluorinated ketones is important in both syn-
thetic chemistry and life sciences-related fields. In this Minire-

view, we have detailed significant recent advances in the syn-
thesis of fluorinated ketones, especially highlighting those

methods in which the construction of carbonyl groups is syn-

ergetic with incorporation of fluorine-containing groups. These
strategically diverse protocols not only furnish various fluorine-

containing ketones in a single step, but are also suitable for
the construction of distally fluorinated ketones. Furthermore,

they provide excellent complements to the existing synthetic
strategies.

Even though these methods have provided us with new ap-
proaches to complex fluorinated ketones which are otherwise
difficult to synthesize by traditional routes, there is still much

room for improvement. Because many reactions are limited in
functional group compatibility, direct and efficient routes to

natural product analogues are still highly needed. Furthermore,
stereoselective formations of fluorinated ketones are generally

absent from the existing method, this defect greatly retards

their further application in synthetic chemistry.
To address these nontrivial problems, further innovations are

required in designing new strategies, including late-stage
modification of bioactive ketone molecules and transition

metal-/organocatalyzed asymmetric formation of enantiopure
fluorinated ketone compounds. We believe that this timely

Scheme 24. Oxidative cyclization of tetrafluoroethylene and its application in fluorinated
ketone synthesis.

Scheme 25. Nickel-catalyzed cross-trimerization of tetrafluoroethylene,
ethylene and aldehydes.

Scheme 26. Proposed mechanism of nickel-catalyzed formation of
fluorinated ketones.

Chem. Eur. J. 2016, 22, 3210 – 3223 www.chemeurj.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3220

Minireview

http://www.chemeurj.org


Minireview could stimulate further interest and open new
ways to develop new methodologies in this field.
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