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Acylfluorination of enynes via phosphine and silver catalysis
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a b s t r a c t

This work describes intermolecular acylfluorination of gem–difluoroenynes using acyl fluorides as both

acyl source and fluorine source. Trifluoromethyl-substituted allenones or furans could be selectively

achieved via phosphine and silver catalysis. These approaches exhibit high regioselectivity, atom econ-

omy and broad functionality tolerance.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Enynes, as highly adaptable building blocks, manifest the capac-

ity to engage in diverse transformations, resulting in regiodivergent

difunctionalized products [1–9]. For instance, 1,2-addition engen-

ders disubstituted alkynes, while 1,4-addition furnishes difunction-

alized allenes (Fig. 1a). Given the pivotal role of molecules con-

taining trifluoromethyl (CF3) moiety in chemistry [10–17], exten-

sive research endeavors have been dedicated to devising method-

ologies that enable the introduction of trifluoromethyl groups into

intricate molecules [18–27]. The gem–difluoroenynes (1) are a class

of distinctive enyne derivatives that are easily obtainable but rarely

investigated [28–32]. This kind of derivative possesses both a diflu-

oroalkenyl and an electron-deficient alkynyl group. The addition of

fluoride to the difluoroalkenyl component offers an efficient route

to furnish CF3-substituted molecules (Fig. 1b) [33–37].

Typically, the conversion of difluoroalkenyl into trifluoromethyl

involves the addition of equivalent fluorination reagents such as

silver fluoride. Subsequently, the resulting intermediates can en-

gage in reactions with diverse electrophilic reagents, including pro-

tons, olefins or aryl iodides [38–43]. Acyl fluorides (2) are car-

boxylic acid derivatives with unique reactivity, which generally

serve as acylating reagents [44–53]. The fluorine atom within acyl

fluorides can also be harnessed, rendering them potential agents
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for fluorination [54]. Tertiary phosphines have the capacity to un-

dergo addition into electron-deficient triple bond, resulting in the

formation of a β-phosphonium α-carbanion species (Fig. 1c) [55].

The ensuing carbanion exhibits sufficient nucleophilicity to engage

with an acylation reagent [54–57].

Herein we reported a protocol for the acylfluorination of di-

fluoroenynes [58,59], offering access to a diverse array of CF3-

substituted compounds, including allenones and furans (Fig. 1d).

Our approach involves employing phosphine catalysis to effectuate

the 1,4-acylfluorination of difluoroenynes. The phosphine species

activates the alkynyl moiety of the difluoroenyne, leading to the

formation of a phosphonium intermediate. Under the circum-

stances, the subsequent acylation preferentially takes place at the

alkynyl position, yielding CF3-substituted allenones (3) as the prin-

cipal products. Alternatively, the difluoroalkenyl group can engage

in addition with silver fluoride. In instances where the substituent

group in 2-position in the difluoroenyne is hydrogen, facile trans-

formation to an enolate complex is facilitated by silver-induced

processes. The outcome of subsequent intramolecular cyclization is

the formation of a CF3-substituted furan.

To validate our hypotheses, we initiated an investigation into

the interaction between acyl fluoride (2a) and gem–difluoroenynes

(1a), employing PCy3 (tricyclohexyl phosphine) as the catalyst.

However, no discernible acylfluorinated products were observed

initially (Table 1, entry 1). Subsequent experimentation involving

the utilization of phenyl-substituted phosphine in conjunction with
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Fig. 1. Acylfluorination of difluoroenynes: background.

Table 1

Optimizations for acylfluorination.a

Entry Catalyst Additive Yield of 3aa (%)b Recovery of 1a (%)b

1 PCy3 – 0 85

2 PCy3 AgF 0 0

3 PPh2Cy AgF 46 0

4 dppe AgF 63 0

5 Xantphos AgF 96 0

6 Xantphos CsF 97 0

7 Xantphos – 0 90

8 – CsF 0 0

9 – AgF 0 0

a Reaction conditions: 1a (0.2mmol), 2a (0.4mmol), MeCN (1.0mL) at room tem-

perature under argon for 16h.
b Yields are determined by 19F NMR using benzotrifluoride as an internal stan-

dard.

additional silver fluoride led to successful promotion of the acylflu-

orination process, resulting in the identification of trifluoromethyl-

substituted allenone (3aa) with a modest yield of 46% (entry 3). Af-

ter a comprehensive assessment of various phosphine ligands (en-

tries 2–5 in Table 1, for more details see Table S1 in Supporting in-

formation), we found that Xantphos (4,5-bis(diphenylphosphino)-

9,9-dimethylx-anthene) was an effective catalyst that afforded the

allenone product in 96% yield (entry 5). Notably, the additive silver

fluoride could be substituted with cesium fluoride, yielding identi-

cal outcomes. Thus, silver was not necessary for this reaction. The

phosphine could promote the allenone formation in the presence

of the fluoride ion exclusively (entry 6). The control experiments

(entries 7–9) resulted in no reaction when using solely the Xant-

phos catalyst or the metal fluoride additives. The relative equiva-

lence of fluoride yielded negligible influence on the reaction out-

come (Table S2 in Supporting information), implying that acyl flu-

orides serve both as acylating and fluorinating agents in a high

atom-economic manner. It is noteworthy that no detection of 2-

position-acylated products across all optimization experiments.

With the optimized reaction conditions in hand, we subse-

quently examined the scope of the 1,4-acylfluorination reaction

(Schemes 1 and 2). As acyl fluorides are accessible from the cor-

responding acyl chlorides or carboxylic acids, we directly mixed

4-bromobenzoyl chloride (5a), cesium fluoride, gem–difluoroenyne

(1a) and the phosphine catalyst and we afforded allenone 3aa

in 95% yield. With regard to acyl chlorides, halogen groups such

as chloro (3ba) and iodo (3ca) were compatible. n-Butyl sub-

stituted benzoyl chloride (3da) can be converted to the prod-

uct in moderate yield. Electron-deficient substrates bearing cyano

(3ea), methoxycarbonyl (3fa), trifluoromethyl (3ga) and nitro (3ha)

groups readily participated in this reaction. The reaction with

electron-neutral benzoyl fluoride can afford the allenone 3ia in

52% yield on gram scale. Acyl chlorides bearing a heteroaryl (3ja,

3ka) group also underwent the acylfluorination successfully. A se-

ries of acyl fluorides were isolated and applied to acylfluorination

(Scheme 1b). In the cases of aromatic carboxylic acids, the reac-

tion of m–methoxy (3la), p–methoxy (3ma) benzoic acid and 7-

quinolinecarboxylic acid (3na) proceeded efficiently. Notably, un-

stable aliphatic acyl fluorides were also compatible and moder-

ate yields of the corresponding allenones (3oa, 3qa) can be ob-

tained. This protocol can be used in the late-stage functionaliza-

tion of pharmaceuticals, as shown by the reactions of probenecid,

bexarotene, lumacaftor intermediate and febuxostat (3pa-3sa). We

subsequently explored the scope of gem–difluoroenynes using 4-

bromobenzoyl fluoride (Scheme 2a). The difluoroenynes bearing ei-

ther electron-deficient or electron-rich groups can participate in

the acylfluorination to produce the corresponding allenones (3ab-

3ag). Various alkynyl substituents such as methoxynaphthyl (3ah),

thienyl (3ai), cyclohexyl (3aj) and cyclohexenyl (3ak) can be intro-

duced into allenone molecules.

With the alkyl group or hydrogen in 2-position of gem–

difluoroenyne, the corresponding allenone products 3al and 3am

were not obtained under the standard conditions (cesium fluoride

and Xantphos). However, when switching to silver fluoride, a small

amount of furan product (6%) was observed in the reaction mix-

ture. This is in line with our initial hypothesis that silver fluoride

could promote the 1,2-addition of enynes and intramolecular an-

nulation to afford trifluoromethylated furans (Fig. 1d). We subse-

quently attempted to optimize the catalylic condition of this 1,2-

acylfluorination. The reaction cannot proceed in the absence of sil-

ver fluoride and the addition of 20 mol% phosphine promoted the

reaction. But the excess amount of the phosphine would interfere

with the enyne and detriment the furan formation. After screening

the amount of catalyst loading and reaction temperature, 72% yield

of furan 4gn can be acheived with 40 mol% of silver fluoride and

20 mol% of Xantphos at 50 ◦C (for details see Table S3 in Support-

ing information).

Subsequently, we explored the scope within the modified con-

ditions for furan formations (Scheme 2b). The protocol demon-

strated versatility across various types of acyl fluorides. Ben-

zoyl fluorides featuring bromo (4an), n–butyl (4dn), cyan (4en),

methoxycarbonyl (4fn), nitro (4gn), and benzyloxy (4tn) sub-

stituents were amenable to the process. Furthermore, heteroaro-

matic acyl fluorides exhibited successful 1,2-acylfluorination, yield-

ing a pathway to synthesize benzothiazole and indole-substituted
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Scheme 1. Scope of the acylfluorination of enynes (scope of acyl sources). a The reaction was carried out in one step on 0.2mmol scale. Yields are for the isolated products.
b The reaction was carried out on 10.0mmol scale. c The reaction was carried out in two steps on 0.2mmol scale. Acyl fluorides were purified by short silica gel in the first

step. d Cesium fluoride was replaced by silver fluoride.

furans (4kn, 4un). The applicability of the acylfluorination strat-

egy extended to cinnamic acid-derived acyl fluoride, resulting in

the isolation of alkenylfuran 4vn with a satisfactory yield of 75%.

The versatility of the method was also evident in the context of

difluoroenyne substrates. Difluoroenynes bearing π-extended aryl

motifs yielded the desired products (4ho, 4hp) in elevated yields.

While moderate yields were achieved with thienyl-substituted di-

fluoroenyne (4hq), the transformation remained viable. Moreover,

the method was capable of introducing aliphatic groups, such as

decyl (4hr) and piperidinyl (4hs), into furan structures with com-

mendable efficiency. Notably, the process accommodated the pres-

ence of ferrocene substitution within the difluoroenyne scaffold,

underscoring the method’s utility in furnishing furyl-substituted

ferrocene derivatives (4ht) in a controlled manner.

Based on the experiments, a proposed catalytic cycle is de-

picted in Scheme 3. In instances where the gem–difluoroenyne

(1) bears an aryl substituent in 2-position, the phosphine under-

goes addition to the electron-deficient triple bond, yielding the β-

phosphonium α-carbanion species (int1). Subsequent nucleophilic

substitution between the carbanion and the acyl fluoride leads to

the formation of an acylated phosphonium species (int2) with a

conjugated structure. The electrophilicity of the system facilitates

fluoride ion addition to the difluoromethylene group, resulting in

the formation of the allenone product 3. When the substituent

of 2-position in the gem–difluoroenyne 1 is hydrogen, the com-

pound undergoes initial fluorination mediated by the silver fluo-

ride catalyst. The control experiments suggested that a stable co-

ordination between silver, alkyne and carbonyl that facilitates the

acylation of difluoroalkenes and subsequent cyclization (Schemes

S2 and S3 in Supporting information). The ensuing propargyl sil-

ver species (int3) reacts with the acyl fluoride to generate int4

and then it will transfer to an alkynyl-coordinated silver enolate

(int5), accompanied by elimination of hydrogen fluoride. Subse-

quent migration insertion precipitates the formation of a silver fu-

ranate (int6). Acidification of the silver furanate with hydrogen flu-

oride regenerates the silver fluoride catalyst, liberating the furan

product (4).

In conclusion, we have presented a method for acylfluorina-

tion of gem–difluoroenynes via phosphine and silver catalysis with

acyl fluoride as both acyl and fluorine source. Selective phosphine-

catalyzed 1,4-addition furnishes a diverse array of CF3-substituted

allenones. Silver-catalyzed 1,2-addition furans and intramolecular

cyclization gives CF3-substituted furans. Further research of fluori-

nated compounds is underway in our laboratory.
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Scheme 2. Scope of the acylfluorination of enynes (scope of difluoroenynes). a The reaction was carried out on 0.2mmol scale with purified acyl fluoride. b Cesium fluoride

was replaced by silver fluoride.

4



Y. Mao, Y. Liu, X. Wang et al. Chinese Chemical Letters 35 (2024) 109443

Scheme 3. A possible catalytic cycle.
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