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insertion of unactivated alkynes
into C–F bonds of acyl fluorides

Tomoya Emmeia and Mamoru Tobisu *ab

We report an AgBF4-catalyzed intermolecular C–F insertion of unactivated alkynes into acyl fluorides,

providing a general route to monofluoroalkenes. This transformation enables both C–F bond cleavage

and reformation without activated coupling partners, driven by cooperative Ag+/BF4
− catalysis, where

BF4
− functions as a fluoride shuttle. The reaction exhibits broad substrate scope, accommodating

aromatic and aliphatic acyl fluorides with high Z-selectivity. Given that monofluoroalkenes are valuable

amide bioisosteres, this method enables direct access to bio-relevant motifs from carboxylic acid

derivatives and supports late-stage monofluoroalkene installation in complex molecules.
Introduction

Given its highest electronegativity and ability to form the
strongest bond with carbon, uorine has been widely employed
as a substituent to strategically modulate the physicochemical
properties of target molecules.1 Consequently, the development
of methods for synthesizing organouorine compounds has
remained a central theme in contemporary organic chemistry.
Signicant progress has been achieved in uorination reactions
of non-uorinated compounds,2 enabling access to a diverse
array of uorinated compounds. Leveraging such organo-
uorine compounds as building blocks for synthesizing more
complex derivatives would represent a powerful synthetic
strategy. In this context, the insertion of organic fragments into
C–F bonds (hereaer referred to as C–F insertion) is particularly
attractive, as it enables the direct transformation of uorinated
building blocks into structurally elaborated organouorine
derivatives without the need for costly, toxic, or unstable
external uorinating reagents (Scheme 1A). Despite its
conceptual appeal, C–F insertion remains exceptionally chal-
lenging because it requires a single reaction system capable of
orchestrating both C–F bond cleavage and C–F bond forma-
tion—each of which is intrinsically demanding. Although
a number of C–F bond cleavage reactions have been reported,
these are largely limited to substitution processes in which
uorine is expelled as a leaving group. In contrast, examples of
C–F insertion are scarce and remain restricted in both substrate
scope and the diversity of insertable fragments.3 To date, only
four classes of uorinated substrates have been shown to
participate in C–F insertion reactions: acyl uorides,4 benzyl
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and allyl (or propargyl) uorides,5 and diuorocyclopropanes.6

Among these, acyl uorides are particularly attractive because
they are readily accessible from the corresponding carboxylic
acids, isolable by column chromatography, and bench-stable
(Scheme 1B).7 Nevertheless, C–F insertion reactions of acyl
uorides suffer from two major limitations. First, the scope of
viable insertion partners is narrowly conned to activated
substrates, including activated alkynes,4a,b tetrauoroethylene,4c

1,1-diuoroalkenes,4e,f and benzofuran.4d Consequently, C–F
insertion with simple, unactivated alkenes or alkynes remains
unexplored, except for a few notable intramolecular reactions
(vide infra).8,9 Second, unlike intramolecular reactions,8,9 inter-
molecular C–F insertion has thus far been limited to aromatic
acyl uorides, with aliphatic analogues being inapplicable.
Herein, we report a catalytic solution to these challenges
through the development of an intermolecular C–F insertion of
unactivated alkynes into acyl uorides, enabling a broadly
applicable and conceptually distinct approach to C–F bond
functionalization (Scheme 1C). Notably, it enables rapid access
to structurally diverse monouoroalkenes, which are of partic-
ular interest as potential amide bioisosteres (Scheme 1D).10
Results and discussion

We began our investigation by screening catalysts for the C–F
insertion of unactivated alkenes and alkynes with acyl uorides.
Acyl uorides were selected for two key reasons: (1) they are
easily accessible from the corresponding carboxylic acids and
exhibit high chemical stability (isolable by chromatography),
making them convenient uorine-containing building blocks;7

and (2) prior studies by Le8 and our group9 demonstrated that
C–F insertion of unactivated alkenes and alkynes can occur
when tethered to acyl or carbamoyl uorides. Central to these
transformations is the pivotal role of BF4

− as a uoride shuttle,
which facilitates both uoride elimination and recombination.
Chem. Sci.
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Scheme 1 C–F Insertion: background and this work.

Table 1 Catalyst screening for catalytic insertion of 2a into 1a

Entry Cat.

NMR yield [%]

3aa (Z/E) Recovered 1a

1 Rh(cod)2BF4/dppbz 22 (>20/1) 21
2 Cu(CH3CN)4BF4 53 (9/1) 16
3 Ph3CBF4 61 (19/1) 1
4 AgBF4 72 (>20/1) 3
5 BF3$OEt2 52 (>20/1) 2
6 HBF4 20 (Z only) 18
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We hypothesized that this uoride shuttle strategy could be
extended to intermolecular C–F insertion — a signicant chal-
lenge, given the difficulty of suppressing undesired side reac-
tions, such as alkene/alkyne oligomerization, in the absence of
the entropic advantage inherent to intramolecular reactions.

Building on our prior success in intramolecular C–F inser-
tion,9 we examined the reaction of acyl uoride 1a with unac-
tivated alkyne 2a using Rh(cod)2BF4 as the catalyst in 1,1,2,2-
tetrachloroethane at 140 °C for 24 h. Under these conditions,
the desired insertion product 3aa was formed in 22% yield
(Table 1, Entry 1). Improved yield of 3aa were observed when
Chem. Sci.
other BF4 salts were employed, including Cu(CH3CN)4BF4 (53%,
Entry 2), Ph3CBF4 (61%, Entry 3) and AgBF4 (72%, Entry 4). In
contrast, the use of BF3$OEt2 resulted in a diminished yield
(52%, Entry 5), while HBF4 afforded the product in only 20%
yield (Entry 6). Based on these results, AgBF4 was identied as
the optimal catalyst. In all cases, the product was formed
stereoselectively as the Z isomer. This selectivity is attributed to
isomerization of the initially formed, kinetically favored E
isomer to the more thermodynamically stable Z isomer under
the reaction conditions (see the SI for details).

Having optimized the catalyst and reaction conditions, we
next explored the scope of this C–F insertion reaction (Scheme
2). Benzoyl uorides bearing diverse functional groups,
including alkyl (1c), alkoxy (1a), halides (1d), and acetals (1e),
underwent C–F insertion smoothly upon increasing the catalyst
loading to 20 mol%, affording the corresponding alkenyl uo-
rides 3aa–3ea. Acyl uorides derived from naphthalene (1g, 1h)
and heteroarene (1l–1n) frameworks successfully participated
in this reaction. Sterically hindered ortho-substituted benzoyl
uorides 1i and 1j proved compatible as well. Notably, aliphatic
acyl uorides were also viable substrates, which represents
a signicant contrast to previously reported intermolecular C–F
insertion reactions.4 Acyl uorides with primary (1o), secondary
(1p), and tertiary (1q) alkyl groups all participated successfully,
delivering the insertion products 3oa–3qa with excellent Z-
selectivity. Moreover, acyl uorides derived from a,b-unsatu-
rated carboxylic acids (e.g., 1r) were also suitable. Regarding the
alkyne component, phenylacetylene derivatives bearing uo-
rides (2b, 2e), chlorides (2c), bromides (2d, 2f 11), and alkoxy
groups (2g) were well-tolerated. The compatibility of halide
functionalities is particularly advantageous, offering a handle
for subsequent structural modications. A current limitation of
this methodology is the incompatibility with aliphatic alkynes
and internal alkynes. A current limitation of this methodology
is its incompatibility with aliphatic and internal alkynes.
Notably, in the reaction with diphenylacetylene under the
standard conditions, the desired C–F insertion product was not
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Reaction scope. aWith AgBF4 (15 mol%). bWith alkyne (3
equiv). cWith AgBF4 (30 mol%) for 48 h. dAt 120 °C.

Scheme 3 Mechanistic studies.
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observed; instead, cyclized indenone derivatives were formed.
This outcome is consistent with the intermediacy of a vinyl
cation species (see Scheme 4), which undergoes rapid intra-
molecular SEAr cyclization, in preference to trapping by BF4

−

(see the SI for details).
Several experiments were conducted to gain insights into the

reaction mechanism. First, acyl uoride 1a was reacted with
anisole instead of an alkyne under Ag-catalyzed conditions,
yielding acylated anisole 4 (Scheme 3A). This result suggests
that 1a undergoes electrophilic activation by AgBF4, enabling
nucleophilic attack by an external nucleophile. Next, the effect
of the counteranions in Ag(I) salts was examined (Scheme 3B).
While BF4

− facilitated the C–F insertion, SbF6
− and OTf− were

completely ineffective, highlighting the essential role of BF4
−.

Notably, under AgSbF6-catalyzed conditions, the C–F insertion
product 3aa was obtained in 55% yield when BF4

− was added
externally. When PF6

− was used, a catalytic amount of 3aa (9%)
was generated, suggesting that the uoride ion affinity (FIA)12 of
the parent Lewis acids must fall within an optimal range to act
as a uoride shuttle (vide infra). During the C–F insertion
reactions, 10–20% of alkynyl ketone 5 was consistently detected
as a side product. This observation led us to consider a plausible
reaction pathway, as outlined in Scheme 3C. In this scenario,
© 2026 The Author(s). Published by the Royal Society of Chemistry
AgBF4 promotes acyl substitution of 1 with terminal alkyne 2 to
generate 5 along with HF. The HF could then add across 5 to
produce the C–F insertion product 3. To examine the feasibility
of this reaction pathway, we designed the experiment shown in
Scheme 3D. The AgBF4-catalyzed reaction of 1a with 2a was
conducted in the presence of alkynyl ketone 5ba, which is a side
product from the reaction of a different acyl uoride, 1b. If the
proposed HF addition pathway were operative, the HF adduct of
5ba (i.e., 3ba) would be formed. However, only 3aa (the C–F
insertion product from 1a) and its side product 5aa were
observed, while 3ba was not detected and 5ba was quantitatively
recovered. These results rule out a pathway involving alkynyl
ketone 5 as an intermediate.
Chem. Sci.
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Scheme 4 Proposed mechanism.
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Based on these mechanistic experiments, we propose the
mechanism depicted in Scheme 4. The carbonyl oxygen in acyl
uoride 1 initially coordinates to the Ag(I) cation, forming
intermediate A. This interaction is supported by 13C and 19F
NMR analysis of a mixture of 1a/AgBF4 (see SI for details). The
resulting electrophilically activated carbonyl carbon in A
undergoes nucleophilic attack by alkyne 2, generating vinyl
cation intermediate B. The Ag center then abstracts the neigh-
boring uoride, leading to acylated vinyl cation C, accompanied
by AgF. An alternative pathway involving the generation of an
acylinium cation through direct uoride abstraction from 1 by
AgBF4 cannot be excluded at this stage. Vinyl cation C subse-
quently captures uoride from BF4

−, furnishing the C–F
Scheme 5 Late-stage introduction of fluoroalkene moieties into bio-
relevant molecules.

Chem. Sci.
insertion product 3 alongside BF3.13 The reaction between AgF
and BF3 regenerates AgBF4,14 thereby ensuring catalytic turn-
over. This step was conrmed experimentally (see SI for details).
The observed side product 5 likely arises from deprotonation of
C. This proposed mechanism implies that the counteranion
must exhibit balanced reactivity prole: it should efficiently
donate uoride to C, while its parent Lewis acid must possess
sufficient FIA to regenerate Ag+ via uoride abstraction from
AgF. The FIA of the corresponding Lewis acids follows the order
SbF5 > PF5 > BF3, indicating that uoride-donating ability of the
counteranions increases in the reverse order (SbF6

− < PF6
− <

BF4
−). The success of AgBF4 in promoting this C–F insertion is

thus attributed to the relatively high uoride-donating ability of
BF4

−, combined with the moderate Lewis acidity of BF3.
The present C–F insertion reaction provides a straightfor-

ward approach to access a diverse range of monouoroalkenes
from readily available acyl uorides and simple alkynes. This
transformation is particularly valuable for the synthesis of bio-
relevant molecules, as monouoroalkenes are recognized bi-
oisosteres for amides10 (Scheme 5). Given that carboxylic acids
are prevalent functional groups in bioactive compounds, our
C–F insertion strategy enables the installation of a mono-
uoroalkene moiety directly from carboxylic acid derivatives.
This utility is demonstrated through the late-stage modication
of complex molecules such as cholic acid, gembrozil and
adapalene.
Conclusions

In summary, we have developed AgBF4-catalyzed intermolecular
insertion of unactivated alkynes into acyl uorides. Both Ag+

and BF4
− play essential roles in facilitating the capture and

release of uoride. While the synthesis of organouorine
compounds has traditionally focused on uorination of non-
uorinated substrates, the concept of C–F insertion provides
an alternative approach that repurposes existing organouorine
compounds as starting materials to generate more valuable
derivatives. Further investigations to expand this strategy are
currently ongoing in our laboratory.
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