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Herein, we report a Rh-catalyzed carbofluorination of alkenes using gem-difluorinated
cyclopropanes as bifunctional reagents. The developed method tolerates a wide range of alkenes,
providing access to secondary, tertiary fluorides and gem-difluorides with 100% atom-economy
under mild conditions. The resulting fluorides can be further transformed to yield C—C, C—-N,
and C—-O bifunctionalization products. Cationic dicarbonyl rhodium tetrafluoroborate has been
identified to be the only highly efficient catalyst in this reaction. Preliminary mechanistic studies
reveal that the addition of fluorine atom to alkenes is mediated by tetrafluoroborate ion, which
acts as a fluorine anion shuttle.

Alkenes are highly versatile and readily available feedstocks, and the bifunctionalization of alkenes
is a powerful tool to allow for increasing the molecular complexity and diversity.! Among these
intensive researches, the carbofluorination reactions of alkenes,? involving the formation of vicinal
C—C bond and C—F bond, provide an attractive strategy for the assembly of fluorinated compounds.
Given the significance of fluorinated molecules in pharmaceutical chemistry and materials science,’
carbofluorination of alkenes has attracted great interest of synthetic community. However, this strategy
typically requires the use of stoichiometric electrophilic or nucleophilic fluorination reagents (Scheme
1A).* In comparison, an alternative and more economical strategy is to use organofluorine compounds
as dual functionalization reagents in catalytic reactions, which avoids the addition of exogenous
fluorine sources (Scheme 1B). Strategies involving fluorine atom recycling and subsequent
fluorination are highly advantageous in terms of atom and step economy in organofluorine chemistry.
However, the challenge lies in the difficulty of achieving reincorporation of fluorides, as catalytic
systems capable of breaking C—F bonds are typically unsuitable for the formation of C—F bonds. As a

result, the development of catalytic carbofluorination reactions of alkene has been greatly limited.

Nevertheless, contemporary catalytic platforms have recently emerged to realize this challenging
transformation. The first example of catalytic carbofluorination of olefins was reported by Ogoshi and
co-workers in 2020, showing the synthesis of pentafluoroethyl ketones using acyl fluorides via CsF
catalysis (Scheme 1Ba).> After that, the Studer group disclosed an intermolecular carbofluorination
reactions of benzofurans and indoles with acyl fluorides by the use of a cooperative NHC/photoredox
catalysis.® The Hopkinson group expanded the electrophile scope for catalytic carbofluorination to
include progargyl and benzyl fluorides by taking advantage of the effect of fluorine-hydrogen bonding

to activate the C—F bond.” More recently, Tobisu and co-workers reported on the intramolecular
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carbofluorination of simple alkenes via a cation rhodium catalysis (Scheme 1Bb).® Despite these
elegant reports in this area, current methods either restricted in intramolecular process, or suffered
from specific alkene substrates and limited type of carbofluorination reagents. Therefore, the
development of an intermolecularly catalytic strategy that can be applied to the carbofluorination of a

great diversity of alkenes with readily available carbofluorination reagents is in high demand.’
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Scheme 1. (a) Carbofluorination of Alkenes. (b) Catalytic Carbofluorination of Alkenes without
Exogenous Fluorine Source and Previously Reported Works. (c) This Work: Rh-Catalyzed
Carbofluorination of Alkenes.

On the other hand, gem-difluorinated cyclopropanes (gem-DFCPs)'° has become a commonly used
substrate for the synthesis of monofluoro alkenes via ring-opening cross-coupling reactions under
transition metal catalysis.!! Such reactions involve a C—C bond activation and B-F elimination process
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to provide the key fluoroallyl-metal intermediate, which exhibit versatile reactivity with various
nucleophilic reagents.!*!® However, the low nucleophilicity of fluoride ions has overshadowed the
potential for fluorine atom recycling in the previous transformations of gem-DFCPs. Thus, one fluorine
atom, originating from B-F elimination process, was always disposed of as waste. Until recently, our
group reported a rhodium catalyzed [3+2] cycloaddition reaction of gem-DFCPs with internal alkenes,
which is the first example with “CF>” motif remaining under transition metal catalysis (Scheme 1C,
bottom).!”!8 Building on our interest in the rhodium-catalyzed reactivity of gem-DFCPs, we turn our
attention to the transformation with the retention or reconstruction of “CF>” motif, particularly
regarding how to control it via catalytic system. Herein, we present catalyst-controlled results of
fluorindes recycling via C—F bond cleavage/formation. It was found that the well-define
[Rh(CO)2(BINAP)BF,] catalyst can efficiently achieve the carbofluorination reactions of a wide range
of simple alkenes with gem-DFCPs the bifunctional reagents,'” enabling the synthesis of secondary,

tertiary fluorides and gem-difluorides with 100% atom-economy under mild condition.

Table 1. Optimization of reaction conditions!®

F_F

F
X 4 mol% Rh(CO),(BINAP)BF,
©/K " ©/\ 1 mL PhCI, 50 °C, 24 h, N, O \F O
1a 2a 3a
Entry variations Yield®
1 none 92% (88%)°
2 w/o Rh(CO)2(BINAP)BF4 0
3 [Rh(CO),Cl]2, BINAP, and AgBF4 instead of Rh(CO)>(BINAP)BF4 0
4 [Rh(CO)2Cl]2, dppp, and AgBF4 instead of Rh(CO)2(BINAP)BF4 0
5 [Rh(CO):Cl]2, dppf, and AgBF4 instead of Rh(CO)2(BINAP)BF,4 0
6 [Rh(CO)(BINAP)CI] and AgBF4 instead of Rh(CO)(BINAP)BF4 0
7 Rh(COD)(BINAP)BFj4 instead of Rh(CO)>(BINAP)BF4 trace
8 1,4-Dioxane instead of PhCl 36%
9 PhCF3 instead of PhCl 58%
10 PhF instead of PhCl 64%
11 40 °C instead of 50 °C 42%
12 16 h 54%

[a] Reaction performed on 0.1 mmol scale. [b] Yield was determined by 'H NMR using 1,1,2,2-
tetrachloroethane as the internal standard. [c] Isolated yield. BINAP, 1,1'-binaphthyl-2,2’-diphenyl
phosphine; dppp, 1,3-bis(diphenylphosphino)propane; dppf, 1,1'-bis(diphenylphosphino)ferrocene.

Our initial investigation used the readily available (2,2-difluorocyclopropyl)benzene 1a and styrene
2a as the substrates (Table 1). Optimization revealed that this reaction is conducted best with 4 mol%
[Rh(CO)2(BINAP)BF4] as the catalyst in PhCl at 50 °C for 24 h to produce the carbofluorination
product 3a in 88% isolated yield (entry 1). In the absence of the rhodium catalyst, this reaction didn’t
proceed (entry 2). We also investigated the use of a cationic Rh catalyst generated in situ from
[Rh(CO).Cl]2, bidentate phosphine ligands, and AgBF4 in PhCl, but found it to be ineffective in this
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reaction (entries 3-5). During the preparation of the catalyst solution mentioned above, we observed
gas emission from the solid surface as it dissolved. This led us to realize that the presence of two carbon
monoxide ligands bonded to the rhodium center is crucial for the activity of an effective cationic
rhodium catalyst. To test this hypothesis, we synthesized [Rh(CO)(BINAP)CI] to produce a rhodium
catalyst with only one carbon monoxide ligand in situ with AgBF4 in PhCI. As expected, no desired
product was observed (entry 6). Additionally, [Rh(COD)(BINAP)BF4] was found to be much less
effective (entry 7). These results indicate that the presence of double carbon monoxide ligands attached
to the rhodium center is essential for the success of the reactions. Furthermore, we also investigated
the effect of different solvents, and found that PhCIl was superior to other similar solvents such as
PhCF3 and PhF, while more polar solvents like 1,4-dioxane and THF resulted in significantly lower
yields (entries 8-10). Decreasing the reaction temperature and shortening the reaction time led to worse

results with incomplete conversion of the substrates (entries 11-12).

Having identified the optimized reaction conditions, we proceeded to investigate the scope of this
carbofluorination reaction of alkenes (Scheme 2). Firstly, we examined a range of alkenes with gem-
DFCP 1a. As shown in Scheme 2, the styrene derivatives bearing electron-withdrawing group such as
halogen (3b, 3¢) and ester (3d) afforded the desired products in moderate yields. 1,1-Disubstituted
alkenes containing various substitution were compatible with this transformation, providing the
corresponding tertiary fluorides in good yields (3e-31). In some case of substrates (3e, 3i, and 3I),
fluoroallylation of alkenes become the major pathway under standard reaction conditions, and reducing
the reaction temperature to 40 °C resulted in a single carbofluorination product in good yields.
Furthermore, 1,2-disubstituted alkenes also proceed smoothly under this catalytic system. Substrates
decorated with methyl, propyl, benzyl, and functionalized alkyl substituents containing terminal
halogen, ester, and ether group were tolerated and afforded 3m-3t in good yields but with low
diastereocontrol. Note that these 1,2-disubstituted alkenes exhibited high reactivity in our developed
[3+2] cycloaddition reaction,!” reflecting that current catalytic system displayed good chemoselectivity,
despite the observation of a small amount of cycloaddition products (< 5%) in most case of 1,2-
disubsituted alkenes. In addition, we found that tri-substituted alkenes can undergo this transformation,
yielding a diaryl tertiary fluoride in acceptable yield (3v). To further showcase the diversity of the
product synthesized by this protocol, a-fluorostyrenes were employed in this reaction, which provide
facile access to gem-difluorinated compounds. a-Fluorostyrene itself (3w) or substrates with functional
groups encompassing methyl (3x), phenyl (3y), and chlorine (3z) at the para-position led to the
formation of gem-difluorinated products in good yields with moderate regioselectivity. It is worth
noting that 2-naphtyl and 1,2-disubstituted a-fluoroalkene were tolerated as well, delivering product

3aa and 3ab in good yields with good regioselectivity.
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Scheme 2. Substrate Scope of Alkenes. Reaction conditions: 1a (0.15 mmol), 2a (0.1 mmol),
[Rh(CO)2(BINAP)BF4]2 (4 mol%) in PhCl (1 mL) at 50 °C for 24 h. All yields are the average of three
runs. [a] 40 °C. [b] The ratio of I/b refers to the fluoroallyl regioselectivity (linear/branched).
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Scheme 3. Substrate Scope of gem-DFCPs. Reaction conditions: 1a (0.15 mmol), 2a (0.1 mmol),
[Rh(CO)2(BINAP)BF4]2 (4 mol%) in PhCl (1 mL) at 50 °C for 24 h. All yields are the average of three
runs. [a] 48 h. [b] PhCF3 as the reaction solvent.

After that, the reactivity of gem-DFCPs was evaluated with styrene as the partner (Scheme 3).
Initially, we performed experiments using a series of gem-DFCPs under standard condition, but the
results were unsatisfactory, except for the model substrate 1a. The substituted gem-DFCPs lead to two
outcomes: either a high conversion without the formation of desired products, or an extremely low
conversion resulting in the recovery of the starting substrates. These results indicate that this reaction
is sensitive to the electronic and steric hindrance effects of the substituents on gem-DFCPs. While
substituted gem-DFCPs did not participate in the carbofluorination reaction using
Rh(CO)2(BINAP)BF as the catalyst in our preliminary attempts, it was found that the rhodium catalyst
produced from BINAP derivatives could facilitate the formation of product in certain substrate cases.
When Rh(CO)2(BINAPM®)BF, was employed as the catalyst, substrate bearing methyl- (4b) and
tertiary butyl-substituents (4c¢) provided the target products in good yields. Additionally, 2-naphtyl
gem-DCFP works well using Rh(CO)2(BINAP®M®)BF, as the catalyst (4d). gem-DFCP with a strong
electron-donating group (-OMe) required a more electron-rich ligand and longer reaction time (4e).
Based on the results obtained, it can be inferred that the electron-rich substrate necessitates a rhodium
catalyst with a higher electron density. Fluoro- and phenyl-substituted substrates (4f, 4g) successfully
underwent this reaction with Rh(CO)(BINAPM)BF, as the catalyst. Furthermore, the choice of
reaction solvent is sometimes a critical parameter, with the meta-methyl substituted substrate
exhibiting good reactivity and yielding the product in good yield when PhCF3 was used as the solvent
(4h).
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Scheme 4. Synthetic Applications.

To explore the synthetic application of this protocol, we conducted the model reaction on a gram-
scale, resulting in 3a in 81% isolated yield (Scheme 4a). In addition, the benzyl C—F bond can undergo
defluorinative coupling through hydrogen bonding with the use of HFIP as a hydrogen bond donor.?
Friedel-Crafts reaction of 3a with p-xylene generated a C—C bond coupling product Sa in 56% yield.
Treatment of 3a with other types of nucleophiles efficiently forms C—C, C—N, C—O bonds (Scheme
4b). When methyl 4-phenylpent-4-enoate (2ac) was subjected to the standard reaction conditions, it
successfully yielded compound 6a, a lactone, in 56% yield (Scheme 4c). Taking together, our
developed method not only offers general access to various benzyl fluorides, but also is able to achieve

formal C—C, C—N, and C—O bifunctionalization of alkenes through post-transformation of the benzyl

fluorides.
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Scheme 5. Preliminary Mechanistic Studies and Proposed Mechanism.

In our previous work,'* styrene can attack the fluoroallyl rhodium intermediate A' through
migratory insertion, giving a benzyl rhodium intermediate B'. This intermediate B' then undergoes [3-
H elimination to produce the fluoroallylation product. Initially, we considered the possibility of a C—F
bond reductive elimination process in the benzyl rhodium intermediate, leading to the reincorporation
of fluorine atom (Scheme 5a). To facilitate this process, we decided to use diphosphine ligands, which
make the intermediate B' easier to reach a saturated coordination state and promote C—F bond
reductive elimination. We tested a cationic Rh catalyst generated in situ from [Rh(CO),Cl],, bidentate
phosphine ligands, and AgBF4 in PhCl. However, this catalyst proved to be inefficient for the desired
reactions (Table 1, entries 3-5), providing only a small amount of the target products occasionally. This
unstable result inspires us to synthesize a cationic dicarbonyl Rh complex with a bidentate ligand,

which exhibits excellent efficiency and selectivity for fluorides recovery. However, the actual reaction
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mechanism was different from our initial expectations. When subjecting the (3-methylbut-1-en-2-
yl)benzene as substrate to the standard reaction conditions, we observed the formation of benzyl
fluorides and tertiary alkyl fluoride (Scheme 5b). This suggests the involvement of a carbon cation
rearrangement in the reaction process. We also investigated the effect of different counter-anions and
found that only tetrafluoroborate as an anion ensured the progress of the reaction (details are shown in

the Supporting Information).

According to current findings and preceding research, we proposed a preliminary mechanism for
this carbofluorination reaction (Scheme 4c). Firstly, the oxidative addition of gem-DFCP 1a with
[Rh(CO)2(BINAP)BF4] catalyst gives the intermediate A, which then undergoes B-F elimination to
deliver the fluoroallyl Rh species B. Subsequently, the outer-sphere nucleophilic attack of styrene 2a
on intermediate B can generate a benzylic cation C. This carbocation C finally leads to the production
of fluoride 3a by abstracting a fluoride from a BF4", along with the formation of one molecular BF3.%!
The resulting BF3 can react with fluoride ions to form BF4 and regenerate the rhodium catalyst. This
is our preliminary understanding of the reaction mechanism, and the detailed process will be further

elucidated by combining it with DFT (density functional theory) calculations in the near future.

In conclusion, we have reported a Rh-catalyzed carbofluorination reaction of simple alkenes with
gem-DFCPs as bifunctional reagents, providing access to various benzyl fluorides and gem-difluorides
with 100% atom-economy. This approach has demonstrated the bifunctional reactivity of gem-DFCPs,
distinguishing the fluorides recycling of gem-DFCPs from the prevailing defluorination coupling
reaction. Furthermore, we have demonstrated the practicality of this transformation by conveniently
coupling benzyl fluorides to form new C—C, C—N, and C—O bonds. Finally, the unique catalytic
reactivity of the well-defined cationic dicarbonyl rhodium complex towards carbofluorination process
over defluorinative allylation or cycloaddition in the reaction of gem-DFCPs with alkenes will provide
more inspirations on how to tune the selectivity on transition-metal catalysis. Future work will focus
on understanding the reaction mechanism and expanding the scope of the carbofluorination strategy

using gem-DFCPs, and these works will be reported in due course.
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