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Fluorine locates a pivotal position in modern medicinal chemistry due to its distinctive impact on the
properties of organic molecules. This work described an efficient divergent palladium/XPhos-catalyzed
ring-opening defluorinative cross-coupling of gem-difluorocyclopropanes with less nucleophilic fluori-
nated malonates or fluorobis(phenylsulfonyl)methane. The corresponding difluoro malonates and 2,4-
difluorobutadienyl sulfones were obtained in good yields, respectively. Besides, this protocol also enabled
the modification of structurally diverse complex molecules.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The C-F bond, recognised as the strongest single bond, has re-
ceived considerable attention in the selective activation of the C-F
bond, as it enhances the synthetic versatility of fluorinated com-
pounds [1-5]. Significant progress has been achieved via differ-
ent strategies, including Lewis acid activation [6], transition-metal
catalysis [7-9], photocatalysis [10,11], and radical-mediated pro-
cesses [12,13]. Despite these advances, the defluorinative func-
tionalization of C(sp3)-F bonds remains a formidable challenge,
which is primarily attributed to the higher bond dissociation en-
ergy of C(sp3)-F compared to that of C(sp?)-F bonds [14-18]. gem-
Difluorocyclopropanes (gem-F,CPs) are recognized as valuable flu-
orinated synthons [19-21], playing a pivotal role in the synthesis
of a range of valuable products via transition-metal-catalysed C-
F bond activation [22-25]. Pioneering work in this field was per-
formed by Fu and coworkers in 2015, in which B-F elimination was
used as a critical step to facilitate C-F bond cleavage and subse-
quent cross-coupling reactions [26]. Inspired by this seminal work,
a plethora of significant advancements have been made in this
emerging field (Scheme 1a) [27-49]. Also noteworthy is the work
of Li, Lv and coworkers, who achieved high branched regioselectiv-
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ity by using ambident nucleophiles and bulky N-heterocyclic car-
bene (NHC) ligands [50-53].

It is well-known that carbonyls represent one of the most piv-
otal and versatile functional groups in organic synthesis. In 2021,
our group demonstrated that simple ketones can function as am-
bident nucleophiles to react with gem-F,CPs under the Pd/IHept
catalytic system [54]. This transformation has been shown to be
highly efficient and selective in the formation of branched products
(Scheme 1b). Based on this result, our group has recently investi-
gated the Pd/IHept-catalyzed ring-opening reactions of gem-F,CPs
with malonates and their derivatives, which has delivered a variety
of linear 2-fluorinated products in good to excellent yields (Scheme
1c) [55].

The incorporation of a fluorine atom at the «-position of mal-
onates could significantly enhance its acidity, which is also accom-
panied by an obvious decrease in nucleophilicity [56]. Our previ-
ously developed palladium/IHept catalytic system, which has been
effective for the catalytic transformations of gem-F,CPs with mal-
onates, is not capable of facilitating the analogous transformations
with fluoromalonates [54]. The development of alternative catalytic
strategies to address this issue is necessary. We hypothesize that
this problem may be addressed by utilizing phosphine as the aux-
iliary ligand on the assumption that the phosphine ligand’s en-
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(a) Ring-opening cross-coupling reaction of gem-F,CPs with different nucleophiles
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(d) Pd/XPhos-catalyzed reaction of gem-F,CPs with fluorinated nucleophiles to give
difluorinated alkenes and 2,4-difluorobutadienyl sulfones (This work)
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Scheme 1. Ring-opening defluorinative cross-coupling reactions of gem-F,CPs with
nucleophiles.

hanced m-acceptor capacity could reduce the electron density at
the palladium center compared to observed with NHC ligand. Con-
sequently, this reduction of electron richness at the palladium cen-
tre is expected to facilitate the ligand exchange process with the
less nucleophilic fluoromalonates [57-65]. Herein, we report the
Pd/XPhos-catalyzed defluorinative ring-opening cross-coupling of
gem-F,CPs with fluoromalonates (Scheme 1d). A range of difluo-
rinated alkenes were obtained in moderate to good yields. Besides,
2,4-difluorobutadienyl sulfones were efficiently synthesized when
1-fluorobis(phenylsulfonyl)methane (FBSM) was used as the nucle-
ophile. The utility of this protocol for the late-stage modification of
complex molecules has also been demonstrated.

We began our study by investigating the coupling of gem-F,CP
1a with fluoromalonate 2a using Pd(OAc), as the catalyst and
K,CO3 as the base in THF at 50°C for 12h (Table 1). As can be
seen, the nature of ligands significantly influences the efficiency
of this transformation. No desired product could be detected in
the combination of Pd(OAc), with N-heterocyclic carbene (NHC)
ligand, leaving almost all the starting materials remaining unre-
acted (entries 1 and 2). Gratifyingly, the coupling product 3a was
obtained in 32% yield when RuPhos was used as the ligand (en-
try 3). To improve the yield, a series of sterically-bulky phosphine
ligands were evaluated for this reaction (entries 4-7), and XPhos
behaved the best, delivering the desired product 3a in 90% yield
(entry 6). A further evaluation of solvents such as toluene, EtOAc,
1,4-dioxane and MeCN were performed (entries 8-11), and MeCN
turned out to be the optimal solvent, affording 3a in 94% yield
(entry 11). Optimization of the base revealed that K3PO4 displayed
the similar performance of K,CO5 (entry 12), while other bases in-
cluding Cs,CO3, KHCO3 or Na,CO3 were inferior (entries 13-15).
Control experiments revealed that no target 3a was detected in
the absence of the palladium catalyst, ligand or base (entries 16-
18).

With the optimal conditions established, we evaluated the
scope of gem-F,CPs using dimethyl 2-fluoromalonate 2a as the
nucleophile (Scheme 2a). Generally, a variety of gem-F,CPs with
phenyl rings bearing substituents at different positions (para, or-
tho, or meta) exhibited good reaction efficiency. For example,
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Table 1
Optimization of the reaction conditions.?

Pd(OAC); (5.0 mol%)
RF CO,Me
?g + F—<
CO,Me

Ligand (6.0 mol%)

base (2.0 equiv.)
P e L0
@R/ . i o

i-PrO Oi-Pr
O Ph,P PPh,
=/Pr,  IPr-HCI

R' = Hept, IHept-HCI RuPhos XantPhos

N ® )
MeO PCy, PCyz P(Bu),
i-Pr- iPr i-Pr. i i-Pr i-Pr. i i-Pr

CO,M

2'Naph/ﬁ/\<co?me
solvent (1.0 mL) Foop oD2Me
50°C, 12 h

i-Pr -Pr i-Pr
BrettPhos XPhos Bu-XPhos
Entry Ligand Solvent Base Yield of 3a (%)
1 IPr-HCI THF K,COs 0
2 [Hept-HCl ~ THF K,CO3 0
3 RuPhos THF K,CO3 32
4 XantPhos THF K,CO3 46
5 BrettPhos  THF K,CO3 83
6 XPhos THF K,CO3 90
7 ‘Bu-XPhos  THF K,CO3 0
8 XPhos Toluene K,CO3 83
9 XPhos EtOAc K,CO3 85
10 XPhos 1,4-Dioxane K,COs3 87
11 XPhos MeCN K,CO; 94 (91)
12 XPhos MeCN K3PO4 93
13 XPhos THF Cs,CO; 80
14 XPhos MeCN KHCO; 26
15 XPhos MeCN Na,CO3 30
16 XPhos MeCN - 0
17 - THF K,CO3 0
18 XPhos MeCN - 0

2 Reaction conditions: 1a (0.1 mmol), 2a (0.2 mmol), Pd(OAc), (5.0
mol%), ligand (6.0 mol%), base (0.2mmol), solvent (1.0 mL), 50°C,
12 h under Ar unless otherwise noted.

b Reported yields were based on 1a and determined by '"H NMR
using mesitylene as an internal standard.

the desired products 3b-3e were obtained in 86%, 95% and
92 % yields, respectively, when para-, ortho- and meta-methyl-
substituted gem-F,CPs were tested under the standard conditions.
gem-F,CPs with electron-donating substituents (-‘Bu, -Ph, -OMe,
-0Bn) afforded products 3f-3i in 71%—92% yields, and those with
electron-withdrawing substituents (-OTs, -F, -CF3, -CO,Me, -amide)
also proved effective, affording the corresponding products 3j-3n
in 63%-90% yields. Further attempts were made to expand the
substrate scope. Reactions of gem-F,CPs containing ferrocene, 1-
naphthalene and pyridine moieties were also tolerated, resulting in
the formation of the desired products 30-3q in 89 %—91% yields.
A carbazole group in the gem-F,CP was feasible but resulted in
a slightly lower yield (3r, 36%). Alkyl-substituted gem-F,CP (3s)
was incompatible in this transformation, likely due to the ther-
modynamic unfavourability of the corresponding allyl metal in-
termediates compared to the aryl substitution. Fortunately, 1,2-
disubstituted gem-F,CP was suitable, as evidenced by the forma-
tion of product 3t in 89% yield.

We next explored the scope of fluorinated nucleophiles
(Scheme 2b). Fluorinated diethyl malonate and phenylsulfonyl-
acetate reacted efficiently with gem-F,CP 1a, giving the corre-
sponding products 3u and 3v in 94% and 83 % yields, respectively.
Diethoxy-phosphoryl-fluoroacetate also proved to be a competent
reaction partner under the optimal conditions, affording the de-
sired product 3w in 53% yield. However, fluorinated 1,3-diketones
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Scheme 2. Scope of substrates. Reaction conditions: 1 (0.1 mmol), 2 (0.2 mmol), Pd(OAc), (5.0 mol%), XPhos (6.0 mol%), K,CO3 (0.2 mmol), CH3CN (1.0 mL), under Ar at 50°C

for 12 h. Isolated yields based on 1.

and keto-esters were not suitable for this transformation, result-
ing in almost the complete recovery of the starting materials. No-
tably, gem-F,CPs derived from estradiol, §-tocopherol, menthol, di-
acetone glucose and estrone all reacted smoothly with fluorinated
dimethyl malonate 2a, delivering the corresponding products 3z-
3ad in 82%-90% yields, as shown in Scheme 2c. These results
highlight the potential of this protocol for the late-stage modifi-
cation of bioactive and complex molecules.

During the study of fluoro nucleophiles, an intriguing re-
sult was observed when fluorobis(phenylsulfonyl)methane
was applied as the nucleophile [66-72]. The desired fluoro-
bis(phenylsulfonyl)methylated product 6 was detected in only
trace amount, while an unexpected product 2,4-difluorobutadienyl
sulfone 7 was obtained in 29% yield (Scheme 3a). When the
reaction temperature was elevated to 100°C, compound 6 was
completely disappeared while 2,4-difluorobutadienyl sulfone 7
could be obtained in 80% yield in a highly stereoselective manner.
This result indicated that 7 should be derived from 6 via further

desulfonation [73]. To elucidate the origin of the stereoselectivity
of the desulfonation process, a possible configuration analysis is
proposed. It is apparent that configuration I was disfavoured due
to the more steric hinderance, whereas configuration I would
undergo desulfonation with trans-configuration of the sulfone
group and fluoroalkene moiety [74].

We then investigated the substrate scope for the synthesis of
2,4-difluorodienyl sulfones (Scheme 3b). gem-F,CPs bearing ei-
ther the electron-donating (-Me, -‘Bu, -Ph, -OMe) or electron-
withdrawing (-F, -CF3) substituents on the phenyl ring reacted
smoothly with FBSM to afford the corresponding products 7a-7h
in 66%—82% yields. A ferrocene-substituted gem-F,CP also reacted
successfully under standard conditions. Besides, we were able to
efficiently introduce the 2,4-difluorodienyl sulfone moiety onto §-
tocopherol and estradiol, and the desired products 7j and 7k were
obtained in 81% and 72 % yields, respectively.

We also conducted a 1.0 mmol-scale experiment with the model
substrates under the optimal reaction conditions, providing 3a in
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(a) Preliminary results for the synthesis of 2,4-difluorodienyl sulfone

RF PhO,S.__SO,Ph
ey
F

2-NaPh

Pd(OAc), (5.0 mol%)
¥ SO,Ph
XPhos (6.0 mol%) 2-NaPh/W A
K,COj3 (2.0 equiv.) F F
CH3CN, 50 °C, 12 h
1a 5 3 7,29%

H

\— SO.ph | desulfonation
cross-coupli 2-NaPh™ ™ ’ i
pling SO,Ph | Stereoselective
F F
6

SO,Ph SO,Ph
= . R
7R74 disfavored favored
F7 7 50,Ph > F7 s0,Ph
H R‘:i/\Z—NaPh o

more sterically hindered less sterically hindered

(b) Substrate scope for the synthesis of 2,4-difluorodienyl sulfones

EE Pd(OAC), (5.0 mol%)
PhO,S SO,Ph X Y SO,Ph
Zg . 2 \r 2! XPhos (6.0 mol%) RW 2!
F K;CO3 (2.0 equiv.) F F
R CH3CN, 100 °C, 5 h
1 5 7
F F
FOF FOF Ve
7a, 80% 7b, 75% 7c, 82%
Jij/\(\/sofh J@/WSOZPIW Jij/\(\/SOZPh
F F F F F F
Bu Ph MeO
7d, 72% Te, 69% 7f, 78%
SO,Ph
NS &S Y
N SOPh : EOF
m FaC For Fe
. FF 3 R
79, 77% 7h, 66% 7i, 86%
NN SO2Ph
o EOE N SOPh
o) FF
7j, 81%
MeO 7K, 72%

Scheme 3. Reaction of gem-F,CPs with FBSM. Reaction conditions: 1 (0.1 mmol),
5 (0.2 mmol), Pd(OAc), (5.0 mol%), XPhos (6.0 mol%), K,CO5; (0.2 mmol), CH3CN
(1.0mL), under Ar at 100°C for 5h. Isolated yields based on 1.
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Scheme 4. Scale-up preparation of 3a and synthetic transformations.

85% yield (Scheme 4). Subsequent synthetic transformations of the
product were performed. For example, Krapcho decarboxylation
[75] of 3a using 0.5 equiv. of LiCl for 30 min afforded the difluo-
rinated monoester 8 in 79% yield, while treatment of 3a with 2.0
equiv. of LiCl and extending the reaction time to 5 h resulted in the
difluorinated carboxylic acid 9 in 91% yield.
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In summary, we have developed a divergent Pd/XPhos-catalyzed
ring-opening defluorinative cross-coupling methodology involving
gem-difluorocyclopropanes and fluorinated malonates or fluoro-
bis(phenylsulfonyl)methane. A variety of difluoromalonates and
2,4-difluorobutadienyl sulfones were synthesized with excellent
stereoselectivity and in good to excellent yields. Furthermore, the
versatility of this protocol is exemplified by its successful applica-
tion to the modification of structurally diverse bioactive molecules.
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