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Here we present a highly efficient protocol utilizing nickel-hydride hydrogen atom transfer catalysis for
the regio- and enantioselective hydrofluorination of internal alkenes. This method efficiently assembles
a wide array of enantioenriched S-fluoro amides with excellent regio- and enantioselectivity from inter-
nal unactivated alkenes. Mechanistic investigations suggest that this transformation proceeds via a NiH-
hydrogen atom transfer to alkene, followed by a stereoselective fluorine atom transfer process. The weak
coordination effect of the tethered amide group is identified as a crucial factor governing the observed
regio- and enantioselectivity.

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

Medica, Chinese Academy of Medical Sciences.

The incorporation of fluorine atoms into organic molecules can
profoundly alter their chemical and pharmacokinetic attributes,
making it a subject of increasing interest among both academic
and industrial organic chemists [1-8]. Specifically, the catalytic
formation of C(sp3)-F bonds, especially with precise stereoselec-
tive control, has garnered significant attention. Over the past sev-
eral decades, many elegant methodologies have emerged to access
these coveted stereocenters [9-15]. Nonetheless, many of these ap-
proaches are limited to creating sp>-F stereocenters adjacent to
functional groups like carbonyls and benzyls. The catalytic assem-
bly of a-fluoro stereogenic carbon centers remote to a functional
group, utilizing readily available starting materials, remains an elu-
sive yet imperative objective in synthetic organic chemistry [16-
18].

Hydrofluorination of alkenes, one of the most abundant feed-
stocks in chemical synthesis, offers an exceptionally straightfor-
ward approach for expeditiously forging aliphatic fluorides, includ-
ing those distal to a functional group [19]. Significant achievements
have been made in this area using electrophilic or nucleophilic flu-
orinating agents. However, catalytic enantioselective hydrofluorina-
tion of alkenes to access «-fluoro-substituted carbon stereogenic
centers remains underexploited [20-25]. Two elegant asymmetric
protocols (Scheme 1a) were independently disclosed by the groups
of MacMillan [20] and Huang [22]. In these reactions, enals can
undergo hydrofluorination with high levels of enantioselectivity by

* Corresponding author.
E-mail address: lingling.chul@dhu.edu.cn (L. Chu).

https://doi.org/10.1016/j.cclet.2024.110239

using chiral organocatalysts. Nonetheless, these methods restrict
the use of o,fB-unsaturated aldehydes as alkene partners. In this
regard, transition metal-catalyzed hydrofluorination with metal hy-
drides [26-28] presents a promising avenue to broaden the scope
of accessible alkenes. For instance, the Gouverneur group devel-
oped the first example of hydrofluorination of stryenes utilizing
silanes and electrophilic fluorination reagents, yielding regioselec-
tive benzylic fluorides [21]. This chemistry involves the migratory
insertion of a palladium hydride into styrene to form an alkyl-
metal species, which then reacts with an electrophilic fluorinating
agent via oxidative addition/reductive elimination. The stereoselec-
tivity of newly formed C-F bonds can be controlled using chiral
ligands, as demonstrated by Gouverneur, and further developed by
Liao and Lei (Scheme 1b) [21,23]. Recently, an alternative pathway
involving a metal-hydride hydrogen atom transfer (MHAT) process
[27,29-31] has emerged as a promising strategy for facilitating hy-
drofluorination of alkenes. In this process, hydrogen atom trans-
fer from a metal hydride to an alkene generates an alkyl radical,
which subsequently abstracts a fluorine atom from an electrophilic
fluorinating agent or metal-fluoro species, leading to the forma-
tion of alkyl fluorides, as pioneered by Boger and coworkers us-
ing iron hydrides (Scheme 1b) [32-36]. While the MHAT strategy
generally shows good compatibility of functional groups, enhancing
its synthetic utility, the establishment of an enantioselective vari-
ant, particularly for unactivated internal alkenes, remains a long-
standing challenge. Recently, the groups of Chu and Yu developed
the first radical transfer strategy for the asymmetric hydrogenation
of alkenyl fluorides utilizing nickel hydride hydrogen atom transfer
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Scheme 1. Asymmetric hydrofluorination of internal alkenes via radical mecha-
nism.

[37]. To our knowledge, no examples of MHAT-enabled asymmetric
hydrofluorination of alkenes have yet been disclosed.

In connection with our interest in nickel-catalyzed hydro- and
di-functionalization reactions of alkenes and alkynes [37-45], we
questioned whether a combination of NiH-HAT [34,37,46] and flu-
orine atom transfer would lead to an asymmetric hydrofluorina-
tion of alkenes (Scheme 1c). The proposed mechanism is depicted
in Scheme 2. The reaction begins with the reaction of ligated
Ni(Il)Br I with silane to form Ni(Il)-H species II. With the weak co-
ordination of amide group, Ni(Il)-H II undergoes regioselective HAT
with alkene to generate a solvent-caged radical pair IV. Then, the
reaction of IV with Selectfluor produces a Ni(Ill)-fluoro species V,
followed by an outer-sphere fluorine atom transfer to the alkyl rad-
ical, delivering the desired hydrofluorination product and Ni(Il)Br
to close the cycle. Specifically, we envisaged using a well-designed
chiral nickel complex effectively controlling the stereoselectivity
of either the NiH-HAT or the radical fluorine transfer process.
Drawing from our recent investigations into asymmetric hydro-
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Scheme 2. Proposed mechanism.
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genation of alkenes [37], we were optimistic about the feasibil-
ity of NiH-HAT with stereoselective control. In terms of the fluo-
rine atom transfer, transition metal-catalyzed C(sp3)-F bond forma-
tion reactions, entailing the transfer of fluorine atoms from metal-
fluoro species to alkyl radicals, have been extensively explored by
Groves [47,48], Li [49-51], and others [52-57]. More recently, an
asymmetric radical fluorine transfer catalyzed by iron enzymes has
been disclosed [57]. Critically, the carbon-based radical generated
via MHAT is commonly perceived as a solvent-caged radical pair
[31], thereby conferring advantages to the stereoselective control
of fluorine atom transfer from Ni-fluoro to alkyl radical, owing to
spatial proximity [57]. To address the regioselectivity, another in-
herent challenge associated with catalytic hydrofunctionalization of
unactivated internal alkenes [58-62], we anticipated that the use
of weakly coordinating functional groups such as amides, as pre-
viously reported by our group [38,40] and others [63-65], would
facilitate the control of regioselectivity via chelation. Herein, we
report the development of a nickel-catalyzed highly regio- and
enantioselective hydrofluorination of internal alkenes by merging
NiH-HAT and fluorine transfer processes (Scheme 1c). These re-
actions demonstrate a broad substrate scope with excellent regio-
and enantioselectivity, delivering optically pure S-F amides under
mild conditions.

Initial investigations on a template internal alkene 1 revealed
that the reactions of 1 with Selectfluor, diethoxymethylsilane
(DEMS), and NaHCOj; in the presence of catalytic NiBr,-DME with
chiral bi-oxazoline (BiOx) L1, pyridine-2,6-bis(oxazolines) (Pybox)
L2, or Bn-substituted bisoxazoline (Box) L3 failed to afford any
desired products (Fig. 1, Table 1, entries 1-3). Switching to the
Ph-Box L4 gave a 23% yield of the desired B-F amide product 2
with exclusive regioselectivity and a promising enantiomeric ex-
cess (entry 4). Encouraged by these results, we further evaluated
a series of chiral Ph-Box ligands (L5-L10). We found that an in-
crease in the steric hindrance at the gem-disubstituted linker or
the C5 substituents of Box ligands can improve the efficiency of
this hydrofluorination reaction (entries 5-10). Remarkably, the C5-
diphenyl substituted ligands (R,R)-L8 and (R,R)-L9 with bulky link-
ers significantly improved the yields and ee, and (R,R)-L9 proved
to be optimal, affording product 2 in 74% yield and 97% ee (entries
8 and 9). Further increasing the steric hindrance of the linker by
installing two naphthalene methyl groups gave a new ligand (R R)-
L10, nevertheless resulting in a dramatic decrease in yields (entry
10). As anticipated, the choice of solvent proved to be pivotal. Re-
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Fig. 1. Structures of chiral ligands tried in this study.
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Table 1
Optimization of reaction conditions.?

NiBr,*DME
(10 mol%)
/—CI chiral ligand

0 . ﬂy (15 mol%) o F
ArHNJI\/\/Et {NEZF . DEMS, NaHCO;4 ArHNJj\)\/Et
1 *  DME/c-Hex 2

Ar = 3,5-diOMe-CgH3 25°C,22h
S S S
SN X

Ph X PhO X Ve 0=<)—/

1a 1b 1c 2’ ~20%, 8% ee
Entry Conditions Yield of 2 (%) ee of 2 (%)
1 (S, S)-L1 0 -
2 (S, S)-L2 0 -
3 (S, S)-L3 0 -
4 (S, S)-14 23 -28
5 (S, S)-L5 62 34
6 (R, R)-L6 39 40
7 (R, R)-L7 43 78
8 (R, R)-L8 65 95
9 (R, R)-L9 74 97
10 (R, R)-L10 38 93
11 DME, instead of DME/c-hex 64 97
12 c-hex, instead of DME/c-hex 0 -
13 EtOAc, instead of DME/c-hex 61 94
14 NFS], instead of Selectfluor 42 82
15 N-fluoropyridinium salt, instead of 0 -

Selectfluor

16 no Ni, ligand, silane, or base 0 -

2 Reaction conditions: NiBr,-DME (10 mol%), (RR)-L9 (15 mol%), alkene 1
(0.1 mmol), Selectfluor (2.5 equiv.), DEMS (2.5 equiv.), NaHCO; (2.5 equiv.), DME/c-
Hex (v/v=3:1, 0.05mol/L), 25 °C, 22h. ®F NMR yields were determined using
PhOCF; as an internal standard, and ee values were determined using high per-
formance liquid chromatography on a chiral stationary phase.

actions conducted in DME or ethyl acetate yielded moderate yields,
whereas no product was observed in cyclohexane (entries 11-13).
The use of N-fluorobenzenesulfonimide (NFSI) led to significant de-
creases in yields and ee; nevertheless, no product was detected
with N-fluoropyridinium salt as a fluorinating agent (entries 14 and
15). While almost concurrently, Hong reported the nickel-catalyzed
asymmetric hydrofluorination of unactivated alkenes utilizing (S,S)-
L3 and a N-fluoropyridinium salt via an ionic pathway. However,
attempts to react alkenes with (S,S)-L3/Selectfluor or (RR)-L9/N-
fluoropyridinium salt were unsuccessful (entries 3 and 15), indi-
cating that different mechanisms are influenced by the backbone
of chiral ligands and F* agents [66]. Control experiments revealed
that nickel catalyst, chiral ligand, silane, and base are all necessary
for this transformation (entry 16). We identified the S-CONH group
is crucial for efficiency and regio-/stereo-selectivity, as no products
were observed in cases involving alkenyl ketone (1a), alkenyl es-
ter (1b), or tertiary amide (1c). Additionally, alongside product 2,
a small amount of side product lactam 2’ was detected in most
cases.

We then explored the internal alkenes under optimal conditions
(Scheme 3). B,y —Alkenyl amides tethered with benzyls, alkyls, in-
ternal alkynes, ethers, esters, heterocycles, and imides exhibited
good reactivity, yielding the corresponding B-fluoro amide prod-
ucts with exceptional enantioselectivities (3-29, up to 99% ee). The
mild conditions are compatible with many important functional
groups, including fluoride-sensitive and acid-sensitive groups such
as silyl ether and Boc. The electronic properties of the N-aromatic
ring of alkenyl amides showed some impact on the efficiency and
enantioselectivity, and substrates with electron-poor aryl-protected
amides proceeded with slightly decreased yields and ee (23-24).
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N-Alkyl substituted alkenyl amides were suitable coupling part-
ners, affording the corresponding chiral aliphatic fluorides with
good yields and high ee (25-26). The reaction of «-methyl sub-
stituted alkenyl amide proceeded with good enantioselectivity, al-
beit with a significantly decreased yield (27, 2:1 dr, 98% ee, 92%
ee). Furthermore, the reactions of y,y-disubstituted alkenyl amides
formed B-fluoro amides with excellent regioselectivity, albeit with
decreased ee and low yields (28-29). The absolute configuration
of the newly formed sp3-F chiral center was established by X-ray
crystallographic analysis (21).

To showcase the versatility and applicability of this methodol-
ogy, we carried several complex internal alkenes derived from bio-
logically active agents for late-stage asymmetric hydrofluorination.
As shown in Scheme 3, internal alkenes tethered with drugs and
agrochemicals, including estrone, isoxepac, chloroxylenol, dehy-
droabietic acid, indomethacin, diflunisal, vitamin E, and naproxen,
all proceeded smoothly, delivering the enantioenriched alkyl fluo-
rides with moderate yields and excellent ee (30-37, 92%—97% ee).

Next, we sought to perform mechanistic studies to probe poten-
tial pathways (Scheme 4). First, the use of pre-prepared (R,R)-L8-
NiBr, complex [67] Ni-I in place of NiBr,-dme/(RR)-L8 delivered
product 2 in comparable yield and ee (Scheme 4a). A non-linear re-
lationship between the enantiopurities of product 2 and ligand L9
was observed, further supporting that a mono-nickel complex with
a single chiral ligand is involved in this transformation (Scheme
4b). A key step for the proposed mechanism involves MHAT to
alkene forming a carbon radical/nickel(Il) cage pair. To probe the
potential involvement of radical intermediacy, we subjected radical
inhibitor TEMPO (1.0 equiv.) to the reaction system, which com-
pletely shut down the hydrofluorination reaction (Scheme 4c). Fur-
thermore, the reaction of diene 1e under the optimal condition
gave a 39% yield of cycloisomerization products 38 (a mixture of
regioisomers and diastereoisomers), suggesting the involvement of
alkyl radicals (Scheme 4d) [68]; no fluorination product was ob-
served, probably due to the sluggish fluorine atom transfer to alkyl
radicals without the directing effect of amides. On the other hand,
the reaction of cyclic alkene 1f gave a 32% yield of product 39
in a mixture of diastereoisomers (dr=2:1) (Scheme 4e); a simi-
lar result was obtained in the case of product 27 (dr=2:1) shown
in Scheme 3. The low dr ratios are in sharp contrast to the pre-
vious report by Martin and coworkers [69], wherein excellent di-
astereoselectivity was observed for the B-C-C bond formation via
an amide-coordinated nickelacyle species, indicating that an outer-
sphere ligand transfer pathway is likely involved for the C-F bond-
forming in our system. Next, the reaction of alkene 1d and Ph,SiD,
showed a kinetic isotope effect (KIE) of 1.25 on the initial rates of
the reaction, consistent with our previous NiH-HAT work (Scheme
4f) [37]. To further identify the stereo-determining process, the
reactions of internal alkenes (E)- and (Z)-1d with Ph,SiD, were
conducted; product 22-d was obtained with low diastereomeric
ratios (1.4:1 and 3.2:1, respectively), suggesting that the C(sp3)-F
bond formation, presumably via fluorine atom transfer from nickel-
fluoro species, could be the stereo-determining step (Scheme 4g).
Ongoing studies aim to provide further support for the proposed
Ni-HAT/fluorine atom transfer process.

In conclusion, we have developed an efficient method for the
asymmetric hydrofluorination of internal alkenes with silane and
Selectfluor via a NiH-HAT/fluorine atom transfer process. A wide
array of chiral B-fluoro amides can be obtained from abundant in-
ternal alkenes with very high levels of regioselectivity and enan-
tioselectivity at room temperature. This methodology demonstrates
a broad substrate generality and tolerates a wide range of func-
tional groups, including electron-rich heterocycles, silyl ethers, and
Boc. The transformation described herein serves as a valuable addi-
tion to the repertoire of methods for the enantioselective synthesis
of B-fluoro substituted stereogenic carbon centers at remote posi-
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Scheme 3. Asymmetric hydrofluorination of internal alkenes. Reaction conditions: alkene (0.1 mmol), NiBr,-DME (10 mol%), (R,R)-L9 (15 mol%), Selectfluor (2.5 equiv.), DEMS
(2.5 equiv.), NaHCO;3 (2.5 equiv.), DME/c-Hex (v/v=3:1, 0.05mol/L), 25°C, 22 h. Isolated yields; ee values were determined using high performance liquid chromatography on

a chiral stationary phase. (E)-Alkenes were used if otherwise denoted.
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tions and, more importantly, stimulates further exploration in the
area of asymmetric fluorine atom transfer reactions.
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