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d oxy-alkylation of styrenes
enabled by halogen-atom transfer

Qiujian Tan,†ab Xiang Lyu, †c Yu Zhao,a Huaquan Fang,*b Xianxiu Xu *a

and Zhongyan Hu *a

Herein, we present a mechanistically distinct approach to the multicomponent difunctionalisation of

styrenes with alkyl halides and oxygen by integrating a-aminoalkyl radical-mediated halogen-atom

transfer (XAT) with copper catalysis under air-equilibrated conditions. This strategy eliminates the need

for external peroxides or photoredox conditions, offering a streamlined and efficient alternative.

Mechanism studies uncover a unique role for the copper catalyst: instead of directly activating alkyl

halides, inexpensive CuCl2 oxidizes a tertiary amine to generate an a-aminoalkyl radical, which then

drives XAT to release alkyl radicals. These radicals subsequently add to alkenes, facilitating efficient

difunctionalisation. This method accommodates a broad range of alkyl radical precursors, including

fluoroalkyl- and alkyl halides, and demonstrates compatibility with diverse styrenes, enabling the modular

synthesis of b-(fluoro)alkylated ketones with excellent functional group tolerance under mild conditions.

Notably, the strategy's practical utility is exemplified through the late-stage functionalisation of

biologically active molecules and pharmaceuticals, showcasing its potential for rapid, efficient access to

structurally complex molecules.
Introduction

The accessibility and versatile reactivity of carbon–carbon
double bonds make alkenes a sought-aer class of feedstocks in
chemical synthesis.1 Over the past few decades, numerous
efficient strategies have been developed for their functionali-
sation.2 Among these, the catalytic difunctionalisation of
styrenes has emerged as a particularly powerful approach for
enhancing molecular complexity by simultaneously installing
two distinct functional groups across the double bond in
a single transformation.3 Alkyl halides, due to their structural
diversity and synthetic accessibility, have become some of the
most widely employed reagents in organic chemistry, serving as
excellent precursors for generating alkyl radicals.4 In this
context, the catalytic alkylation of styrenes with alkyl halides
has become a vibrant area of research in both transition metal
and photoredox catalysis (Scheme 1a). These approaches typi-
cally rely on direct single-electron transfer (SET) between metal
(e.g., Ni,5,6 Co,7,8 Pd,9,10 Cu,11–13 and Fe14) or photoredox cata-
lyst15,16 and the alkyl halides to generate the corresponding alkyl
radicals.5–16 However, their general applicability is oen
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constrained by substrate-specic reactivity, with optimal
performance typically observed for activated halides such as
ethyl bromodiuoroacetate. In contrast, unactivated alkyl
halides present a substantial challenge due to their intrinsically
more negative reduction potentials (<−2 V vs. SCE),17–20 neces-
sitating strongly reducing conditions that are oen incompat-
ible with mild radical initiation. Seminal work by the groups of
Scheme 1 Radical-mediated difunctionalisation of styrenes with alkyl
halides.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc03774c&domain=pdf&date_stamp=2025-09-20
http://orcid.org/0000-0003-1227-8563
http://orcid.org/0000-0001-7435-7449
http://orcid.org/0009-0005-8666-5939
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc03774c
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016037


Table 1 Optimisation studiesa

Entry Variation from standard conditions Yield of 3b (%) Z/Eb

1 None 73 (71)c >22 : 1
2 No CuCl2 0 —
3 No Cy2NMe 0 —
4 No PPh3 62 >22 : 1
5 CuCl instead of CuCl2 37 >22 : 1
6 CuBr2 instead of CuCl2 54 >22 : 1
7 CoCl2/PdCl2 instead of CuCl2 0 —
8 Cy2NEt instead of Cy2NMe 17 >22 : 1
9 Pempidine instead of Cy2NMe 47 >22 : 1
10 iPr2NMe instead of Cy2NMe 34 >22 : 1
11 Et2NMe instead of Cy2NMe 0 —
12 N2 atmosphere 0 —
13 O2 atmosphere 31 >22 : 1

a Reaction conditions: 1 (0.3 mmol), 2 (1.2 mmol), CuCl2 (0.06 mmol),
PPh3 (0.06 mmol), and Cy2NMe (1.2 mmol) in CH3CN (2 mL) at 25 °C
under air atmosphere for 24 h. b Yields and Z/E ratios were
determined by 19F NMR analysis of the crude reaction mixtures using
CF3Ph as the internal standard. c Yield of isolated product.
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Huang,5,8 Lei,7 Zhang,6 and others5–16 has demonstrated that
cobalt-, nickel-, or palladium-catalysed processes, employing
electron-shuttle catalysis,5,8 halogen-atom transfer (XAT),7

photoinduced systems,10 or organolithium reagents as coupling
partners,6 can promote electron transfer from low-valent metal
species to alkyl halides, thereby facilitating alkene functionali-
sation. While these advances represent signicant progress, the
pursuit of a low-cost and green alternative strategy for styrene
alkylation, capable of enabling simpler, milder, and more effi-
cient activation of alkyl halides with broad functional group
compatibility, remains a crucial and highly sought-aer
objective.21–23

Recent studies have revealed that alkyl radicals can be effi-
ciently generated from their corresponding halides by
leveraging a-aminoalkyl radicals to trigger XAT
reactions.18–20,24–26 This strategic approach leverages strong polar
effects in the transition state during halide abstraction, thereby
facilitating alkyl radical formation.18–20,24–30 As a result, the alkyl
halide is not required to engage in direct SET with the metal,19

nor coordination with it for subsequent abstraction or oxidative
addition,13,31,32 thereby enabling broader synthetic applications.
Building on these insights, we hypothesized a conceptually
distinct strategy where the copper catalyst facilitates the
formation of a-aminoalkyl radical without directly activating
the alkyl halide.33–37 This approach could offer signicant
synthetic advantages in assembling challenging small-molecule
building blocks. The proposed catalytic mechanism, illustrated
in Scheme 1b, involves the copper catalyst preferentially
oxidizing tertiary amines to generate a-aminoalkyl radicals,
which then mediate XAT from alkyl halides, forming the cor-
responding alkyl radicals. These radicals subsequently add to
alkenes, generating a new C-centered radical. The resulting
intermediate undergoes recombination with oxygen (O2) in the
presence of the copper catalyst,38 ultimately yielding the desired
difunctionalisation product. The copper catalyst is continuously
regenerated through electron exchange with the tertiary amine
in the presence of O2 from air. A key mechanistic distinction of
this approach, compared to traditional transition-metal and
photocatalysis systems, is that carbon–halogen bond activation
occurs outside the copper catalytic cycle, independent of the
nature of the copper catalyst and alkyl halide. This unique
feature also eliminates the need for expensive catalysts and
additional photocatalysis,39,40 which we anticipate will broaden
the substrate scope and enhance the versatility of this
transformation.

Results and discussion
Reaction development

To optimize the reaction conditions, a model reaction between
styrene (1) and ethyl bromodiuoroacetate (2) was performed
under air-equilibrated conditions (Table 1). Aer extensive
screening (see the SI for details), we were pleased tond that ethyl
(Z)-2-uoro-4-oxo-4-phenylbut-2-enoate (3) was obtained in 73%
yield with excellent regioselectivity (Z/E > 22 : 1) when CuCl2 was
used as the catalyst and N-cyclohexyl-N-methylcyclohexanamine
(Cy2NMe) was employed as the XAT reagent in MeCN at 25 °C
© 2025 The Author(s). Published by the Royal Society of Chemistry
(entry 1). Control experiments revealed that both CuCl2 and
Cy2NMe were essential for the uoroalkylation reaction (entries 2
and 3), and the absence of PPh3 led to slightly decrease in yield
(entry 4). Substituting CuCl2 with other copper salts, such as CuCl
or CuBr2, resulted in lower yields, while other transition metals
(e.g., CoCl2, PdCl2) proved ineffective (entries 5–7). Notably,
functionalized tertiary amines with less steric hindrance
produced inferior results or failed entirely, underscoring the
critical role of the sterically bulky Cy2NMe (entries 8–11). Notably,
air-equilibrated conditions are essential, no reaction occurs
under a N2 atmosphere (entry 12), while an O2 atmosphere results
in a decreased yield (entry 13). Finally, other diuoroalkyl radical
precursors were examined. Chlorides proved unreactive, likely
due to the stronger C–Cl bond.17,41 Although more reactive,
iodides afforded product 3 with reduced efficiency, likely due to
the formation of Heck-type by-products, as evidenced by 19F NMR
analysis (Fig. S1).42 We propose that, in the case of iodides, the
newly radical formed via the initial addition step, undergoes
rapid iodine atom transfer to generate an alkyl iodide, which
subsequently undergoes dehydroiodination under the reaction
conditions (Table S9).43 These ndings conrm that diuoroalkyl
bromides deliver the best overall performance.
Oxo-uoroalkylation of styrenes

With the optimized reaction conditions established, the
substrate scope of the uoroalkylation was initially explored
Chem. Sci., 2025, 16, 17316–17324 | 17317
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using uorinated alkyl bromides (Scheme 2). This trans-
formation demonstrated compatibility with a broad range of
styrene-type olens, including those with varying electronic
properties at the para, ortho, or meta positions, affording the
corresponding b-uoroenone products 3–18 in moderate to
good yields. Styrenes containing labile and synthetically versa-
tile functional groups, including amines (6), halides (8–10, 18),
alcohols (11), silanes (12), boronic esters (13), alkenes (14), and
alkynes (15),44 were well-tolerated, offering opportunities for
further derivatisation. Additionally, polysubstituted styrenes
were also compatible, yielding the desired products (19–20)
Scheme 2 Oxo-fluoroalkylation of styrenes with fluoroalkyl halides. Rea
CuCl2 (0.06 mmol), PPh3 (0.06 mmol), and Cy2NMe (1.2 mmol) in CH3C
fluoroalkyl bromides (0.6 mmol), CuCl2 (0.06 mmol), PPh3 (0.06 mmol), a
for 24 h. Yield of isolated product, Z/E ratios were determined by 19F NM
standard. bYield based on recovered starting material. cE/Z > 22 : 1, the E-
material.

17318 | Chem. Sci., 2025, 16, 17316–17324
smoothly. Styrenes featuring fused arenes and heterocycles,
such as naphthalene (21), thiophene (22), thiazole (23), benzo-
furan (24), benzothiophene (25–26), and carbazole (27) also
proved compatible with this protocol, delivering the target
products in moderate yields. Remarkably, radical precursors
containing amides afforded the desired product 28, while
phosphonate groups resulted in the formation of b-uoroenone
29 and an unexpected a-triuoromethyl ketone 30 in moderate
yields (Fig. S39).45 Remarkably, 1,3-dienes, cyclic internal
styrenes, and 1,2-diphenylethenes were all compatible with the
reaction conditions, delivering the corresponding b-
ction conditions: styrenes (0.3 mmol), fluoroalkyl bromides (1.2 mmol),
N (2 mL) at 25 °C under air atmosphere for 24 h. aStyrenes (0.3 mmol),
nd Cy2NMe (0.6 mmol) in CH3CN (2 mL) at 25 °C under air atmosphere
R analysis of the crude reaction mixtures using CF3Ph as the internal
isomer is the major product. dNo reaction, rsm = recovered of starting

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc03774c


Scheme 3 Scale-up reaction and synthetic transformations.
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uoroenone products (31–34) in acceptable yields. The observed
stereoselectivity of 34 can be rationalized by comparing the
transition states energies leading to each isomer during the
anti-uoride elimination, as illustrated in Fig. S40. The transi-
tion state leading to (E)-34 is energetically favored, as it avoids
steric repulsion between the phenyl (Ph–) and alkoxycarbonyl
(EtO2C–) groups.46 Interestingly, when (E)-b-methylstyrenes
were empolyed under the standard condition, the non-
deuorinated products (35–36) were obtained, likely due to
steric hindrance that impedes the E2 elimination pathway.47

Additionally, 1,1-disubstituted and 1,1,2-trisubstituted styrenes
furnished the corresponding Heck-type products (37–38). This
outcome is consistent with previous observations involving
other catalytic systems utilizing a-aminoalkyl radical-mediated
XAT strategies.48 This method was also effective for mono-
uorinated substrates, as exemplied by the reaction of styrene
with ethyl 2-bromo-2-uoroacetate, which afforded the desired
(E)-a,b-unsaturated ester 39. Whereas ethyl di-
bromouoroacetate led to the formation of product 3 through
debromination, rather than deuorination. However, unac-
tivated olens, such as 4-phenyl-1-butene and 1-octene, proved
to be inefficient in this transformation, typically leading to the
recovery of over 90% of the starting olens (Fig. S17). Pyridine-
containing olens (e.g., 4-vinylpyridine), which can act as
ligands and interfere with the metal-catalytic system, also failed
to undergo efficient transformation. Additionally, olens with
unique structural features, such as 1,3-enynes (e.g., but-3-en-1-
yn-1-ylbenzene) and allenes (e.g., 1-phenylallene), led to
complex reaction mixtures, complicating purication efforts.
Biologically relevant olens, derived from compounds such as
indomethacin, ibuprofen, fenbufen, loxoprofen, and 2-pro-
pylpentanoic acid, were smoothly converted into b-uoro-
enones 40–44 in moderate yields. Similarly, a-triuoromethyl
ketone derivatives 45–49 performed well under standard
conditions, highlighting the potential utility of this method for
late-stage diversication of pharmaceutical agents.

Synthetic transformations

To demonstrate the scalability of this uoroalkylation, the
reaction between 1 and 2 was scaled up to 1 mmol, yielding the
desired product 3 in moderate yield (Scheme 3). While b-
uoroenones are intrinsically valuable,49 their potential as
synthetic intermediates were further showcased by converting 3
into versatile enaminones (50–56)50 in high yields with excellent
E-selectivity via a transition metal-free deuorination/
amination or ammonolysis sequence.

Oxo-alkylation of styrenes

Building on the initial success, we next investigated the scope of
the reaction with respect to unuorinated alkyl halides (Scheme
4). We were pleased to observe that a broad range of alkyl
bromides successfully participate in the reaction with various
styrenes, leading to the formation of a diverse array of g-keto-
esters (57–68) in moderate to good yields. Notably, g-ketoester 57
could be obtained on a large-scale with a 60% isolated yield.
Furthermore, a-bromo amides were also compatible with the
© 2025 The Author(s). Published by the Royal Society of Chemistry
reaction, providing the desired products 69–70, which feature
both oxo and amino groups, making them valuable for subse-
quent transformation. Additionally, a variety of a-bromoketones
was incorporated into the method, yielding structurally diverse
1,4-dicarbonyl compounds (71–74). These compounds present
a synthetic challenge due to the intrinsic polaritymismatch of the
substrates,51 demonstrating the broad applicability of the
protocol. a-Bromonitrile was also a suitable partner, delivering
the synthetically valuable b-nitrile ketone 75 in moderate yield.
Ethyl dibromoacetate also participated in this transformation,
resulting in the formation of the debromination product 39.
Notably, unactivated alkyl halides, such as benzyl bromides (e.g.,
(bromomethyl)benzene) and alkyl iodides (e.g., 1-uoro-2-
iodoethane, 1-iodo-3,3,3-triuoropropane, and 1-iodo-4,4,4-
triuorobutane), were successfully incorporated into this plat-
form, affording the desired products 76–79. However, most of
other alkyl bromides proved inefficient in this transformation,
with the aminomethylation28 or E2 elimination30 by-products
detected by high-resolution mass spectrometry (HRMS) analysis
(Fig. S18–S29). Attempts to improve reactivity by using more
electrophilic Michael acceptors (e.g., ethyl acrylate, acrylonitrile,
1-phenylprop-2-en-1-one, and cinnamonitrile) were also unsuc-
cessful under the current conditions (Fig. S30–S33). We speculate
that in these cases, a-aminoalkyl radical-mediated XAT is slowed
due to the stronger nature of the C–Br bond,41 making the direct
Giese addition of alkyl radicals to the acceptor more competi-
tive.18,43 This reactivity gap is especially pronounced under aerobic
conditions.52 Finally, this protocol was shown to be effective in
late-stage modication of complex molecules, as exemplied by
compounds 80–86, where biorelevant groups were incorporated
to afford the desired 1,4-dicarbonyl products in moderate to high
yields.
Mechanistic investigations

To gain insight into the reaction mechanism, a series of control
experiments were conducted. First, radical trapping
Chem. Sci., 2025, 16, 17316–17324 | 17319
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Scheme 4 Oxo-alkylation of styrenes with alkyl halides. Reaction conditions: styrenes (0.3 mmol), alkyl halides (1.2 mmol), CuCl2 (0.06 mmol),
PPh3 (0.06 mmol), and Cy2NMe (1.2 mmol) in CH3CN (2 mL) at 25 °C under air atmosphere for 24 h. a1.0 mmol scale experiment, alkenes (1.0
mmol), alkyl halides (2.0 mmol), CuCl2 (0.06 mmol), PPh3 (0.06 mmol), and Cy2NMe (2.0 mmol) in CH3CN (4 mL) at 25 °C under air atmosphere
for 24 h. Yield of isolated product. bYield based on recovered starting material. c20% benzaldehyde isolated as a by-product. dAlkyl iodides were
used.
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experiments were performed using 2,2,6,6-
tetramethylpiperidinyl-1-oxide (TEMPO) and 2,6-di-tert-butyl-4-
methylphenol (BHT) as radical scavengers each separately
(Scheme 5a). The reaction was completely inhibited in the
presence of TEMPO, while the formation of product 3 was
signicantly reduced in the presence of BHT. In addition,
several radical-adducts were observed and characterized,
including diuoroalkyl-TEMPO (S1), a-aminoalkyl-TEMPO (S2),
diuoroalkyl-BHT (S4), and a-aminoalkyl-BHT (S5), through 19F
NMR and HRMS analysis (Fig. S2 and S3).6,53 These ndings
suggest that the reaction likely proceeds via a radical pathway.
Further radical trapping studies using 1,1-diphenylethylene
revealed the presence of a C-centered radical species (S6) and
oxo-diuoroalkylation products (30), with the diuoroacetate
adduct 37 isolated in 34% yield (Scheme 5b and Fig. S4).54

Additionally, the detection of iminium ion S3, ammonium salts
S7 and S8 suggests that Cy2NMe is involved in both the XAT and
deuorination steps. To further conrm the involvement of
a diuoroalkyl radical in the reaction, a radical-clock experi-
ment was conducted. As shown in Scheme 5c, treatment of
compound 87, known to undergo radical rearrangement, with 1
and 2 under standard conditions afforded the ring-expanded
product 88 in 40% yield (determined by 19F NMR spectros-
copy), along with 33% yield of 3 (Fig. S5).55–57 These results
17320 | Chem. Sci., 2025, 16, 17316–17324
support the involvement of an ethyl diuoroacetate radical and
conrm that the reaction proceeds via a radical-mediated Giese-
type mechanism.58 Consistent with this mechanistic hypoth-
esis, intermediate 30 was detected by 19F NMR and HRMS upon
lowering Cy2NMe and shortening the reaction time (Fig. S6),
supporting its conversion to b-uoroenones 3 via
dehydrouorination.59

To further investigate the conversion of uoroalkyl halides
and amines, electron paramagnetic resonance (EPR) experi-
ments were conducted using phenyl N-tert-butylnitrone (PBN).
In the reaction of 1 with 2 under standard conditions, the
formation of the PBN-spin adduct R1 indicates the selective
generation of the ethyl diuoroacetate radical (Scheme 5d).6,54,60

When 2 was reacted alone, a new PBN-spin adduct (R2) was
observed, which was assigned as the a-aminoalkyl radical based
on its spectral characteristics,61,62 conrmed through HRMS
analysis (Fig. S7 and S8). Furthermore, in the presence of both
CuCl2 and Cy2NMe, the PBN-spin adduct R3, generated from
the reaction of amine radical cation with PBN, was entrapped
(Scheme 5e and Fig. S9).63,64 In contrast, no radical species were
observed when CuCl2 was replaced by CuCl under the same
conditions (Fig. S10). Notably, when a mixture of CuCl2, 2, and
PBN was used, no diuoroacetate radicals were observed in the
EPR spectrum, and a band with g-values around 2.134 was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Mechanistic studies.
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observed, corresponding to Cu(II) and (Fig. S11).65 Although
PPh3 is not essential for product formation, its presence
enhance the reaction yield. To elucidate its role, we conducted
cyclic voltammetry studies (Fig. S35). The oxidation peak of
Cy2NMe was observed at +0.71 V (vs. Ag/AgCl) in CH3CN,28,66

while CuCl2 exhibited an oxidation peak at +0.61 V (vs. Ag/
AgCl),67 indicating that the SET oxidation of Cy2NMe by CuCl2 is
thermodynamically unfavorable. Notably, mixing CuCl2 with
© 2025 The Author(s). Published by the Royal Society of Chemistry
PPh3, resulted in a new peak at + 0.99 V (vs. Ag/AgCl), suggesting
the formation of a Cu(II)Ln complex as the active oxidant at the
onset of the reaction.68 We further performed 31P NMR analysis
of the reaction mixture to probe the fate of PPh3 at the end of
the reaction. As shown in Fig. S36, the spectrum displayed
a single resonance at d z 27 ppm, corresponding to tri-
phenylphosphine oxide (OPPh3), with no detectable signal for
unreacted PPh3.69,70 This indicates complete oxidation of PPh3
Chem. Sci., 2025, 16, 17316–17324 | 17321
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to OPPh3 under the reaction conditions, likely mediated by the
copper catalyst and molecular oxygen, consistent with previous
reports on copper-catalysed aerobic phosphine oxidation.71

Accordingly, the complete conversion of PPh3 to OPPh3

supports a copper-mediated oxidation mechanism. We cannot
exclude the possibility that copper–dioxygen species function as
one-electron oxidizing agents for the tertiary amine during the
process.34,35,72 Taken together, these results suggest that the
amine radical cation is formed via single-electron oxidation of
Cy2NMe by Cu(II) species, and the diuoroacetate radical is
generated via an XAT process from the a-aminoalkyl radical,
rather than from a Cu(II) complex. Additionally, the reaction of
the ATRA product 89 did not yield the expected di-
functionalisation products 3 or 30 under standard conditions
(Scheme 5f), ruling out an ATRA mechanism.5,21,73 Finally, the
reaction of 1 and 2 with a CuCl catalyst, conducted in the
absence of Cy2NMe under standard conditions, was found to be
inefficient (Scheme 5g and Fig. S15). Moreover, no EPR signal
was observed in the mixture of CuCl, 2, and PBN, either in the
presence or absence of PPh3 under these conditions (Fig. S12
and S13). In addition, stirring a mixture of CuCl, 2, and PPh3 in
CH3CN at 25 °C for 24 h under air-equilibrated conditions
resulted in quantitative recovery of 2, indicating no detectable
consumption (Fig. S14). Taken together, these ndings suggest
that Cu(I) is unlikely to engage in direct oxidative addition74,75 or
SET5,21,73 with 2 to generate the ethyl diuoroacetate radical
under the tested conditions.

Based on our experimental observations and previous
insights, a catalytic cycle that accounts for this transformation
is outlined in Scheme 5h. The cycle initiates with a Cu(II)-
mediated SET oxidation of Cy2NMe,33,36,72,76 leading to the
formation of a Cu(I) complex and the amine radical cation I.
Cu(I) complexes are reoxidized by atmospheric O2, regenerating
Cu(II) complexes.77 Meanwhile, the amine radical cation rapidly
undergoes deprotonation in the presence of base to form the a-
aminoalkyl radical II.66,78 A subsequent XAT between the a-
aminoalkyl radical II and ethyl bromodiuoroacetate (2)
produces the ethyl diuoroacetate radical III and the iminium
ion S3.18,26,29,79 The ethyl diuoroacetate radical III then adds to
styrene (1), forming a new C-centered radical IV,79,80 which
recombines with Cu(I) and O2 to yield the Cu(III)-peroxyl radical
V.81 The Cu(III) species V undergoes rapid rearrangement to
produce 30 and regenerate the Cu(II) species.81,82 Finally, (Z)-b-
uoroenone 3 is formed via a dehydrouorination process in
the presence of Cy2NMe.83

Additionally, the formation of Cu(I) species was conrmed
through UV-vis spectral analysis (Scheme 5i).19,82,84 The UV-vis
spectrum of CuCl2 shows a band at 460 nm, which disappears
upon the addition of Cy2NMe, accompanied by the appearance
of a new band at 230 nm. Similarly, CuCl in the presence of
Cy2NMe exhibits a similar spectrum with a lmax at 230 nm. This
spectral change supports the idea that Cu(II) preferentially
oxidizes Cy2NMe to form Cu(I) and the amine radical cation I,
which participates in the reaction, consistent with the EPR spin-
trapping results. To further investigate the oxo-alkylation
process, a Hammett analysis was performed (Scheme 5j).
Competition experiments between phenylacetylene and para-
17322 | Chem. Sci., 2025, 16, 17316–17324
substituted styrene derivatives revealed a linear relationship
between log(kX/kH) and s, with a negative slope (r = −0.23),
suggesting that the transition state is stabilized by electron-
donating substituents. This nding supports a mechanism
involving radical addition to the double bond, followed by the
formation of a Cu(III) intermediate.85,86 Moreover, the reaction of
Cy2NMe with CuCl2 and 2 at 25 °C in CD3CN was monitored by
NMR spectroscopy (Scheme 5k and Fig. S37). As expected, 1H
NMR revealed the liberation of a proton (H/D exchange forming
CH3CN) during the deprotonation of the amine radical cation I,
along with the generation of iminium ion S3 during the XAT
process. These results further support the involvement of the a-
aminoalkyl radical in the XAT process. Moreover, density
functional theory (DFT) calculations suggest that the XAT acti-
vation of uoroalkyl reagents by an a-aminoalkyl radical is
favorable both kinetically and thermodynamically (Fig. S41). In
addition, the iminium ion S3 could be isolated by ltration and
was well-characterized by NMR and HRMS analysis (Fig. S37
and S38), providing additional evidence that the ethyl di-
uoroacetate radical is generated via XAT mediated by the a-
aminoalkyl radical, rather than by Cu(II) species.

Conclusions

In summary, we have developed a copper-catalysed, a-amino-
alkyl radical-mediated XAT protocol for the difunctionalisation
of diverse styrenes with alkyl halides under air-equilibrated
conditions. This method enables divergent access to b-(uoro)
alkylated ketones with broad substrate scope, excellent func-
tional group tolerance, and suitability for late-stage modica-
tion of complex bioactive molecules. The reaction is scalable
and operationally simple, demonstrating its practical utility.
Compared to recently developed catalytic methods that utilize
ligated boryl radicals under photoredox conditions,17,87,88 this
straightforward approach oxidizing readily available amines
with inexpensive Cu(II) facilitates the formation of a-aminoalkyl
radicals, offering an alternative strategy for directly activating
uoroalkyl- and alkyl halides without requiring peroxides19,25,89

or photoredox conditions.21 We anticipate this modular
approach will be valuable to both academic and industrial
chemists. Ongoing efforts in our laboratory are focused on
further investigating and expanding the scope of these
transformations.
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25 B. Górski, A.-L. Barthelemy, J. J. Douglas, F. Juliá and
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