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Copper-Catalyzed Phosphorus Radical Transformations for the
Assembly of P-Stereogenic Architectures

Yujin Zi+, Boxuan Yang+, Ziqi Ye, Yu-Mei Lin, Qianyi Zhao, Binju Wang, and Lei Gong*

Abstract: Phosphorus-centered radicals hold transforma-
tive potential for organophosphorus synthesis, yet their
configurational lability and distinctive reactivity profiles
have historically restricted their application in asym-
metric catalysis. Herein, we report a copper-photoredox
catalytic system that enables the stereoselective gen-
eration of copper-bound P-centered radicals and their
subequent stereoretentive transformations within a well-
defined chiral environment. The synergistic approach
achieves unprecedented kinetic resolutions of racemic
H-phosphinates with α-trifluoromethyl styrenes or gem-
difluorostyrenes, delivering 85 fluorine-containing P-
chiral phosphinates with up to 98% ee. The method
thereby bridges a synthetic gap for these previously
inaccessible, pharmacologically significant compounds.
Mechanistic and computational studies reveal a stereo-
chemical relay: enantiodiscriminatory binding of racemic
substrates, photoinduced ligand-to-metal charge transfer
(LMCT) for radical generation, and stereoretentive
bond formation. By reconciling radical reactivity with
stereochemical fidelity, our strategy establishes met-
allaphotoredox catalysis as a versatile paradigm for
heteroatom-centered stereochemistry.

Introduction

Radical chemistry has emerged as a powerful strategy for
chemical bond formation, offering distinct and complemen-
tary advantages over conventional ionic processes.[1–9] These
include unique reactivity patterns, operationally mild reaction
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conditions, high chemoselectivity, and broad functional group
tolerance.[10–15] The rapid development of photocatalysis
and electrocatalysis has further underscored the signifi-
cance of radical-based transformations in modern synthetic
chemistry.[16–22] However, achieving asymmetric synthesis
through radical intermediates, particularly via stereoretentive
pathways that preserve chirality through transient open-
shell species, remains a formidable challenge.[23–25] Recent
advances in transition metal catalysis and enzyme cataly-
sis have partially addressed limitations in carbon-centered
radicals.[26–30] For example, Baran et al. employed teth-
ered nickel species to stabilize transient carbon radicals
derived from sulfonylhydrazides, facilitating stereoretentive
C─C couplings.[31] Liu et al. developed a copper-catalyzed
asymmetric amination of prochiral alkyl radicals using pre-
cisely engineered chiral anionic N,N,P-ligands.[32] Melchiorre
et al. reported a non-natural photodecarboxylase capable
of promoting stereospecific radical cross-coupling between
α,β-unsaturated aldehydes and carboxylic acids.[33] These
approaches exploit precise molecular organization and tai-
lored environments to control carbon radical stereochemistry.
However, progress in phosphorus-centered radical chemistry
is notably scarce.

Stereochemical manipulation of phosphorus-centered
radicals poses substantial thermodynamic and kinetic
obstacles.[34] P-chiral organophosphorus radicals exhibit
remarkably low inversion barriers (e.g., �G �= ≈ 12 kcal
mol−1 for PhtBuP(=O)•) and distinctive reactivity profiles,
making them prone to rapid racemization and competing
processes such as self-couplings and α-/β-scission. These
factors often outcompete stereoselective bond formation,
creating significant barriers for asymmetric synthesis.[35]

This challenge is particularly pertinent given the growing
pharmaceutical interest in P-stereogenic molecules.[36–40]

Fluorinated P-chiral architectures, for instance, combine
the stereoelectronic effects of phosphorus chirality with the
enhanced metabolic stability and ligand–receptor binding
specificity afforded by fluorine substitution (Scheme 1a).[41,42]

Sofosbuvir exemplifies this class, where fluorination directly
improves pharmacological properties. Despite their potential,
effective synthetic strategies remain limited due to the need
to simultaneously achieve precise stereocontrol, compatibility
with fluorinated building blocks, and broad functional group
tolerance.

Building on our previous work in photochemical asym-
metric synthesis[43–49] and recent advances in metalloradical-
based stereoselective transformations,[50–55] we conceive a
dual catalytic paradigm to tackle current challenges. Our
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Scheme 1. Overview of this work.

approach hinges on the hypothesis that light-induced gener-
ation of chiral P-radicals bound to a metal center within a
well-defined chiral environment could enable stereoretentive
transformations prior to configurational inversion (k1>>k2,
Scheme 1b). Guided by this principle, we established a
noble-metal-free catalytic platform synergizing a sterically
demanding chiral diphosphine-copper catalyst and 1,2,3,5-
tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) as the
photoredox catalyst. The system enables the first visible light-
triggered kinetic resolution of H-phosphinates under ambient
conditions, employing α-trifluoromethyl styrenes or gem-
difluorostyrenes as coupling partners (Scheme 1c). It provides
efficient access to a broad array of fluorine-containing P-chiral

phosphinates (85 examples, up to 98% ee), encompassing
structures relevant to drug discovery and bioactive molecule
development.

Results and Discussion

Reaction Optimization

Capitalizing on the synthetic versatility of α-trifluoromethyl
alkenes as fluorinated building blocks, we chose 1-methyl-
4-(3,3,3-trifluoroprop-1-en-2-yl)benzene (2a) as the model
coupling partner for the photochemical reaction of racemic
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Table 1: Reaction optimization.

a) Reaction conditions: rac-1a (0.40 mmol), 2a (0.10 mmol), metal salt (0.012 mmol), chiral ligand (L1−L5, 0.018 mmol), photocatalyst (PC1−PC5,
0.0040 mmol), Na2HPO4 (0.15 mmol), THF (1.0 mL), 25 °C, under argon. For further details on the screening of solvents, please refer to the
Supporting Information. b) Isolated yield. c) Ee value determined by chiral HPLC. N.d. = not detected, n.a. = not applicable.

isopropyl phenylphosphinate (rac-1a). Initial reactions were
conducted using a 4:1 molar ratio of rac-1a to 2a to
ensure high conversion. Following a systematic exploration
of reaction conditions (see the Supporting Information for
details), we identified that irradiating rac-1a and 2a in
the presence of Cu(acac)2 (12 mol%, acac = acetylace-
tonate), a sterically demanding chiral diphosphine ligand
((R)-DTBM-SEGPHOS, L1, 18 mol%), 4CzIPN (PC1,
4 mol%), and Na2HPO4 (1.5 equiv.) in THF under a
10 W Kessil lamp (λmax = 456 nm) afforded the desired
tertiary phosphinate (3) in 72% yield and 93% ee (Table 1,
entry 1). Alternative 3d transition metal acetylacetonates,
such as Co(acac)3, Fe(acac)3, and Ni(acac)2, failed to pro-
duce the target product. Conversely, other copper salts
like Cu(OAc)2, CuOAc, CuOTf, and Cu(CH3CN)4BF4 dis-
played slightly reduced enantioselectivity (88%–90% ee)
and lower yields (45%–65%). Chiral diphosphine lig-
ands with less steric bulk (L2–L4) proved less effective
and selective, while a bisoxazoline ligand (L5) rendered
the reaction unfeasible (right image). Among the tested

photocatalysts, including 3,4,5,6-tetrakis(carbazol-9-yl)-1,2-
dicyanobenzene (4CzPN, PC2), 5,7,12,14-pentacenetetrone
(PC3), Ir[dF(CF3)ppy]2(dtbbpy)PF6 (PC4), and fac-Ir(ppy)3

(PC5), PC1 consistently delivered superior yield and enan-
tioselectivity (entries 2–5). Control experiments underscored
the necessity of light irradiation, photocatalyst, copper salt,
chiral ligand, and an inert atmosphere for the transformation
(entries 6–10). Remarkably, the removal of the chiral ligand
led to a dramatic decline in yield to a mere 8%, highlighting a
ligand-accelerated reaction process (entry 9).

Substrate Scope for the Photochemical C(sp3)─P Formation
Reaction

With the optimized conditions established, we systematically
explored the substrate scope of this photochemical C(sp3)─P
formation process (Scheme 2). Initial studies focused on
α-trifluoromethyl styrene derivatives, where substituent posi-
tions on the phenyl ring were found to significantly influence
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Scheme 2. Substrate scope for the photochemical reaction between racemic H-phosphinates and α-trifluoromethyl styrenes. Standard conditions:
rac-1a−rac-1i (0.80 mmol), 2a−2aw (0.20 mmol), Cu(acac)2 (0.024 mmol), L1 (0.036 mmol), PC1 (0.0080 mmol), Na2HPO4 (0.30 mmol), THF
(2.0 mL), 25 °C, under argon. a) Using 0.048 mmol of L1, rather than 0.036 mmol.
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reaction outcomes. For example, shifting a methyl group from
the para-position (product 3, 72% yield) to the meta- (product
4, 56% yield) and ortho- positions (product 5, 0% yield) led to
progressively lower yields. The unsubstituted analog yielded
product 6 with 58% yield and 90% ee.

A wide range of para-substituted electron-donating
groups, including n-pentyl (product 7), isopropyl (product
8), t-butyl (product 9), trimethylsilyl (product 10), hydroxyl
(product 11), methylthio (product 12), methoxy (product
13), phenoxy (product 14), benzyloxy (product 15), t-butoxy
(product 16), and trifluoromethoxy (product 17), were well-
tolerated, delivering yields of 57%–76% and enantioselec-
tivity of 90%–95% ee. Similarly, substrates bearing electron-
withdrawing substituents, such as methoxycarbonyl (products
18, 19), ethoxycarbonyl (product 20), cyano (product 21),
methylsulfonyl (product 22), chloro (product 23), bromo
(product 24), and trifluoromethyl (product 25), produced
yields of 56%–68% and enantioselectivities of 90%–93% ee.

The method also accommodated 4-aryl-substituted (prod-
ucts 26–33), disubstituted (products 34–37), fused rings
(products 38, 39), and heterocycle substrates (products 40–
47), all affording high enantioselectivity (92%–97% ee) and
yields (55%–83%). X-ray crystallography confirmed the R
configurations of products 27 (CCDC No. 2361292) and
30 (CCDC No. 2309605).[56] Importantly, the protocol was
applicable to complex molecular frameworks derived from
bioactive molecules, such as Fenofibrate acid (product 48),
Gemfibrozil (product 49), and Hexadecane acid (product
50), yielding products with 59%–64% and 92%–98% ee.
A Naproxen-derived substrate (product 51) delivered 60%
with > 20:1 dr, further highlighting the method’s synthetic
utility.

Regarding racemic H-phosphinate substrates, ethyl (prod-
uct 52) and cyclopentyl phenylphosphinate (product 53)
showed somewhat diminished enantioselectivity (83% and
86% ee, respectively), underscoring the impact of the phos-
phate ester moiety. In contrast, phenyl-substituted variants,
including 4-methyl (product 54), 3-methyl (product 55), 4-t-
butyl (product 56), 4-phenyl (product 57), 3-methoxy (prod-
uct 58), and 2-naphthyl (product 59) maintained consistently
high performance (63%–75% yield, 90%–95% ee).

Extension to Photochemical C(sp2)─P Formation

To expand the applicability of our copper-photoredox cat-
alyzed kinetic resolution strategy, we explored the reactivity
of racemic H-phosphinates with various fluorinated precur-
sors. While asymmetric C(sp2)─P cross-coupling of phosphine
precursors with vinyl halides offers direct access to alkeny-
lated P-stereogenic compounds with broad pharmaceutical
applications, their development has been impeded by chal-
lenges in stereocontrol during P─C═C bond formation.[57–59]

Our investigation revealed that this transformation could
be successfully achieved via a copper-catalyzed photo-
chemical process employing racemic H-phosphinates and
gem-difluorostyrenes (Scheme 3).

Following systematic optimization, the ideal conditions
were identified as follows: Cu(acac)2 (10 mol%) as the copper

source, chiral diphosphine ligand L1 (18 mol%), 4CzIPN
(PC1, 2 mol%) as the photocatalyst, 4 Å MS (20.0 mg)
as the additive, in acetone under an argon atmosphere.
Irradiation of racemic isopropyl phenylphosphinate (rac-1a)
and methyl 4-(2,2-difluorovinyl)benzoate (3a) with a 10 W
Kessil lamp (λmax = 456 nm) provided the best outcomes
(see the Supporting Information for details). This protocol
yielded the monofluoroalkenylated phosphinate product (60)
in 71% yield with an excellent E:Z ratio of 7:1 and 91% ee
for the major E-isomer. X-ray crystallography confirmed its S
configuration (CCDC No. 2440675).[56]

The protocol demonstrated broad generality across
diverse gem-difluorostyrenes. (2,2-difluorovinyl)benzene
derivatives bearing either electron-donating (products
61–66) or electron-withdrawing groups (products 67–
74) on the phenyl ring delivered consistent results, with
yields ranging from 53% to 69%, E:Z ratios of 3:1 to
7:1, and high enantioselectivity (85%–91% ee). Complex
structures including fused rings (product 75), disubstituted
aryls (products 76–82), heterocycles (products 83, 84), and
drug-like fragments (products 85–88) were also compatible,
yielding 56%–70% with high selectivity (E:Z = 2.5:1–10:1,
80%–92% ee).

Enhanced Kinetic Resolution for H-Phosphinate Recovery

Leveraging the high energy barrier for enantiomer inter-
conversion in H-phosphinate precursors, we next developed
an efficient kinetic resolution procedure that enables the
simultaneous formation of P-chiral tertiary phosphinates and
recovery of enantioenriched starting materials (Scheme 4).
Systematic investigations on reaction parameters for the
photochemical resolution of rac-isopropyl phenylphosphinate
(rac-1a) with 4-(3,3,3-trifluoroprop-1-en-2-yl)-1,1′-biphenyl
(2x) identified the following optimal conditions: rac-1a (1.0
equiv.), 2x (2.0 equiv.), Cu(acac)2 (12 mol%), L1 (24 mol%),
PC1 (4 mol%), and Na2HPO4 (1.5 equiv.) in THF under
a 10 W blue LED irradiation (λmax = 460 nm) at 10 °C
for 48 h. Product (R)-26 was obtained in 42% yield with
91% ee, while (S)-1a was recovered in 54% yield with 84% ee,
corresponding to a selectivity factor (s) of 56. This KR
protocol was successfully applied to a range of substrates.
Reactions of rac-1a with various α-trifluoromethyl styrene
derivatives, conducted under either identical or slightly
altered conditions over 40−64 h, produced gem-difluoroallyl
P-chiral phosphinate products (13–15, 27–32, 35, 39, 41, and
47) with 39%–41% yield and 87%–91% ee. Concomitantly,
(S)-1a was recovered in 51%–58% yield and 80%–90% ee,
achieving s factors ranging from 42 to 55. These results
underscore the robustness and efficiency of the method in
enabling both asymmetric synthesis and high-fidelity substrate
recovery.

Mechanistic Studies

To elucidate the reaction mechanism, a series of
control experiments and spectroscopy analyses were
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Scheme 3. Expanding our strategy to photochemical asymmetric C(sp2)─P cross-coupling between racemic H-phosphinates and
gem-difluorostyrenes. Standard conditions: rac-1a (0.30 mmol), 3a-3ad (0.10 mmol), Cu(acac)2 (0.010 mmol), L1 (0.018 mmol), PC1 (0.0020 mmol),
4 Å MS (20.0 mg), acetone (1.0 mL), 22 °C, under argon. a) Using 0.20 mmol of Na2HPO4 (28.4 mg). b) Using THF (1.0 mL), 15 h.

carried out (Scheme 5). Initially, the addition of 2,2,6,6
tetramethylpiperidine-1-oxyl (TEMPO, 5.0 equiv.) to
the standard reaction between rac-1a and 2x completely
suppressed the formation of product 26. High-resolution
mass spectrometry (HRMS) analysis confirmed the
presence of TEMPO-coupled byproducts, suggesting
the involvement of radical intermediates.[60] Similarly,
when a competitive radical acceptor, such as ethyl ((2-
phenylallyl)sulfonyl)benzene, was introduced into the
reaction, the formation of 26 was inhibited. Instead, HRMS
analysis unveiled the generation of an alternative adduct,

ethyl 2-((isopropoxy(phenyl)phosphoryl)methyl)acrylate
(refer to the Supporting Information for more details),
further supporting a radical-mediated pathway.

Electron paramagnetic resonance (EPR) spectroscopy
provided direct evidence for the participation of P-centered
radicals in the reaction. When 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) was introduced into the standard reaction of
rac-1a and 2x, characteristic EPR signals corresponding to a
phosphorus-centered radical adduct (89) were observed, with
hyperfine coupling constants of (AN = 14.0 G, AH = 13.9 G,
AP = 37.1 G).[61,62] This radical species was further supported

Angew. Chem. Int. Ed. 2025, e21100 (6 of 15) © 2025 Wiley-VCH GmbH
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Scheme 4. Enhanced kinetic resolution for H-phosphinate recovery. Standard conditions: rac-1a (0.10 mmol), α-trifluoromethyl styrene derivatives
(0.20 mmol), Cu(acac)2 (0.012 mmol), L1 (0.024 mmol), PC1 (0.0040 mmol), Na2HPO4 (0.15 or 0.20 mmol), THF (1.0 mL), 10 °C, under argon. a)

Using 0.0060 mmol of PC1 rather than 0.0040 and 0.20 mmol of Na2HPO4. Calculated conversion (C) = ees/(ees + eep). Selectivity factor
(s) = ln[(1−C)(1−ees)]/ln[(1−C)(1+ ees)].

Angew. Chem. Int. Ed. 2025, e21100 (7 of 15) © 2025 Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202521100 by Shaanxi N

orm
al U

niversity, W
iley O

nline L
ibrary on [09/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Research Article

Scheme 5.Mechanistic studies.

Angew. Chem. Int. Ed. 2025, e21100 (8 of 15) © 2025 Wiley-VCH GmbH
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by HRMS analysis (Scheme 5a). Notably, similar EPR signals
(AN = 14.0 G, AH = 14.0 G, AP = 37.2 G) were still
detected when DMPO was added to a reaction system
lacking both the α-trifluoromethyl styrene substrate (2x) and
the photocatalyst 4CzIPN (PC1). However, these signals
disappeared upon removal of light irradiation. The findings
indicate that the generation of phosphorus-centered radicals
is triggered by light irradiation and primarily depends on the
H-phosphinate substrate and the copper catalyst, rather than
the α-trifluoromethyl styrene substrate or the photocatalyst.

The reaction between rac-1a and N-tosyl diallylamine
afforded a cyclized product (90) in 52% yield with a
diastereomeric ratio (dr) of 1:1 (Scheme 5b). Interestingly,
when the photocatalyst (PC1) was removed, the reaction
still produced compound 90, albeit at a significantly reduced
yield (5%), and retained the same 1:1 dr. These results
strongly support the proposed P-centered radical mechanism,
indicating that phosphorus radicals can be generated via
copper-induced photochemical processes, even in the absence
of the photocatalyst.

Notably, the reaction of rac-1a with 1,1-
diphenylethylene—a neutral olefin rather than an
electron-deficient alkane—yielded the target product (91) in
a modest yield (11%) but with exceptional enantioselectivity
(90% ee). This outcome strengthens our hypothesis that
stereoselective radical addition dominates over alternative
pathways, such as nucleophilic addition of chiral copper phos-
phate species to electron-deficient alkenes. The contrasting
reactivity toward neutral versus electron-deficient substrates
further underscores the inherent stereocontrol of P-centered
radicals, independent of substrate electronic effects.

Stern–Volmer quenching experiments were conducted to
investigate potential interactions between the photocatalyst
(PC1) and other reaction components (Scheme 5c). The
results indicated that the excited state of the photocatalyst
was more effectively quenched by copper species (L1-CuII,
[L1-CuII + rac-1a], or [L1-CuI + rac-1a]) than by the
substrates (rac-1a, 2x).

Further mechanistic insights were obtained from non-
linear effect studies in the reaction of rac-1a + 2x→26,
which revealed a direct linear correlation between the ee
value of the chiral ligand (L1) and that of the product
(26) (Scheme 5d).[63] This relationship substantiates the
monomeric nature of the copper catalyst, which coordinates
with a single chiral ligand, suggesting that a single catalyst
species is responsible for asymmetric induction during C─P
bond formation.

To investigate the stereochemical control of the kinetic
resolution process, the two enantiomers of isopropyl
phenylphosphinate (rac-1a) were separated via chiral HPLC
chromatography, yielding (R)-1a (97% ee) and (S)-1a
(99% ee). Each enantiomer was then subjected to the stan-
dard reaction with the α-trifluoromethyl styrene derivative
(2x). Specifically, the reaction of (R)-1a (1.0 equiv.) with
2x (1.0 equiv.) over 48 h yielded (R)-26 in 85% yield with
99% ee, while recovering (R)-1a in a 13% yield with 98% ee.
In contrast, the reaction of (S)-1a (1.0 equiv.) with 2x (1.0
equiv.) for the same duration produced only 4% yield of
(S)-26 with 81% ee, and allowed the recovery of 92%

of (S)-1a at 99% ee (Scheme 5e). These outcomes align
well with the observed kinetic resolution efficiency, clearly
demonstrating the system’s capability to discriminate between
the enantiomers of rac-1a.

Additionally, a reaction between (R)-1a (98% ee)
and 2x was carried out using a racemic copper catalyst
(Cu(acac)2 [12 mol%] + rac-L1 [18 mol%]) and 4CzIPN
(PC1, 0.0040 mmol) under standard conditions. Product
26 was obtained in 60% yield with 98% ee, while 1a
was recovered at 37% and with 97% ee. Moreover, a
control experiment using the achiral ligand 9,9-dimethyl-
4,5-bis(diphenylphosphino)xanthene (Xantphos) in place of
rac-L1 yielded both the product (90% ee) and recovered start-
ing material (90% ee) with minimal erosion of enantiomeric
excess, demonstrating that stereoretentive transformations
occur independently of chiral ligand control. These results
collectively support our hypothesis that the putative chiral
metal-bound P-centered radical intermediate preferentially
undergoes stereoretentive transformations over racemization,
even in the presence of racemic or achiral ligands.

It is noteworthy that crude 1H NMR analysis of the
reaction between rac-1a and 2x, conducted with either
catalytic or stoichiometric amounts of the copper catalyst,
showed no spectral signatures indicative of copper hydride
intermediates. These findings imply that copper hydride-
mediated pathways are unlikely to play a dominant role
(see the Supporting Information for details).[64–67] Moreover,
replacing 4CzIPN (PC1) with commonly employed energy
transfer (EnT) catalysts, such as 9-fluorenone, thioxanthone,
benzophenone anthracene, and Michler’s ketone, resulted in
no product formation, ruling out energy transfer processes as
the primary mechanism (see the Supporting Information for
details).[68,69]

Mechanistic Proposal

Building on our experimental outcomes and mechanistic
investigations, we propose the following reaction pathways
(Scheme 6a). The catalytic cycle commences with base-
assisted ligand exchange between the copper catalyst and
the H-phosphinate substrate (rac-1a), generating a chiral
copper(II) intermediate (INT-A). Crucially, the chiral phos-
phine ligand exerts pronounced steric control at the metal
center, inducing differential reactivity between substrate
enantiomers. (R)-1a exhibits significantly accelerated reaction
kinetics compared to its (S)-counterpart, thereby enabling
efficient kinetic resolution. Subsequent photoinduced ligand-
to-metal charge transfer (LMCT) triggers electronic reor-
ganization, followed by oxygen-mediated rebinding to the
metal center.[51,70,71] This sequence facilitates conversion of
INT-A into a copper(I)-phosphorus radical intermediate
(INT-B),[72–78] representing a critical transition in the catalytic
cycle. Our mechanistic experiments, along with recent studies
by Che et al., support that metal-bound P-centered radicals
remain configurationally stable and do not undergo racemiza-
tion under mild photochemical conditions.[79] Simultaneously,
the photocatalyst (PC1) absorbs photons, transitioning to
its excited state (PC1*, E1/2

red (PC1*/PC1•–) = 1.51 V),
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Scheme 6.Mechanism proposal and calculated energy profile of Cu-catalyzed reaction of (R)-1a with 2d. DFT calculations were carried out using
TPSSh/def2-TVZP/SMD(THF)//TPSSh/def2-SVP. Energies and bond distances are given in kcal mol−1 and Å, respectively.
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which possesses sufficient redox potential to oxidize INT-B
via single electron transfer (SET), yielding a copper(II)-
phosphorus radical complex (INT-C).[43,80–84] INT-C then
undergoes radical addition with the α-trifluoromethyl styrene
substrate (2x), forming an alkyl radical complex (INT-D).
Notably, an alternative pathway from intermediate INT-B to
INT-D cannot be ruled out, wherein INT-B first adds to 2x,
followed by single electron transfer to generate INT-D.

Subsequently, single-electron reduction of INT-D by
PC1•– furnishes a carbon anion complex (INT-E), con-
comitantly regenerating the photocatalyst (PC1). Finally,
β-fluorine elimination from INT-E produces a coordinated
product (INT-F), which, after ligand exchange, affords the
desired product (26). This process also regenerates the key
intermediate (INT-A), enabling the next catalytic cycle (Path
A). Alternatively, a copper-assisted β-fluorine elimination
pathway involving alkyl-copper(III) species cannot be ruled
out (Path B). Specifically, INT-D may undergo intermolecular
radical capture to produce an alkyl-copper(III) intermediate
(INT-G). Subsequent β-fluorine elimination from INT-G,
coupled with single electron transfer from PC1•– and lig-
and exchange with substrate rac-1a under basic conditions,
delivers the target product (26) while regenerating the pho-
tocatalyst (PC1) and the key intermediate complex (INT-A).
Both pathways are consistent with the experimental obser-
vations and provide a comprehensive mechanistic framework
for the reaction.

Regarding the photochemical asymmetric C(sp2)─P cross-
coupling reaction between racemic H-phosphinates and vinyl
fluorides, we believe that it proceeds through a similar
sequence involving photoinduced P-centered radical for-
mation, copper-mediated radical addition, single electron
transfer, and ultimate β-fluorine elimination. This hypothesis
is supported by preliminary experimental evidence, such as
radical trapping studies (see the Supporting Information for
details).

DFT Calculations

To gain deeper insights into the reaction process and the
origins of stereodiscrimination, density functional theory
(DFT) calculations were conducted (Scheme 6b). (R)-1a
(the superior enantiomer) and 2d were chosen as model
substrates, utilizing one of the chiral diphosphines (L2) from
our study as the ligand for computational analysis. The
reaction begins with the active copper catalyst (CAT), where
the reaction is initiated by ligand exchange between (R)-
1a and acetylacetonate anion (acac−), forming intermediate
INT1. Subsequently, a proton transfer process occurs via
transition state TS1, overcoming an energy barrier of 3.2 kcal
mol−1 relative to INT1, yielding intermediate INT2. This
intermediate then undergoes further transformation through
a three-membered cyclic transition state (TS2, with a bar-
rier of 9.1 kcal mol−1) to generate the thermodynamically
more stable intermediate INT3 containing a Cu─P bond
(corresponding to INT-A in the proposed mechanism).

INT3 undergoes a light-induced LMCT process accom-
panied by partial dissociation of an acac anion, producing

a monovalent copper intermediate (INT4, corresponding
to INT-B). INT4 is subsequently oxidized by the excited-
state photosensitizer PC1,[85] forming INT5 (corresponding
to INT-C)—a process calculated to be highly exergonic at
16.7 kcal mol−1. The radical addition of 2d then proceeds via
transition state TS4 (with a barrier of 3.8 kcal mol−1), gener-
ating the C-centered radical (INT6, corresponding to INT-D)
in a kinetically feasible manner. Notably, the configuration
inversion of the phosphorus radical in INT5 (via transition
state TS3) requires overcoming a significantly higher energy
barrier of 15.6 kcal mol−1 compared to the radical addition
process (via TS4). This suggests that the radical addition
process between the metal-bound phosphorus radical and the
α-trifluoromethyl styrene substrate is predominant. Following
this kinetic control, INT6 is reduced by PC1•– in the presence
of Na2HPO4 and Hacac, forming a carbanion (INT7) and
regenerating the active catalyst (CAT). Finally, the catalytic
cycle is completed through Na+-promoted β-fluoride elimi-
nation via transition state TS5, delivering the NaF-bonding
product (6–NaF).[86] Overall, DFT calculations indicate that
the entire reaction process is energetically favorable.

Furthermore, computational results reveal that the for-
mation of the Cu─P species via a three-membered cyclic
transition state represents both the rate-determining and
enantio-determining step of the overall catalytic cycle. To
elucidate the origin of enantioselectivity, stereoisomers of
the critical transition state ((R)-TS2 versus (S)-TS2) were
analyzed. The results demonstrate that (R)-TS2 is lower in
energy than (S)-TS2 by 1.3 kcal mol−1, consistent with the
experimentally observed enantioselectivity. Scrutiny of the
optimized geometries indicates that the enantioselectivity is
primarily attributed to stronger steric repulsion between the
chiral ligand and the SPO moiety in (S)-TS2 compared to (R)-
TS2, leading to elongation of both Cu─O and Cu─P bonds
between the copper center and the SPO moiety (2.25 versus
2.04 Å for Cu─O; 2.64 versus 2.44 Å for Cu─P), thus making
(S)-TS2 higher in energy than (R)-TS2.

Scale-Up Synthesis and Product Transformations

To demonstrate the practicality of our methodology, a
scale-up synthesis of one gem-difluoroallylated P-chiral phos-
phinate product was performed (Scheme 7a). A solution
containing isopropyl phenylphosphinate (rac-1a, 368.3 mg,
2.0 mmol), 4-(3,3,3-trifluoroprop-1-en-2-yl)-1,1′-biphenyl (2x,
124.1 mg, 0.50 mmol), 4CzIPN (PC1, 15.8 mg, 0.020 mmol),
Cu(acac)2 (15.7 mg, 0.060 mmol), L1 (106.2 mg, 0.090 mmol),
and Na2HPO4 (106.5 mg, 0.75 mmol) in THF (5.0 mL)
was exposed to a 10 W Kessil lamp (λmax = 456 nm)
under standard conditions. The reaction afforded 158.3 mg of
product 26 in a slightly reduced yield (77%) but with identical
enantioselectivity (95% ee).

We further explored the synthetic versatility of compound
26 through various transformations. Treatment of 26 with
TMSCN and Cs2CO3 in acetonitrile at room temperature for
24 h yielded the corresponding cyano-substituted derivative
(92) value of 90%. Similarly, reacting 26 with benzimidazole
in the presence of K3PO4 in DMF at ambient temperature
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Scheme 7. Synthetic utility.

furnished product 93 in 76% yield and an excellent enan-
tiomeric excess (95% ee), albeit with an E:Z ratio of 5:1.
Additionally, when 26 was subjected to a sequential nucle-
ophilic addition and double hydrogen fluoride elimination
sequence using aqueous ammonia as both the nitrogen source
for the “CN” functionality and as a base, the targeted α-aryl
nitrile product (94) was obtained in a 74% yield, with 6.3:1 dr
and 96% ee. Moreover, the difluoromethylene unit in 26 could
be effectively converted into a difluoromethyl group via a
Pd/C-catalyzed hydrogenation, affording product 95 in 86%
yield with 1.4:1 dr and 94% ee.

The photochemical C(sp2)─P cross-coupling reaction
between rac-1a and methyl 4-(2,2-difluorovinyl)benzoate (3a)
was also scalable (Scheme 7b). Product 60 (121.4 mg) was
obtained in 67% yield and 89% ee, demonstrating consistent

performance at larger scale. This compound served as a
versatile intermediate for synthesizing various P-chiral deriva-
tives with minimal loss of enantiomeric purity. For instance,
selective defluorinative deuteration of 60 was achieved via a
nickel-catalyzed reaction with D2O in DMSO using Ni(acac)2

as catalyst, 4,4′-di-tert-butyl-2,2′-bipyridine (dtbpy) as ligand,
manganese powder as reductant, and magnesium chloride and
TMSCl as additives, delivering deuterated P-chiral product
(96) in 79% yield with 90% ee and 90% D-incorporation.
Replacing D2O with H2O under the same conditions resulted
in defluorinative hydrogenation producing the hydrogenated
analog (97) in 80% yield with 90% ee. Catalytic hydrogena-
tion of 60 using Pd/C enabled simultaneous defluorination
and hydrogenation, yielding the P-alkylation product (98) in
75% yield with 91% ee. The structure of product 98 was

Angew. Chem. Int. Ed. 2025, e21100 (12 of 15) © 2025 Wiley-VCH GmbH
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unambiguously determined by X-ray crystallographic analysis
(CCDC No. 2440678).[56] Finally, treatment of 98 with MeLi
generated a tertiary phosphine oxide (TPO) product (99) with
a slight reduction in enantiomeric excess.

Conclusion

In summary, we have developed a paradigm-shifting strategy
for stereocontrolled phosphorus radical chemistry, effectively
addressing a long-standing challenge in asymmetric syn-
thesis. By synergistically integrating a well-defined chiral
diphosphine–copper catalyst with 4CzIPN-mediated photore-
dox catalysis, our platform merges kinetic resolution with
light-driven generation of metal-bound P-centered radicals
and their stereoretentive transformations. This approach
enables unprecedented photochemical kinetic resolutions
of racemic H-phosphinates using α-trifluoromethyl styrenes
or gem-difluorostyrenes as coupling partners. A broad and
structurally diverse array of fluorine-containing P-chiral
phosphinates (85 examples)—compounds that are tradition-
ally difficult to access yet of significant pharmaceutical
relevance—were obtained with high enantioselectivity (up to
98% ee).

Mechanistic studies and DFT calculations reveal a three-
stage stereochemical relay: 1) enantiodiscrimination of H-
phosphinates by the chiral copper center, 2) photoinduced
LMCT-driven generation of copper-bound P-radicals, and
3) stereoretentive C─P bond formation facilitated by the
photoredox catalyst. This framework not only reconciles
the inherent lability of P-centered radicals with precise
stereocontrol but also establishes metallaphotoredox catalysis
as a general solution for heteroatom-based asymmetric
transformations where rapid configurational interconversion
has historically hindered progress. The method’s operational
simplicity—utilizing air- and moisture-tolerant conditions,
visible light activation, and noble-metal-free components—
further underscores its synthetic appeal. Current efforts are
focused on further improving stereochemical fidelity by tem-
porally controlling reaction dynamics, leveraging advanced
photocatalyst design and machine learning-assisted ligand
optimization.
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