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Leveraging transition metal catalysis to direct multiple radical
intermediates towards a single desired product offers many synthetic

opportunities while presenting an important chemoselectivity challenge
arising from selectivity in radical capture by the catalyst. How mechanistic
design precisely tunes this selectivity remains limited, constraining the
rational design of efficient catalytic systems. Here we demonstrate that

the electronic bias of the radical intermediates and the ligand-modulated
copper centre can be strategically harnessed to control the selectivity

of copper-mediated radical capture. A strongly -accepting terpyridine
ligand modulates the electronic properties of the copper catalyst, enabling
the selective capture of radical intermediates with complementary
polarity through a metal-radical polarity-match mechanism. Building

on this mechanistic framework, we have established a synthetically
powerful, yet highly challenging ethylene 1,2-dicarbofunctionalization.
This provides streamlined access to structurally diverse, medicinally
relevant1,2-dicarbofunctionalized ethanes that incorporate sp*, sp>- and
sp-hybridized carbogenic functional groups while offering mechanistic
insights and design principles that facilitate the rational design of transition
metal-catalysed radical transformations.

The merger of photoredox catalysis and transition metal (TM) cataly-
sis has revolutionized synthetic radical chemistry by enabling new
pathways to generate organometallic intermediates from radical
precursors' . This synergy has sparked growing interest in reactions
that engage multiple radical intermediates, unlocking transformations
previously inaccessible through either catalytic platform alone® ™. For
instance, combiningintramolecular radical translocation and TM catal-
ysis has enabled powerful remote C-H functionalization with excellent
regiocontrol”, while TM-catalysed radical functionalizations of unsatu-
rated systems that proceed viaradical addition enable the construction

of multiple C-C or C-X bonds from simple building blocks™. Recently,
the emergence of TM-catalysed radical cross-coupling has enabled
selectivebond formationbetween twoindependently generated radical
intermediates® "%, Despite these advances, such transformations face
afundamental chemoselectivity challenge: the TM catalyst needs to
selectively capture the desired carbon-centred radicalamong multiple
competing transient intermediates to form the productive organo-
metallicintermediate™ ", This issue becomes especially pronounced
when radicals are generated through intermolecular relay processes
or from distinct precursors (Fig. 1a, left).
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Fig.1|Ligand-modulated selective radical capture through metal-radical
polarity match enables generalized photoredox/copper dual-catalysed
1,2-dicarbofunctionalization of ethylene. a, Challenge of radical capture
selectivity and well-known strategy for selectivity based on steric bias*'*'522,
b, 1,2-Dicarbofunctionalized ethanes accessed by three-component
1,2-difunctionalization of ethylene based on the electronic bias strategy.
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¢, This work: a generalized 1,2-dicarbofunctionalization of ethylene enabled by
unified photoredox/copper-tpy dual catalysis built upon metal-radical polarity-
match mechanisms. M, metal; L, ligand; X, ligand; R, functional group; Alk, alkyl;
PC, photocatalyst; PPAR, peroxisome proliferator-activated receptor; Ar, aryl;
OTf, trifluoromethanesulfonyloxy; 1°, primary; 2°, secondary; 3°, tertiary.

Awell-established strategy to achieve this radical capture selectiv-
ity reliesonsteric bias, exploiting the TM catalyst’s preference for less
sterically hindered alkyl radicals (Fig. 1a, right). In the TM-catalysed
1,2-difunctionalization of alkenes, for example, bulky tertiary alkyl
radicals are employed as the initial species to minimize premature
capture, promoting radical addition to the alkene and yielding a less
hindered secondary radical that is more readily captured by the cata-
lyst, thereby facilitating the desired three-component coupling'® 2.,
MacMillan and co-workers demonstrated a similar steric principle in
which a TM catalyst preferentially captures the less sterically hindered

primary radical to form an alkyl-metal species that subsequently
undergoes bimolecular homolytic substitution (S,2) with a bulkier,
more nucleophilic secondary or tertiary radical to achieve C(sp®)-
C(sp®) coupling®?*??, These steric-based strategies, while effective,
leave the role of electronics in governing radical capture selectivity
poorly understood'**,

Intriguingly, copper catalysts have been shown to distinguish
between aryl and alkyl radicals through differences in the revers-
ibility of radical capture and the metal’s oxidation state®, suggesting
that electronic factors may indeed play a decisive role. Extensive
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studies have also demonstrated that radical reactions often follow
a ‘polarity-match’ principle, whereby radicals preferentially react
with partners of complementary electronic character?. This prin-
ciple has been shown to govern the selectivity in radical addition,
atom transfer and homolytic substitution reactions®. We therefore
reasoned that the electronic interplay between radical intermedi-
ates and the copper catalyst—modulated by the ligand’s electronic
properties—could be strategically harnessed for selective radical
capture. Here we describe a ‘metal-radical polarity-match’ mecha-
nism in which complementary polarity between radicals and the
TM complex dictates radical capture preference and thus chemose-
lectivity. We applied this concept to unlock a general platform for
ethylene 1,2-dicarbofunctionalization.

1,2-Dicarbofunctionalized ethanes are valuable scaffolds widely
found in pharmaceuticals and natural products, with notable exam-
ples including erianin, sarpogrelate, chlorambucil and fingolimod
(Fig. 1b and Extended Data Fig. 1). A survey of the Reaxys database?
(July 2025) identified over 440,000 such compounds (when C, is
aryl), approximately 23% of which have reported pharmacological
activities. The saturated C, linker, or ethane bridge, is a privileged
structural elementin fragment-based drug discovery, offering compact
size, conformational flexibility and enhanced metabolic stability®®
(Extended DataFig.2).Forinstance, linking two arene fragments witha
saturated C, linker hasbeen shown toimprove beta-secretase 1 (BACE-
1) inhibitory potency more than 360-fold (Extended Data Fig. 2a)*° 2,
Givenitsabundance (over 300 million tonnes global annual production
in2024), ethylene is anideal yet underused synthon for constructing
such motifs. However, previous ethylene difunctionalization strategies
were limited to1,2-homodifunctionalization®, relied on TM-catalysed
migratory insertion that necessitates a prefunctionalized substrate
or directing group* ¢, or a radical cascade strategy®*, limiting the
synthetic scope.

Building on our long-standing interest in ethylene radical
difunctionalization®*"*%, we envisioned that a generalized ethylene
1,2-dicarbofunctionalization platform, where two carbogenic func-
tional groups areinstalled across ethylene via metallaphotoredox catal-
ysis, would enable access to this valuable chemical space with superior
efficiency and modularity. Our mechanistic design draws inspira-
tion from the metallaphotoredox-catalysed 1,2-difunctionalization
of substituted alkenes'2%°"*2, Asillustrated in Fig. 1b, an electro-
philic carbon-centred radical I, generated by photoredox catalysis,
undergoes radical additionto ethylene to formthe first C-Cbond; the
resulting primary alkyl radical Il is then captured by the TM catalyst
to generate organometallicintermediate IV, which forges the second
C-Cbond todeliver the desired 1,2-dicarbofunctionalized ethane VI.
However, achieving selective radical capture remains a formidable
challenge owing to the intrinsic inertness of ethylene. Due toits gase-
ous nature and lack of substitution, the reactivity of ethylene towards
radical addition (-10°M™s™) is lower than that of substituted alkenes
(10*-10"M™s™)* while the capture of certain electrophilic radicals by
the TM catalyst approaches diffusion control***. This severe kinetic
mismatch makesradicall overwhelmingly prone to premature capture
by copper, competitively generating the two-component by-product
Vrather than the desired three-component product®*%+,

The metal-radical polarity-match mechanism provides a direct
solution: by employing a ligand-tuned, electron-deficient copper
centre*®°, the electrophilic radical Ibecomes a polarity-mismatched
partner for capture, while the nucleophilic radical II-generated only
after productive addition to ethylene—is kinetically favoured, fun-
nelling reactivity towards the desired three-component pathway
(Fig. 1b). In this work, we identified the strongly mt-accepting ligand
2,2:6’,2”-terpyridine (tpy) as critical for tuning the copper catalyst’s
electronic properties to enforce this selectivity and established a
general photoredox/copper dual-catalysed platform for ethylene
1,2-dicarbofunctionalization (Fig. 1c). We found that the tpy ligand

largely suppressed the capture of electrophilic radical I by the copper
catalyst, while favoring the capture of nucleophilic radical II, consist-
ent with the metal-radical polarity-match mechanism. Notably, aryl
radicals, whose capture by TM catalysts is remarkably facile*****"*,
even approaching diffusion-controlled for copper***, were success-
fully engaged in the dicarbofunctionalization. Their direct capture
by copper was effectively suppressed using tpy, while interception of
the nucleophilic radical I remained efficient, directly validating the
polarity-match principle. The Cu(tpy)* complex was found to oper-
ate across multiple coupling paradigms, enabling the incorporation
of C(sp®), C(sp?) and C(sp) building blocks through mechanistically
distinct pathways—reductive elimination, inner-sphere alkyl-alkyl
coupling or outer-sphere S,;2 substitution—depending on the nature
of the coupling partner. When engaging C(sp®) partners, Cu(tpy)*can
orchestrate three radical intermediates towards the desired product,
exhibiting both electronic and steric discrimination.

Reactiondiscovery

1,2-Diarylethanes (bibenzyls) represent the most well-documented
1,2-dicarbofunctionalized ethane scaffolds*®, with notable bioactive
examples such as erianin, sarpogrelate, pemetrexed, denzimol and
polysignine. As a proof of concept for our mechanistic platform, we
targeted their synthesis via copper-catalysed ethylene diarylation,
in which an aryl radical precursor served as C, while an arylboronic
acid acted as C,>***. After an extensive survey of reaction conditions,
we found that aryldibenzothiophenium (aryl-DBT) salt 1a, readily
prepared from unfunctionalized arenes, served as the optimal aryl
radical precursor®, with arylboronic acid 2a as the coupling partner
and aruthenium-based photocatalyst proving essential owing to its
matched redox potential and strong absorption in the visible-light
region. Under these photoredox/copper dual-catalytic conditions,
the desired1,2-diarylethane 3awas obtained in 60% yield (Fig.2a). The
proposed mechanism is shown in Extended Data Fig. 4.

Ligand screening revealed a pronounced ligand effect on both
the three/two-component (3a/4a) selectivity and overall efficiency
(Fig.2a). Terpyridine (L1), astrongly t-accepting ligand*®, gave optimal
results with exceptional selectivity (3a/4a > 99:1), while ligands bearing
less electron-withdrawing heterocyclic motifs, such as one pyrazolyl
unit (L2), two 4,5-dihydrooxazol-2-yl units (L3) and two pyrazolyl units
(L4), led to markedly diminished selectivity and reactivity. Commonly
used bidentate nitrogen-donor ligands (L5-L8), weaker mi-acceptors
due to narrower conjugation, performed poorly, producing 4a as the
dominant product. To quantify this trend, density functional theory
calculations were performed to determine the energy gap between the
highest-occupied molecular orbital (HOMO) and lowest-unoccupied
molecular orbital (LUMO) of the corresponding copper complexesasa
measure of the ligand’s t-accepting capacity, with strong t-acceptors
exhibiting low-lying * orbitals and hence a smaller HOMO-LUMO
energy gap (AE,omo-Lumo) - Aninverse correlation between AE, ovmo-tumo
and selectivity for 3a was observed (Fig. 2a). Cu(tpy)* had the lowest
AE,om0-1umo O 2.91 eV and the best selectivity, while Cu(L8)" had the
highest AE,,omo0-1umo Of 4.17 €V and the lowest 3a/4a ratio (see Supple-
mentary Sections 4.3 and 4.4 for details). This lowered LUMO energy
enhances the electrophilicity of the copper centre, creating a kinetic
preference for the capture of nucleophilic radical Il over electrophilic
radicalI-directly consistent with the radical capture mechanism gov-
erned by polarity match.

We then examined the effect of ligand substituents on the selectiv-
ity (Fig. 2b). Modification of the tpy scaffold with electronically diverse
functional groups (L1-2 to L1-7) showed minimalimpact on the ligand’s
mt-accepting ability (A, omo-Lumo = 2.78-2.99 eV), and all maintained
excellentselectivity (>99:1). Furthermore, introducing sterically bulky
groupsonto the 2,6-bis(4,5-dihydrooxazol-2-yl)pyridine (L3) scaffold
(L9 and L10) did not improve selectivity, implying that steric effects
play alimited role in modulating radical capture in this system.
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Fig.2|Ligand effect on the selectivity of 1,2-diarylation of ethylene. a, Ligand
effect on 3a/4a selectivity. Computational and experimental results collectively
demonstrated that strong mi-accepting ligands showed better 3a/4a selectivity,
asshownin the chart.b, Ligand substitution effect. ¢, Selectivity under different
pressures of ethylene. d, Arylation of the primary alkyl radical under standard
conditions using different ligands. Standard conditions: 0.1 mmol aryl-DBT salt

1,2 equiv. boronicacid 2, 5 atm ethylene; 2 mol% Ru(DMB);(PF), (PC), 10 mol%
Cu(MeCN),(PF,), 12 mol% tpy, 2 equiv. K;PO,, 50 mg 4-A MS, MeCN-¢BuCN-
tBuOAc (2:2:1,0.05 M), room temperature, 40-W, 456-nm light-emitting diode,
24 h. OTf, trifluoromethanesulfonate; DMB, 4,4’-dimethyl-2,2’-bipyridine; w/o,
without; iPr, isopropyl; OMe, methoxy; OEt, ethoxy; tBu, tert-butyl; OAc, acetate.

Having established the ligand dependence of selectivity, we
turned to examine whether other reaction parameters contribute
to the observed 3a/4a selectivity. We first investigated whether high
ethylene concentration would improve the selectivity by kinetically
favouring radical addition over premature radical capture (Fig. 2c).

Varying the ethylene pressure indicated that suppression of 4a for-
mation did not primarily depend on the concentration of ethylene.
Biaryl 4a was formed in only 1% yield even in the absence of ethyl-
ene, with the major by-products being 4-trifluoromethylanisole
(1b), generated from hydrogen atom transfer to the aryl radical, and
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4,4’-dichloro-1,1’-biphenyl (2b), formed by deborodimerization of 2a.
In contrast, ligands with inferior 3a/4a selectivity (L2-L8) showed a
strong dependence on ethylene pressure, with L7 producing 4a in
over 40% yield in the absence of ethylene (see Supplementary Fig. 12
for details). Notably, the formation of 2b confirmed that Cu(tpy)*
remains competent for aryl-aryl bond formation under these condi-
tions, indicating that the low yield of 4a with L1 reflects suppressed aryl
radical capture rather thananinability to promote aryl-aryl coupling.
We further probed the role of radical acceptor reactivity by conduct-
ing the diarylation reaction with styrene, a superior radical acceptor,
under the standard conditions with different ligands. Across all the
ligands tested, the three/two-component selectivity with styrene was
markedly improved compared withethylene (Extended DataFig.3 and
Supplementary Fig.15), highlighting that the selectivity advantage of
tpyisspecific tothe challenging ethylene substrate and reflects its abil-
ity to discriminate between radical intermediates rather than simply
benefiting from a more reactive acceptor.

We next investigated whether the inferior 3a/4a selectivity
observed with other ligands stems from their inability to pro-
mote C(sp*)-C(sp?) bond formation (step IV > VI, Fig. 1b), rather
than from poor selectivity in radical capture. To probe this,
2-arylethylthianthrenium (TT) salt 5, from which primary alkyl radical Il
isdirectly generated withoutrequiring ethylene, was prepared and sub-
jected to the standard diarylation conditions (Fig. 2d). All the ligands
tested promoted C(sp®)-C(sp?) coupling to varying extents, confirming
that bond formation competency is not the limiting factor. Crucially,
L2 and L6, which showed poor three-component selectivity (Fig. 2a),
gave substantially higher two-component coupling yields (60% and
19%, respectively) than L1 (14%), an inverse correlation that directly
demonstrates that their failure in the three-componentreaction does
not stem from an inability to mediate C(sp®)-C(sp? bond formation
(see Supplementary Fig. 24 for details). Rather, it demonstrates that
the poor selectivity with these ligands originates from their ineffective
discrimination between radical intermediates Iand II.

Collectively, these results establish that the ligand-modulated
selective radical capture by the copper catalyst is the key factor in
the exceptional performance of tpy (L1). The strongly m-accepting
nature of L1 renders the copper centre more electrophilic°, which,
according to the metal-radical polarity-match principle, kineti-
cally favours the capture of nucleophilic alkyl radical Il while disfa-
vouring the mismatched capture of electrophilic aryl radical I (see
Supplementary Fig. 11 for adetailed illustration). This polarity-guided
discrimination directs the reactivity towards the three-component
coupling pathway with outstanding selectivity (see Supplementary
Section 4 for detailed discussions).

Having established the optimal reaction conditions with tpy
as the most effective ligand, we next explored the substrate scope
of the 1,2-diarylation protocol (Fig. 3). The mild conditions of this
dual-catalytic system proved broadly tolerant of various functional
groups, such asesters (3b, 3d, 3f, 31, 3p, 3r, 3w and 3x), ketones (3¢, 3e,
3tand 3z), cyanides (3i, 3k, 3u and 3v), triflate (3g), sulfonamides (3n
and 30), sulfones (3m and 3aa), amides (31, 3q and 3s) and halogens
(3a-3t, 3ad-3af, 3ajand 3ak). Structurally complex and pharmaceuti-
cally relevant compounds were also compatible (3p-3t), highlighting
the synthetic utility of this method for late-stage functionalization. In
addition, this transformation displayed wide compatibility with both
electron-poor (3u-3aa) and electron-rich (3ab-3ad) arylboronicacids,
as well as heteroaromatic coupling partners (3ai-3an), further illus-
trating its robustness across electronically diverse substrates. More
electron-rich aryl radical precursors generally afforded the productin
moderateyields (3f,3n, 3s and 3t), likely due to slower radical addition
toethylene duetoreduced electrophilicity. Given the ubiquity of arene
functionalities, which can be readily converted to aryl-DBT salts, the
abundance of ethylene and the wide availability of arylboronic acids,
this 1,2-diarylation reaction provides step-economic and modular

accesstoalargelibrary of 1,2-diarylethanes with rich structural diver-
sity. To further demonstrate the synthetic utility, several bioactive
compounds were directly assembled in a modular, step-economic
manner (3a0-3ar; Fig. 3c). Notably, this approach standsin stark con-
trast to previously reported two-component strategies that required
substantially longer synthetic sequences. The extended substrate
scopeis provided in Supplementary Fig. 2.

Expansion of the scope of carbogenic coupling
partners

We then explored whether other carbogenic functional groups could
be incorporated within the same paradigm, extending the reaction
beyond diarylation. Wefirst diversified the first carbogenic partner (C,,
Fig.1b) by examining the 1-trifluoromethyl-2-arylation of ethylene using
trifluoromethylsulfonium salt 6 as the trifluoromethyl radical precur-
sor® (Fig. 4a). Under the established Ru photocatalyst/copper-tpy
dual-catalytic system, the desired 1-trifluoromethyl-2-arylethane motif
7 was smoothly generated with both electron-poor and electron-rich
arylboronic acids (7a-7e). Mechanistically analogous to the
1,2-diarylation, the reaction proceeds via addition of the initial trifluo-
romethyl radical to ethylene, followed by copper-catalysed arylation.

We next diversified the second carbogenic group (C,). Spe-
cifically, we questioned whether alkynylation, a well-established
copper-catalysed transformation of alkyl radicals® ®, could be
integrated into the ethylene dicarbofunctionalization framework.
Replacing arylboronic acid 2 with terminal alkyne 8 under the same
Ru photocatalyst/copper-tpy dual-catalytic system, we successfully
established an ethylene 1-aryl-2-alkynylation reaction (Fig. 4b), pro-
viding modular access to 1-aryl-2-alkynylethanes, a scaffold widely
present in bioactive molecules (Extended Data Fig. 1), from simple
arenes, ethylene and alkynes. The proposed mechanismis illustrated
in Extended Data Fig. 5. This dicarbofunctionalization exhibited
broad functional group tolerance, compatible with a diverse range
of terminal alkynes, including alkyl- (9a-9c, 9e and 9f), silyl- (9d),
carbonyl- (9g) and aryl-substituted (9h) variants. The extended scope
of the aryl- and trifluoromethyl-alkynylation of ethylene is presented
inSupplementary Fig. 3.

Havingachieved both C(sp®)-C(sp?) and C(sp*)-C(sp) bond forma-
tion, we turned to the more challenging construction of C(sp®)-C(sp?)
linkages—anincreasingly important motifin drug discovery dueto the
three dimensionality and favourable pharmacokinetic properties of
sp*-rich scaffolds®, yet a longstanding challenge in synthetic chem-
istry®. Unlike arylboronic acids and terminal alkynes, which engage
copper through transmetalation to generate organocopper interme-
diates (Extended Data Figs. 4 and 5), analogous alkyl transmetalation
to copperisrare®, necessitating an alternative mechanistic approach.
Recentadvances have shown thatiron and nickel catalysts can mediate
radical alkyl-alkyl cross-coupling through steric discrimination®?,
whereas analogous copper-catalysed transformations remain underde-
veloped. We therefore envisioned constructing the C(sp*)-C(sp*) bond
through Cu(tpy)"-mediated radical cross-coupling, wherein established
polarity-match selectivity is complemented by steric discrimination
to differentiate between the two alkyl radical partners.

Aliphatic carboxylic acids were selected as the C(sp®) coupling
partner given their abundance and well-established capacity to gener-
atealkyl radicals via decarboxylation®. Under photoredox conditions,
the decarboxylation of acid 10 generates an alkyl radical that undergoes
selective copper-catalysed cross-coupling with primary alkyl radical Il
derived fromaddition to ethylene, delivering the target C(sp®)-C(sp®)
product 11. Systematic reaction optimization using aryl-DBT salt 1
and aliphatic carboxylic acid 10 revealed that the Cu(tpy)* complex
again emerged as the optimal catalyst. However, the ruthenium photo-
catalyst had tobereplaced by an acridinium-type photocatalyst, which
possesses amore oxidative excited state essential for decarboxylative
generation of the alkyl radical from 10 (Fig. 5a). In this three-radical
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system, Cu(tpy)* enforces selectivity at two distinct levels: polarity
match governs the capture of nucleophilic primary alkyl radical Il
over electrophilic aryl radical I, while steric bias simultaneously dis-
favours capture of the bulkier secondary and tertiary alkyl radicals
derived fromthe acids, together directing all three radical intermedi-
atestowards the desired product. Theresulting primary alkyl-copper
species then forms a C(sp®)—-C(sp*) bond with the unbound alkyl radical
through either an inner-sphere reductive elimination (when primary
arylacetic acid derivatives are used, vide infra) or an outer-sphere
S,,2 substitution pathway. The proposed mechanismiis illustrated in
Extended DataFig. 6.

Study of the substrate scope of the 1-aryl-2-alkylation of ethylene
revealed that primary, secondary and tertiary aliphatic carboxylic
acidsareall suitable coupling partners (Fig. 5b). Among primary acids,
arylacetic acid derivatives (11a-11n) proved especially efficient, with
benzylic radical intermediates undergoing facile TM capture' and pro-
ductiveinner-spherereductive elimination. Aryl-and heteroarylacetic
acid derivatives, including complex drug molecules such as indo-
methacin (11m) and isoxepac (11n), were also compatible, underscoring
the synthetic utility of this transformation. In contrast, unactivated
primary acids gave lower yields with substantial homocoupling of the
two primary alkyl radicals generated insitu, reflecting the inherent dif-
ficulty in differentiating sterically and electronically similar primary
alkyl radicals.

Secondary carboxylic acids proved broadly compatible with the
selective dicarbofunctionalization reaction (110-11ae). Several com-
plex drug molecules containing secondary carboxylic acid motifs,
including ibuprofen (110), ketoprofen (11p), naproxen (11q) and

loxoprofen (11r), participated in the transformation effectively. Also,
incontrast to primary acids, unactivated secondary acids were viable
substrates (11s-11ae). Interestingly, when cyclic acids were employed,
the overall efficiency showed a strong dependence on ring size. Reac-
tantswith smaller ring sizes afforded lower yields (11v-11x), likely due
to the decreased nucleophilicity of the corresponding alkyl radical,
consistent with the proposed S;;2 mechanism. Tertiary carboxylic
acids were also viable substrates, producing all-carbon quaternary
centres, a highly desirable yet synthetically challenging motif. Both
phenylacetic acid derivatives (11af and 11ag) and unactivated acids
(11ah-11an) furnished the targeted 1-aryl-2-alkylethanes smoothly in
good to synthetically useful yields. Notably, 1-methylcyclobutane-1
-carboxylic acid gave the desired product in 45% yield (11ai), while
secondary cyclobutanecarboxylic acid delivered only 18% yield (11v).
Thisincreased reactivity is attributed to the higher nucleophilicity of
the tertiary 1-methylcyclobutyl radical compared with the second-
ary analogue, further supporting the proposed S;,2 pathway. For the
extended substrate scope, see Supplementary Fig. 4.

Application to substituted alkenes and
1,3-butadiene

We next explored whether this protocol could be extended to substi-
tuted alkenes 12 (Extended Data Fig. 3). Styrene can be readily func-
tionalized under the standard ethylene 1,2-diarylation conditions,
delivering 1,1,2-triarylethane scaffolds (13a-13e). 1,3-Butadiene also
proved to be a competent substrate, affording the corresponding
1,4-diarylated products exclusively as trans alkenes (13f-13i). Pro-
pylene, another abundant gaseous feedstock, underwent smooth
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diarylation to yield methyl-substituted 1,2-arylethanes (13j-13n). In
addition, the protocol was successfully extended to unactivated alk-
enes (130 and 13p), 1,1-disubstituted alkenes (13q) and vinyl acetate
(13r), all of which delivered the desired diarylated products with good
efficiency. These results highlight the versatility of the Cu(tpy)* com-
plex. Beyond primary alkyl radicals, the catalyst also demonstrated
excellent reactivity and selectivity towards benzylic, allylic, second-
ary, tertiary and a-oxy radicals, enabling their effective capture and
subsequent functionalization.

Conclusion

We have developed a generalized platform for ethylene 1,2-dicarbo-
functionalization that facilitates the rapid construction of awide range
of 1,2-dicarbofunctionalized ethanes encompassing C(sp®), C(sp?) and
C(sp) moieties, valuable scaffolds in pharmaceuticals and natural prod-
ucts. This three-component coupling reactionis enabled by photore-
dox/copper dual catalysis, inwhich the copper-tpy complexis critical
for modulating the three-component selectivity. Mechanistic investiga-
tion uncovered that the strongly Ti-accepting tpy facilitates a metal-
radical polarity-match mechanism that governs the selective capture
of nucleophilic alkyl radicals over electrophilic radicals by the copper
catalyst. This mechanismis essential to overcome the two-component
coupling challenge arising from theinertness of ethylene, expanding its
synthetic utility for the construction of value-added molecules. More
broadly, this work identifies metal-radical polarity match as a design
principle for controlling selectivity in multiradical transformations,
based onthe recognitionthat the electronic properties of aligand can
modulate radical capture. This concept provides a structure-activity
framework for rational catalyst design in metallaphotoredox chemistry,
especially in settings where multiple transient radical intermediates
compete for catalyst engagement.
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Methods

Typical procedure for photoredox/copper dual-catalysed
1,2-dicarbofunctionalization of ethylene

To a10-ml oven-dried microwave tube fitted with a magnetic stir bar
was added Ru(DMB),(PF), (1.9 mg, 0.0020 mmol, 0.02 equiv.), tpy
(2.8 mg, 0.012 mmol, 0.12 equiv.), aryl-DBT salt (0.10 mmol, 1.0 equiv.)
andarylboronicacid (0.20 mmol, 2.0 equiv.). The tube was then trans-
ferred into an argon-filled glove box and Cu(MeCN),(PF,) (3.7 mg,
0.010 mmol, 0.10 equiv.), K;PO, (42 mg, 0.20 mmol, 2.0 equiv.) and 4-A
molecular sieves (50 mg) were added, followed by anhydrous MeCN
(0.8 ml), tBuCN (0.80 ml) and tBuOAc (0.40 ml). The tube was then
sealed withaSynthware 14/20 threaded tight-seal flange rubber septum
and removed from the glove box.

The septumwas further sealed with strong adhesive electric tape.
The mixture was sparged with a balloon filled with ethylene through
along stainless-steel needle (-1 min), after which 60 ml ethylene was
introduced into the tube through a syringe by immersing the tube
in liquid nitrogen, causing the ethylene (boiling point -103.7 °C) to
condense. The top of the septum was immediately sealed with another
piece of electric tape and parafilmafter the removal of the syringe. After
slowly returning to room temperature, the tube (pressure -5 atm) was
irradiated with a40-W, 456-nm blue lamp with stirring for 24 hand an
overhead fan cooling.

After irradiation, the tube was vented with a needle before the
septum was removed. The reaction mixture was diluted with Et,0 and
passed through asilica pad. The resulting solution was concentrated
and the crude mixture was purified by flash column chromatography
to obtain the desired product.

Data availability
All of the data supporting the findings of this study are available within
thearticle and its Supplementary Information.
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antimalaria and antiplamoidal agent chronic lymphocytic leukemia (CLL) for treatment of multiple sclerosis
Extended Data Fig. 1| Bioactive molecules and natural products encompassing 1,2-dicarbofunctionalized ethane motif. 1,2-Dicarbofunctionalized ethanes are
prevalent motifs in medicinal relevant molecules, some selected examples bearing alkyl (sp°), (hetero)aryl (sp?), and alkynyl (sp) carbogenic functional groups are
shown. tBu, tert-butyl. OMe, methoxy.
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Extended Data Fig. 2| Ethane (C2) bridge represents animportant motif
infragment-based drug design (FBDD). a, Linking two aryl moieties with an
ethane bridge allowed the discovery of potent and selective BACE-1inhibitor with
350-fold potency boost”. b, Dimerized 1,2,4-benzothiadiazine 1,1-dioxide (BTD)-
type AMPA potentiator linked by an ethane bridge showed over 10* potency
boost®. ¢, Changing the ether linker ina CREBBP inhibitor to the corresponding

ethane linker resulted in over 7-fold potency boost™. d, Linking the ester and
phenol functional group with an ethane bridge allowed for an over 4-fold potency
boost in the search for BACE-1inhibitor®. K, dissociation constant; ECs,, half
maximal effective concentration; ICs,, half maximal inhibitory concentration;
OMe, methoxy.
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Extended Data Fig. 3| Application of photoredox/copper dual-catalyzed ethylene 1,2-diarylation to substituted alkenes and 1,3-dienes. Beyond ethylene,
the 1,2-diarylation protocol can be applied to other unsaturated systems, such as subtituted alkene, 1,3-diene, and propylene, another gaseous feedstock chemical.
“OTf, trifluoromethanesulfonate; PC, photocatalyst; Ar, aryl; DMB, 4,4’-dimethyl-2,2’-bipyridine; OMe, methoxy; OPh, phenoxy; OTf, trifluoromethanesulfonyloxy;
tBu, tert-butyl.
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Extended Data Fig. 4 | Proposed mechanisms of photoredox/copper dual-
catalyzed1,2-diarylation of ethylene. The Ru-based photocatalyst operates
through areductive quenching cycle, in which single-electron transfer from the
Cu(I) catalyst to the excited-state Ru(ll)* species generates ground-state Ru(l).
Theresulting Ru(l) species reduces the aryl-DBT salt, releasing an aryl radical
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that undergoes radical addition followed by capture by the copper catalyst.
Theresulting transient Cu(lll) species rapidly undergoes reductive elimination
to afford the 1,2-diarylethane product. SET, single electron transfer; "OTf,
trifluomethanesulfonate; Ar, aryl; X, ligand; L, ligand; PC, photocatalyst; TfO,
trifluoromethanesulfonyloxy.
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Extended DataFig. 5| Proposed mechanisms of photoredox/copper dual-
catalyzed 1-aryl-2-alkynylation of ethylene. The Ru-based photocatalyst
operates through a reductive quenching cycle, in which single-electron transfer
from the Cu(l) catalyst to the excited-state Ru(ll)* species generates ground-
state Ru(l). The resulting Ru(l) species reduces the aryl-DBT salt, releasing an
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arylradical that undergoes radical addition followed by capture by the copper
catalyst. The resulting transient Cu(lll) species rapidly undergoes reductive
elimination to afford the 1-aryl-2-alkynylethane product. SET, single electron
transfer; "OTf, trifluomethanesulfonate; Ar, aryl; X, ligand; L, ligand; R, functional
group; PC, photocatalyst; TfO, trifluoromethanesulfonyloxy.

Nature Chemistry


http://www.nature.com/naturechemistry

Article

https://doi.org/10.1038/s41557-026-02177-8

OAS

Photoredox
cataysis

—

Copper
cataysis

H Ethylene
Radical
capture
PC~
Ar1 L,Cu'=X
Alk—CO,K
Site-selective
activation
SET -CO, @
oTf
TIO™ +

Arene

Extended DataFig. 6 | Proposed mechanisms of photoredox/copper dual-
catalyzed 1-aryl-2-alkylation of ethylene. The acridinium-based photocatalyst
operates through a reductive quenching cycle, in which single-electron transfer
from the carboxylate to the excited-state photocatalyst generates the ground-
state reduced photocatalyst. This reduced species then reduces the aryl-DBT salt,
releasing anaryl radical that undergoes radical addition followed by capture by
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the copper catalyst. The alkyl radical generated by decarboxylation subsequently
couples with the copper species bearing the primary alkyl group, through either
aninner- or outer-sphere pathway, to afford the 1-aryl-2-alkylethane product.
SET, single electron transfer; “OTf, trifluomethanesulfonate; Ar, aryl; X, ligand; L,
ligand; Alk, alkyl; PC, photocatalyst; TfO, trifluoromethanesulfonyloxy.
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