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Photoredox-catalyzed selective head-to-head
reductive coupling of activated alkenes†

Shenhao Chen,‡a Zongchang Han,‡b Han-Shi Hu, b Jun Lib and Chanjuan Xi *a,c

Head-to-head reductive hydrodimerization of activated alkenes offers access to valuable bulk or fine

chemicals such as adipates or adiponitrile as an intermediate for the industrial synthesis of nylon. We

herein report a novel reaction to realize head-to-head reductive coupling of activated alkenes by a photo-

induced Ir/PPh3/H2O system, providing smooth access to various adipate derivatives in high chemo- and

regioselectivity. In this reaction, a [Ph3P-OH] radical generated from a photoinduced interaction between

H2O and PPh3 enables the PCET process with activated alkenes to form a C-centered radical at the

β-position, which is rarely reported.

Dimerization of alkenes is a significant reaction for synthesiz-
ing essential intermediates for the production of bulk or fine
chemicals.1 Among them, selective head-to-head reductive
dimerization of activated alkenes such as acrylates or acryloni-
trile offers access to valuable adipates or adiponitrile as an
intermediate for the industrial synthesis of nylon.2 Early strat-
egies for hydrodimerization of activated alkenes critically rely
on utilizing stoichiometric metals as the reductant, which gen-
erates a large amount of metal wastes and limits the substrate
scope due to unsatisfactory functional group tolerance.3

Recently, transition-metal-catalyzed strategies have attracted
much effort; however, the use of metal reductants is still
necessary.4 Meanwhile, a CvC bond remains in the dimerized
products (Fig. 1a). Although electrolytic hydrodimerization of
acrylonitrile to adiponitrile under aqueous conditions has
been developed, this process is inapplicable to the synthesis of
adipic derivatives (Fig. 1b).5 Therefore, it is desirable to
explore an environmentally friendly reduction mode for a
head-to-head hydrodimerization of activated alkenes.

Recently, Studer’s group developed a photocatalyzed Ir/
PPh3/H2O system to realize hydrogenation of alkenes,6 where

the generated [Ph3P-OH] radical provided a platform that
mimics the reactivity of a ‘free’ hydrogen atom, which can be
directly transferred to alkenes. The resulting H-adduct carbon
radical shows the possibility to dimerize alkenes by radical
coupling reaction.7 Herein, we report a photoinduced Ir/PPh3/
H2O system for a head-to-head (β,β-coupling) reductive dimeri-
zation of activated alkenes. In this reaction, the [Ph3P-OH]
radical is generated, enabling the proton coupled electron

Fig. 1 Head-to-head dimerization of activated alkenes.
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transfer (PCET) process8 with activated alkenes, producing a
nucleophilic β-C radical, followed by the Giese-type addition to
the second molecule of activated alkenes, resulting in a reduc-
tive head-to-head coupling. Activated alkenes including acry-
lates, acrylamide, acrylonitrile and vinyl ketones with α or β
substituents are well-tolerated in this conversion, providing
approaches to various valuable adipate derivatives, adiponitrile
and 1,6-diones (Fig. 1c).

We initiated the study by employing tert-butyl acrylate 1a as
the substrate, Ir[dF(CF3)ppy]2(dtbbpy)PF6 as the photocatalyst
and PPh3 as the reductant. After irradiation under a N2 atmo-
sphere for 21 hours, di-tert-butyl adipate 2a as the head-to-
head coupling product was successfully obtained in 77% yield
(Table 1, entry 1). Notably, the tail-to-head coupling
(α,β-coupling) product was not observed, showing high regio-
selectivity of this reaction. Reducing the volume of acetonitrile
(CH3CN) to 1 mL resulted in an obvious loss of yield, while
increasing the volume of CH3CN to 3 mL did not affect the
reaction, indicating that dilute conditions were more suitable
(entries 2 and 3). Changing CH3CN to dimethylformamide
(DMF) or dimethyl sulfoxide (DMSO) resulted in a messy
mixture with only a trace amount of 2a detected (entries 4 and
5). To accelerate the reaction, excess PPh3 was necessary, but a
larger excess amount also led to the hydrogenation of alkenes
as the side reaction, and 1.0 equivalent of PPh3 was found to
be the best amount (entries 6 and 7). The decrease in the
amount of water resulted in a slight drop of the yield of
product 2a, and 21 hours were enough for this reaction
(entries 8–11). The reaction was inhibited without either
photocatalyst, PPh3, H2O or light irradiation (entry 12).

With the optimized conditions in hand, various activated
alkenes were tested to explore the substrate scope of this
reductive coupling system. The representative results are
shown in Fig. 2. Terminal acrylate with a tert-butyl group on
the ester side (1a) was tolerated and the corresponding
product (2a) was isolated in 72% yield. Acrylates with α-methyl
group (1b) were capable of the conversion, while epoxy group
and chloride at the ester part were also tolerated and generated
products (2c and 2d) in excellent yield, respectively. α-Fluoride
(1e) and α-phenyl acrylate (1f ) were also suitable for the con-
version to afford hydrodimerized products (2e–2f ) in 76% and
33% yields, respectively. The lower yield of 2f can be attributed
to the steric hindrance and hydrogenation of the vinyl group
as the by-product. γ-Lactone with an exocyclic CvC bond also
completed this transformation smoothly to produce 2g in
moderate yield. Moreover, β-substituted and α,β-disubstituted
acrylates performed well with two ester groups on substrates
(1h–1i). The benzylic and phenyl acrylates (1j–1k) were toler-
ated, but suffered from the hydrolysis of the ester group,
resulting in poorer yields [for details see Fig. S3 in the ESI†].
In addition, acrylonitrile could be converted into adiponitrile

Table 1 Optimization of the reaction conditionsa

Entry Verified conditions Yieldb (%)

1 Standard conditions 77 (72)
2 Solvent: CH3CN (1 mL) 40
3 Solvent: CH3CN (3 mL) 77
4 Solvent: DMF (2 mL) Trace
5 Solvent: DMSO (2 mL) Trace
6 Amount PPh3: 2.0 equiv. 70
7 Amount PPh3: 0.5 equiv. 48
8 Volume of H2O: 0.50 mL 68
9 Volume of H2O: 0.15 mL 61
10 Reaction time: 12 h 30
11 Reaction time: 48 h 78
12 Without [Ir] or PPh3 or H2O or light irradiation N.D.

a Standard conditions: tert-butyl acrylate 1a (0.2 mmol), Ir[dF(CF3)
ppy]2(dtbbpy)PF6 (2.0 mol%), PPh3 (1.0 equiv.), H2O (1.0 mL) and
CH3CN (2.0 mL), under a N2 atmosphere, 15 W blue LEDs, 21 h
irradiation at room temperature. b Yields determined by 1H NMR using
CH2Br2 as the internal standard, isolated yield given in parenthesis. N.
D.: not detected.

Fig. 2 Substrate scope of the reductive coupling system. Standard con-
ditions: activated alkene 1 (0.2 mmol), Ir[dF(CF3)ppy]2(dtbbpy)PF6
(2.0 mol%), PPh3 (1.0 equiv.), H2O (1.0 mL), CH3CN (2.0 mL), under a N2

atmosphere, 15 W blue LEDs, 21 h irradiation at room temperature. a(E)-
Dibutyl succinate as the substrate. b18 mmol scale.

Research Article Organic Chemistry Frontiers
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2l in high yield, and the scale-up reaction (18 mmol) pro-
ceeded smoothly to produce 2l in moderate yield (0.64 g, 66%).
Acrylamide 1m was also tolerated; however, it resulted in poor
chemoselectivity due to the competitive hydrogenation of the
CvC bond as a byproduct. Vinyl ketones were also applicable
in this reaction, including linear ketones (1n), ketone with an
exocyclic CvC bond on a norbornene skeleton (1o), and
ketones with an endocyclic CvC bond in five/six-membered
rings (1p–1q), to give the corresponding products in high
yields. Phenyl vinyl ketone could be transformed into product
2r, but the hydrogenation of the carbonyl group9 interfered
with the reaction. Propargyl ester with a carbon–carbon triple
bond was also suitable for this conversion with 2.0 equivalents
of PPh3 to produce head-to-head coupling product 2a in 33%
yield.

To gain insight into the reaction process, several experi-
ments were designed. The reaction was completely inhibited
by the addition of 3.5 equivalents of 2,2,6,6-tetramethyl-1-
piperinedinyloxy (TEMPO) (Fig. 3A-(i)), revealing the involve-
ment of a potential radical process. When employing cyclopro-
pyl group at the α-position of acrylate 3, the reductive coupling
reaction was inhibited, and the acrylate 3 underwent a ring-
opening process to generate linear product 4 by the hydrogen-
ation instead (Fig. 3A-(ii)), which further indicates the radical
process in this reaction. To verify whether the reaction pro-
ceeded via a [2 + 2] cycloaddition and direct hydrogenation of
the cyclobutyl motif, 1a was first exposed to light irradiation
and products 5 with a cyclobutene skeleton were not detected
in the presence/absence of the photocatalyst. Then, 1,2-cyclo-
butanedioicates (trans-5 and cis-6) were also tested under stan-

dard conditions and it was found that the reaction did not
proceed and the starting materials remained. These results
excluded the possibility of cyclobutanedioicate as the inter-
mediate (Fig. 3B). When replacing H2O with D2O under the
standard conditions, the deuterium ratio at the α-position in
d-2a reached 77/23, indicating that water was the hydrogen
source in this reaction. Additionally, an unexpected deuterium
ratio of 15/85 at the β-position of d-2a was observed, suggesting
the possibility of the formation of a β-activated intermediate in
this reaction (Fig. 3C).

Stern–Volmer experiments demonstrated that PPh3 exhibi-
ted the strongest fluorescence quenching ability of the
iridium-based catalyst, while acrylate 1a and acrylonitrile 1l
barely affected the fluorescence strength of the photocatalyst.
Vinyl ketone 1n presents a degree of quenching ability, but it
is weaker than that of PPh3. The quenching ability of PPh3

changed slightly in the presence of H2O, implying a low possi-
bility of interaction between PPh3 and H2O in the quenching
process, indicating that PPh3 was the dominant quencher of
the photocatalyst (Fig. 4).

In order to further explain the anomalous selectivity, com-
putational studies have been carried out. All quantum chemi-
cal calculations were carried out using Gaussian 16B and
ORCA 6.0, while all crossing points were found using KST48
(see section 9.1 in the ESI for details†).10 The Gibbs free
energy diagram of the stepwise pathway is shown in Fig. 5. The

Fig. 3 Experiments of the mechanistic study. Fig. 4 Fluorescence quenching experiments.
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reaction is initiated by a single electron transfer (SET) process
between the photocatalyst (T-[Ir+]) in the triplet state and Ph3P,
followed by interaction with H2O to form the [Ph3P-OH]
radical.6,9,11 Calculations show that the generation of the
[Ph3P-OH] radical [E1/2(Ph3POH

+/Ph3POH
•) = −1.75 V vs. SHE]

is energetically permissive, and the following reactions with
three sites of acrylonitrile (N, α-C and β-C) are concerted PCET
processes. The lowest total Gibbs free energy barrier is
12.73 kcal mol−1 for the crossing point to [N-cp], while that of
[β-cp] and [α-cp] is about 3.0 kcal mol−1 and 3.4 kcal mol−1

higher respectively, leading to an anomalous selectivity. Time-
scale reactions with H2O/D2O showed a primary isotope effect
(kH/kD > 5, see Fig. S4†), indicating the possibility of a con-
certed PCET step as the rate determining step. The structures
then dissociate into Ph3PO and three types of C-centered rad-
icals respectively, which could undergo Giese addition to
another acrylonitrile molecule. Although the barrier for the
[N–H] is slightly higher than the other two processes, the
global barrier for this pathway is more favorable. The following
spontaneous reduction and protonation processes produce the
linear structure as the major product. Another possible
pathway is the direct reduction of acrylonitrile by [IrII] to form
the acrylonitrile radical anion [SET-Int2] and then the pre-
complex [SET-Int3] with an 18.79 kcal mol−1 barrier, followed

by barrierless Giese addition to give the linear product. The
higher energies of [SET-TS] and [SET-Int5] inhibit the for-
mation of the branched product. This SET pathway is likely to
be a side pathway for the generation of the linear product (see
section 9.4 in the ESI for details†).

The effect of weak interactions in the concerted PCET
process was also studied, indicating that the hydrogen
bonding between the [Ph3P-OH] radical and activated alkenes
accounts for the anomalous selectivity (see detailed IGMH and
ETS-NOCV analysis12 in Fig. S7 of the ESI†). The reaction coor-
dinates of the two PES before and after electron transfer were
defined by the species before and after hydrogen transfer, and
the crossing point was approximated by a straight line con-
necting the two surfaces. When neglecting the hydrogen
bonding effect in the concerted PCET process, the crossing
point energy of [β-cp] is lower than [N-cp]′, leading to non-
existent branched products (Fig. 6a). When the hydrogen
bonding effect is considered, both the reactant and the
product experience a significant energy decrease, resulting in a
lower crossing point energy of [N-cp], thus explaining the selec-
tive generation of the linear product (Fig. 6b). The possibility
of stepwise ET–PT (electron transfer–proton transfer) and con-
certed HAT (hydrogen atom transfer) instead of a concerted
PCET process is also ruled out (see Fig. S8 of the ESI†).

Fig. 5 Gibbs free energy diagram of the reaction with acrylonitrile as substrates. T = Triplet, L = Linear, B = Branched, Int = Intermediate, TS =
Transition State, cp = crossing point, P = Product, SET = Single Electron Transfer; α, β and N are sites of hydrogen transfer; see section 9.4 in the
ESI† for additional details.

Research Article Organic Chemistry Frontiers
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A plausible mechanism is proposed and shown in Fig. 7.
The reaction is initiated by photoinduced single electron trans-
fer (SET) from PPh3 to T-[IrIII] in the excited state, forming a
PPh3 radical cation (PPh3

•+), which could accept nucleophilic
H2O and deprotonate to afford the [Ph3P-OH] radical. The
[Ph3P-OH] radical could undergo a concerted PCET process
with substrates (acrylonitrile as an example), and the energy
barrier for PCET via the crossing point [N-cp] (12.73 kcal
mol−1) is lower than that of [α-cp] (16.13 kcal mol−1) and
[β-cp] (15.71 kcal mol−1), which results in the selective for-
mation of the radical [N–H] (A). A then undergoes Giese
addition to a second molecule of acrylonitrile to generate the
radical [N-Int4], which could receive electrons from IrII, fol-
lowed by tautomerization and protonation to produce the
head-to-head coupling product. Even though the radical [β-H]
(C) from the ET–PT or HAT process is thermodynamically

more stable than A, the formation of C is not favored because
it leads to the head-to-tail coupling product that is not
detected.

Conclusions

In summary, we have disclosed a photoinduced strategy for
the head-to-head reductive coupling of activated alkenes, pro-
ducing various adipate derivatives, adiponitrile and 1,6-diones
with high chemo- and regio-selectivity with water as the hydro-
gen source. In this reaction, the [Ph3P-OH] radical is generated
from a photoinduced interaction between H2O and PPh3, fol-
lowed by a PCET process with activated alkenes to form a
nucleophilic radical at the β-position. The β-C activation strat-
egy provides insights into different regioselectivity reactions

Fig. 6 Mechanism diagram of PCET to acrylonitrile.

Fig. 7 Proposed mechanism for the reductive coupling of activated alkenes (total Gibbs free energy barrier for the PCET process is given in par-
enthesis, kcal mol−1).

Organic Chemistry Frontiers Research Article
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with activated alkenes, building new synthetic methods
through radical processes.
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