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ABSTRACT: We present comprehensive computational and experimental
studies on the mechanism of an asymmetric photoredox/Pd dual-catalytic
reductive C(sp3)−C(sp3) homocoupling of allylic electrophiles. In stark
contrast to the canonical assumption that photoredox promotes bond formation
via facile reductive elimination from high-valent metal−organic species, our
computational analysis revealed an intriguing low-valent allylpalladium pathway
that features tandem operation of Pd(0/II/I)−Pd(0/II/I/II) cycles. Specifi-
cally, we propose that (i) the photoredox/Pd system enables the in situ
generation of allyl radicals from low-valent Pd(I)-allyl species, and (ii) effective
interception of the fleeting allyl radical by the chiral Pd(I)-allyl species results in
the formation of an enantioenriched product. Notably, the cooperation of the two pathways highlights the bifunctional role of Pd(I)-
allyl species in the generation and interception of transient allyl radicals. Moreover, the mechanism implies divergent substrate-
activation modes in this homocoupling reaction, suggesting a theoretical possibility for cross-coupling. Combined, the current study
offers a novel mechanistic hypothesis for photoredox/Pd dual catalysis and highlights the use of low-valent allylpalladium as a means
to efficiently intercept radicals for selective asymmetric bond constructions.

1. INTRODUCTION
Despite significant progress in the selective construction of
carbon−carbon bonds, developing regio- and stereoselective
catalytic methods for C(sp3)−C(sp3) coupling that generate
vicinal stereocenters continues to be a major challenge in
synthetic organic chemistry. Strategies such as transition-metal-
catalyzed alkyl−alkyl cross-coupling between alkyl electro-
philes and alkyl nucleophiles,1−15 as well as reductive cross-
electrophile coupling,16−33 have evolved rapidly in recent
decades. However, there is a need for advancing toward
enantioconvergent and highly enantio- and diastereoselective
processes that avoid stoichiometric alkyl metal/metalloid
reagents or metal reductants. Additionally, although visible
light photoredox chemistry has led to various powerful bond-
formation protocols under mild and environmentally friendly
conditions,34−50 achieving effective enantioinduction in these
reactions remains challenging. In this regard, we recently
reported a photoredox/Pd dual-catalytic reductive homocou-
pling of allylic esters that provides a highly regio-, enantio-, and
diastereoselective route to chiral C2-symmetrical 1,5-diene
scaffolds bearing vicinal stereogenic centers (Scheme 1A).51

Although a series of experiments were designed and conducted
to probe the reaction mechanism, the mode of catalysis and the
origin of regio-/stereoselectivities remain largely unclear,

which poses a significant barrier to subsequent reaction design
efforts.
The initial working hypothesis of the photoredox/Pd dual

catalysis involves the intermediacy of high-valent Pd(III)
species to promote reductive elimination.51,52 More specifi-
cally, it was proposed that interception of allyl radicals by
Pd(II) species was responsible for the formation of Pd(III),
which is in line with a plethora of studies on photoredox/
transition-metal catalysis,35−38,53−58 especially the prevailing
postulate of reductive elimination from high-valent aryl-/acyl-/
alkyl-Pd species at the Pd(III) or Pd(IV) states.35,37,54−63

However, the high-valent mechanism cannot explain how the
reaction avoids nonselective radical−radical coupling, which is
a ubiquitous obstacle to regio-/stereocontrol in related
nonreductive reactions.59−64 This is in stark contrast to the
remarkable regio- and stereoselectivites for the current
reaction.51,52 Moreover, a fundamental question remains
regarding the possibility of cross-coupling under the reported
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conditions. To this end, insights into the molecular nature of
substrate activation and the resultant active species may help
the differentiation of two substrates in one pot. To answer
these questions, an in-depth theoretical survey into the
intermediate (photo)redox events and the mechanism of
catalysis is necessary.
We report herein quantum mechanics (QM) computations

in tandem with experimental studies to establish the
mechanism of photoredox/Pd dual catalysis (Scheme 1B). In
contrast to the canonical high-valent regime, our computations
reveal the operation of an underexplored low-valent allylpalla-
dium chemistry, where a Pd(I) species (a) generates an allyl
radical through a Pd(0/II/I) cycle and (b) efficiently
intercepts the in situ-formed radical to enable the selective
inner-sphere C(sp3)−C(sp3) bond construction in a separate
Pd(0/II/I/II) cycle. We postulate that the enrichment of the
chiral Pd(I) species by the reductive photoredox media is
critical to the effective interception of the fleeting allyl
radicals.65 We also elucidate the transition-state origins of
the unique reactivity and high selectivities. The study
highlights the significant potential of low-valent allylpalladium
chemistry as a new basis for the design of asymmetric
photoredox/Pd dual catalysis.

2. COMPUTATIONAL METHODS
All quantum mechanical calculations were performed using the
Gaussian 09 package.66 For ground states and lowest triplet
states, the M06-L functional was employed.67,68 Geometries
were optimized with a mixed SDD(Pd,Ir)-6-31G(d) basis
set.69,70 Optimized geometries were examined by vibrational
frequency calculations to be either an energy minimum or a

transition state (zero or one imaginary mode, respectively).
Single-point energies were evaluated using the def2-TZVP
basis set71 and the SMD solvation model for CH3CN.

72

Thermodynamic quantities (1 mol/L, 298.15 K) were
calculated using the GoodVibes program73 with the quasi-
rigid rotor harmonic oscillator approximation.74,75 Multiwfn76

was employed for calculations of natural transition orbital
(NTO),77 Mayer bond order,78 buried surface area,79 steric
contour,80 and the independent gradient model.81 Dispersion
energies were estimated in the DFT-D3(BJ) scheme para-
metrized for the Hartree−Fock mean-field theory.82 Visual-
izations were carried out in CYLview83 and PyMOL.84

3. RESULTS AND DISCUSSION
The discussions are organized as follows. Section 3.1 describes
the nature of the photoredox cycle. Section 3.2 presents a
comprehensive computational analysis of the mechanism of
catalysis for the photoredox/Pd dual catalysis, which highlights
the pivotal role of low-valent allylpalladium in generating and
intercepting allyl radicals for asymmetric homocoupling.
Section 3.3 further establishes transition-state models that
rationalize the selectivities and are then validated by experi-
ments.
A standard reaction for the photoredox/Pd dual-catalytic

reductive homocoupling is described in Scheme 1A.51

Optimization of conditions identified [Ir(bpy)2(dtbbpy)]PF6
as an ideal photocatalyst, diisopropylethylamine (DIPEA or D)
as a homogeneous organic reductant, Cs2CO3 as a necessary
inorganic base, and (R)-GARPHOS (L) as a suitable ligand for
enantioinduction. This highly reactive dual catalysis enables
enantioconvergent consumption of racemic allylic esters. Up to
>95:5 rr, >95:5 dr and 99% ee are observed for a variety of
substrates, including the model substrate shown here,
suggesting exceptional regio-, diastereo-, and enantiocontrol.

3.1. Photoredox Cycle. To establish the photochemical
basis of the reaction, our studies commenced with an
investigation into the initial fates of iridium photocatalyst
IrIII and organic reductant D (Figure 1A). The visible-light-
induced reaction is triggered by photoexcitation of IrIII toward

*IrS1
III , which displays characters of metal−ligand charge

transfer (MLCT)/ligand π−π* excitation (Figure S1). Vibra-
tional relaxation of *IrS1

III and subsequent intersystem crossing
(ISC) gives rise to the lowest triplet state *IrT1

III , which shows
an elevated thermodynamic potential (50.2 kcal/mol com-
pared with the ground state IrIII), providing enhanced redox
activities to engender the following reactions.
A previous analysis using a Stern−Volmer plot indicated that

D (E1/2 = +0.68 V vs SCE)85−87 is responsible for quenching
the photoexcited IrIII* species (E1/2 = +0.66 V vs SCE).88 In
agreement with this observation, our calculations predict that
the formation of *IrT1

III entails an exergonic reductive quenching
by D, which involves a single-electron transfer (SET) from D
to *IrT1

III to produce an IrII species and the [D]•+ radical cation
(ΔGSET

‡ = 0.3 kcal/mol, ΔGSET = −10.5 kcal/mol). IrII bears a
radical anionic dtbbpy ligand (Figure 1B) and can act as a
potent one-electron reductant. The formation of the radical
cation [D]•+ is followed by the deprotonation of [D]•+ by
Cs2CO3 (further exergonic by −23.7 kcal/mol). As also
described in Figure 1B, the resultant radical I• is only one
high-energy π* electron away from a stable iminium cation,
making it also a strong one-electron reductant. Additionally,

Scheme 1. Photoredox/Pd Dual-Catalytic Homocoupling of
Allylic Esters. (A) Reported reation.51 (B) Current
mechanistic study.
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several potentially competitive pathways, including the
quenching of IrIII* by Pd(II)-allyl species, were computed to
be less favorable (Figures S2 and S3). These results support
the Ir/DIPEA reductive quenching mechanism that was
deduced from experiments.51

3.2. Photoredox/Pd Dual Catalysis. 3.2.1. Importance
of Photoredox Chemistry. We have delineated the visible-
light-induced formation of reductants IrII and I•. How these in
situ-formed reductants cooperate with the Pd catalyst to enable
the selective C(sp3)−C(sp3) coupling remains unknown. To
first demonstrate the thermochemically forbidden nature of the
reaction, we modeled the consecutive oxidative additions
(OAs) of two molecules of allylic esters with Pd(0). As
described in Figure 2, this would furnish the high-valent
bis(allyl)Pd(IV) species PdIVA2. Our calculations show that
the first substrate uptake can occur smoothly via an
antidisplacement-type Pd(0)/Pd(II) OA, giving rise to (π-
allyl)Pd(II) species PdIIA. The reaction has a low kinetic
barrier (<10 kcal/mol via TSOA

0/II) and is exergonic (ca. −12
kcal/mol for PdIIA vs Pd0R). However, the Pd(II)/Pd(IV)
OA, which would afford the high-valent bis(allyl)Pd(IV)
species PdIVA2, displays a prohibitively high energy of 52.2
kcal/mol (vs the more stable stereoisomer of PdIIA). Hence,
the Pd(0/II/IV) pathway is not energetically favorable, which
highlights the importance of photoredox chemistry for the
coupling.
3.2.2. Radical Generation. We then explored possible

intersections of Pd catalysis with the photoredox system.
Previous mechanistic studies suggested that both allyl radical
and allylpalladium are formed during catalysis,51 but the nature
of the radical generation pathway remains unclear. With this
question in mind, we proposed a Pd(0/II/I) radical generation
cycle, whose energetics were calculated as presented in Figure
3A. Intriguingly, the one-electron reduction of PdIIA by I• can
furnish a low-valent (π-allyl)Pd(I) species PdIA (note:

reduction by IrII is also feasible, see Figure S4). The detected
allyl radical A• can then be generated from PdIA, possibly via
the intermediacy of the η1-PdIA species that is only 9.1−9.8
kcal/mol higher in energy than PdIA. This led us to presume
an interconversion between A• and PdIA in the reaction
mixture.51

We then explored why the low-valent allylpalladium is prone
to allyl radical generation. Figure 3B presents a bonding
analysis for PdIIA and η3-PdIA that reveals elongation of the
internal Pd−C bond from 2.27 Å in PdIIA to 3.01 Å in η3-
PdIA. Natural population analysis indicates a marked degree of
ligand reduction in the allyl moiety of η3-PdIA, with −0.45
partial charge and 0.66 spin population. The high-energy
electron accepted by PdIIA occupies an antibonding orbital
exhibiting mixed characters of Pd dx y2 2 and allyl π2 orbitals
(left in Figure 3C), which can undermine the Pd-allyl bonding
interactions. The radical generation allows the extra electron to
occupy a nonbonding π2 orbital in A• instead (right in Figure
3C), resulting in stabilizations that we postulate to be a crucial
driving force for radical generation.
Notably, the predicted generation of the highly reactive allyl

radicals necessitates a mechanism that can rapidly intercept the
radicals in order to avoid nonselective radical−radical coupling
pathways.59−64 How the chiral Pd catalyst overcomes this
challenge and achieves strong stereodifferentiation is explored
in the following sections.

3.2.3. Interception of Allyl Radicals. While the above
analysis has established a consensus between theory and
experiments regarding the radical generation, the relationship
between the Pd(0/II/I) radical generation cycle and highly
selective C(sp3)−C(sp3) bond construction is not yet
understood. Several mechanistic questions remain to be
addressed, such as whether the generation of allyl radical is
only a by-pathway or else a necessary step for bond formation,
whether there exist other substrate activation modes that might
be utilized in the future for cross-coupling, and how the
catalytic components work in synergy to achieve selective bond
formation and their individual roles in this process. Answering
these questions requires exploring an array of possible bond-

Figure 1. Computational insights into the photoredox cycle. All free
energies are in kcal/mol.

Figure 2. Free energy profile for Pd(0/II/IV) direct coupling (unit:
kcal/mol, energy zero: lower-energy stereoisomer of Pd0R).
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formation mechanisms that represent different modes of
photoredox/Pd cooperativity.
We begin by investigating path I, which represents the

possibility that η3-PdIA primarily interacts with R in
subsequent steps (left, Figure 4). This implies that the radical
generation is only a by-pathway, and A• is not directly utilized

for bond formation. As depicted in Figure 4, PdIA can undergo
a Pd(I)/Pd(III) OA to afford the bis(allyl)Pd(III) species
PdIIIA2 (ΔGOA

‡ = 24.5 kcal/mol). Although the product can
then be furnished from PdIIIA2 via Pd(III)/Pd(I) RE with a
total barrier of 24.9 kcal/mol, we notice that PdIIIA2 is more
prone to Pd−allyl homolysis, leading to the preferential

Figure 3. Mechanism of radical generation. (A) Free energy profile for the Pd(0/II/I) radical generation cycle (unit: kcal/mol, energy zero: lower-
energy stereoisomer of Pd0R). (B) Geometric and natural population analysis for Pd-allyl bonding. Bonding distances are shown in Å. (C) Changes
of relevant frontier molecular orbitals during radical generation.

Figure 4. Free energy profiles for inner-sphere mechanisms of C(sp3)−C(sp3) bond formation (unit: kcal/mol). Note that the trapping of A• by
PdIIA forms a bis(allyl)Pd(III) species, which is 39.4 kcal/mol higher than PdIIA2, excluding the Pd(0)/Pd(II)/Pd(III)/Pd(I) and Pd(0)/Pd(II)/
Pd(III)/Pd(II) pathways.
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formation of PdIIA and A•, which would become a low-energy
resting state. The total barrier from the resting state of
dissociated PdIIA and A• to TSRE

III/I is nearly 40 kcal/mol,
making it inaccessible.
In contrast to path I, an alternative hypothesis is that A• is a

major allyl source to interact with η3-PdIA (path II, right in
Figure 4). In fact, coordination of A• to allylpalladium can
yield a bis(allyl)Pd intermediate, whose reductive elimination
holds the potential of creating the observed regio-/stereo-
selectivities. Indeed, this is reflected by the lower-energy
pathway in Figure 4 where η3-PdIA, which contains an
unpaired electron that strongly desires bonding, readily binds
A• with a potent free energy change of ca. −11 kcal/mol.
Notably, the resulting bis(allyl)Pd(II) intermediate PdIIA2 is
known to undergo facile inner-sphere RE.89−96 This bond-
forming step is computed to be rate-limiting, showing an
accessible barrier of 24.5 kcal/mol, which indicates a
considerable energetic advantage over path I. The results
emphasize the preference for the low-valent Pd pathway over
the high-valent alternatives.
Calculations based on the Pd(0/II/I/II) bond-forming

mechanism can perfectly predict the selectivities.51 The chiral
ligand can create a high degree of asymmetric induction when
adopting the Pd(II)/Pd(0) inner-sphere transition state
models, leading to a considerable preference toward the
major enantiomer P (via TSRE

II/0) than the opposite enantiomer
P′ (via TSRE

II/0, 4.1 kcal/mol higher). Formation of the
branched/branched product is strongly favored over linear/

branched (via TSRE,LB
II/0 , 10.0 kcal/mol higher) and linear/linear

products (via TSRE,LL
II/0 , 17.2 kcal/mol higher), which is again

consistent with experiments. Hence, the proposed inner-sphere
pathway is in stark contrast to nonselective radical−radical
coupling pathways,59−64 which underscores that the rapid
interception of the in situ-formed allyl radicals by Pd(I)-allyl
species is a key prerequisite for the selective asymmetric bond
construction.65

Combined, the evidence presented here implicates the
tandem operations of a Pd(0/II/I) radical generation cycle and
a Pd(0/II/I/II) homocoupling cycle. The latter cycle
intercepts the allyl radical generated from the former, installs
it onto a low-valent (π-allyl)Pd(I) species to furnish bis(allyl)-
Pd(II) intermediate, and regio-/stereoselectively constructs the
C(sp3)−C(sp3) bond.

3.2.4. Reaction Network Analysis. We have examined two
representative inner-sphere bond-forming pathways that are
supportive of a Pd(0/II/I/II) cycle. However, other combina-
tions of intermediate (photo)redox events with bond
formation remain underexplored. To offer a more complete
understanding, we present the entire photoredox/Pd reaction
network for inner-sphere bond formation in Figure 5A. From
left to right, the figure illustrates the progression from
allylpalladium-forming oxidative addition to generation of
bis(allyl)Pd species and finally to allyl−allyl bond formation.
The species involved in each column are depicted in
decreasing oxidation states from top to bottom. Of note,
when following Pd(0/II/I/II) pathway (indicated by red

Figure 5. Synergistic photoredox/Pd reaction network. Free energies of the key species are shown in kcal/mol. NICS(0) is provided in parts per
million for key bond-forming transition states.
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arrows), the sequential formations of PdIIA, PdIA, and PdIIA2
occur exergonically. Subsequently, a low-barrier inner-sphere
reductive elimination takes place smoothly via TSRE

II/0. In
contrast, all other product-forming pathways involve high-
energy intermediates (PdIVA2 or PdIIIA2) or transition states (
TSRE

IV/II or TSRE
III/I), making them less favorable or even

prohibitive. Intriguingly, our further nucleus-independent
chemical shift (NICS) calculations reveal that the elevated
Pd oxidation states in TSRE

III/I and TSRE
IV/II result in weakly and

nonaromatic high-valent transition states, respectively, which
contrast the strong aromaticity of the low-valent TSRE

II/0 (see
details in Figure S5).
3.2.5. Outer-Sphere Bond Formation. To further validate

the inner-sphere mechanism, we also examined the competing
outer-sphere radical-attack pathways (Figure S6). Briefly, we
found that the outer-sphere radical-attack TS toward the
correct product is higher in energy than the inner-sphere
TSRE

II/0 by more than 18 kcal/mol. Also, the radical-attack TSs
result incorrectly predicts selectivities. These results exclude
the outer-sphere bond-formation model, strengthening our
proposed mechanism.
3.2.6. Completed Catalytic Cycle. Scheme 2 summarizes

our main mechanistic conclusions, which involve a sophisti-
cated interplay between the Ir/DIPEA photoredox and Pd
catalysis, with the simultaneous operation of (1) an Ir/DIPEA
photoredox cycle, (2) a Pd(0/II/I) radical generation cycle,
and (3) a Pd(0/II/I/II) homocoupling cycle. Compared with
related thermal reactions,89−96 the access to a key bis(allyl)-
Pd(II) species is realized here through a mixed mode of
substrate activation, whereby a pair of allyl units are installed
onto a Pd center via (1) Pd(0)/Pd(II) oxidative addition and
(2) radical coordination. These mechanistically divergent
activation modes constitute a salient feature of dual-catalytic
photoredox/Pd homocoupling that implies an opportunity for

realizing reductive cross-coupling. The resulting bis(allyl)Pd-
(II) species undergoes a unique pericyclic reductive elimi-
nation via an inner-sphere, aromatic transition structure to
allow selective C(sp3)−C(sp3) bond formation, which is the
rate-determining step. The results highlight the critical
involvement of low-valent Pd species in rapidly trapping the
in situ-generated radicals and thereby enabling the catalysis.

3.3. Origin of Selectivities. There has been extensive
research on the regiochemistry of allylic substitution,
particularly the switchable site selectivity for the nucleophilic
displacements of allylpalladium species.97−100 Even so, few
studies have examined the factors underlying the regioselec-
tivity of bis(allyl)PdII reductive coupling, which is highly
relevant for constructing sterically congested C(sp3)−C(sp3)
bonds from allylic electrophiles. The current photoredox/Pd
dual-catalytic homocoupling shows excellent regiocontrol,
favoring the branched/branched 1,5-diene PBB over the
alternative linear/branched and linear/linear byproducts PBL
and PLL. Nonetheless, previous research on allylpalladium
regiochemistry focused on electrophilic displacements in outer-
sphere pathways. The current system also shows particularly
high enantioselectivity of the current system (up to 99% ee) as
compared to the reported stereoinduction models for similar
transition states.90−93 Understanding these selectivities might
offer a molecular view for future catalyst design and
optimization.
To rationalize these observations and to further validate our

proposed mechanism, we utilized the standard reactions shown
in Scheme 1A to calculate the competing transition states, as
illustrated in Figure 6A. Here, TSRE,LR

II/0 /TSRE,LR
II/0 are the linear/

branched analogues of TSRE
II/0/TSRE

II , respectively, and TSRE,LL
II/0

leads to a linear/linear product via a conventional three-
membered-ring TS. Our computations unambiguously pre-
dicted the formation of branched/branched products with the
correct stereochemistry. A more detailed examination allowed

Scheme 2. Proposed Mechanism of Photoredox/Pd Dual Catalysis
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us to identify steric hindrance as a prominent contributor to
the observed selectivity.101,102

To validate our computational model and investigate the
impact of substrate class on regioselectivity, we predicted the

reaction outcome when an alkyl allylic ester, S, is used instead
of the aryl allylic electrophile, R (Figure 6B). In contrast to the
excellent branched/branched selectivity observed for R, our
computational models predict that S will exclusively result in

Figure 6. Origin of regioselectivity. (A) Sterically controlled branched/branched selectivity with an aryl allylic electrophile. (B) Dispersion-driven
linear/branched selectivity with an alkyl allylic electrophile and experimental validations under standard conditions. All energies (relative barriers,
dispersion interaction energies, and distortion energies) are shown in kcal/mol and areas in Å2.
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the formation of linear/branched product QLB with a ΔΔG‡

value of at least 2.6 kcal/mol. Notably, this prediction is
validated by experimental outcomes for a range of alkyl-
substituted substrates under the standard conditions to give
the expected products in high yields (65−93%), good
enantioselectivity (78−94% ee), and excellent regioselectivity
(>95:5 rr).59 Intriguingly, we found that the flexible alkyl
group adaptively avoids potential steric conflicts with the
ligand, allowing for a congested linear-branched transition
state. Moreover, the alkyl group allows extensive dispersion
attraction within the inner pocket of the sizable chiral
ligand.101−105 Collectively, these analyses reveal a substrate-
dependent interplay between dispersion and steric effects that
dictate regio- and stereoselectivities in the current inner-sphere
bond-formation mechanism.

4. CONCLUSION
We have utilized a combination of quantum mechanical
computations and substrate-dependent experiments to inves-
tigate the mechanism of the asymmetric photoredox/Pd dual-
catalytic C(sp3)−C(sp3) homocoupling of allylic electro-
philes.51 In stark contrast to the prevailing hypothesis that
high-valent Pd(III) or Pd(IV) is responsible for promoting
bond formation via reductive elimination,35,37,54−57,59−63 we
have established a unique low-valent allylpalladium chemistry
in photoredox/Pd dual catalysis. We further propose dual roles
of the low-valent allylpalladium in the following two tandem
cycles:

• a Pd(0/II/I) radical-generation cycle, which activates
the allylic ester to form nonchiral allyl radicals,

• a Pd(0/II/I/II) bond-formation cycle, where the Pd
catalyst activates another molecule of allylic ester,
intercepts an in situ-generated allyl radical, and
orchestrates the highly selective C(sp3)−C(sp3) homo-
coupling through reductive elimination from a Pd(II)
center.

Remarkably, for the latter cycle, we have elucidated an inner-
sphere mechanism for the seven-membered-ring pericyclic
reductive elimination from bis(allyl)Pd species,89 which results
in (a) the preference for low-valent Pd and (b) the exclusive
regio- and stereoselectivies during the bond-forming step. This
effectively avoids nonselective radical−radical coupling path-
ways,59−64 underscoring the promising use of low-valent
allylpalladium chemistry in intercepting transient radicals for
selective C(sp3)−C(sp3) bond constructions.65 We have also
established predictive models for regio- and stereoselectivities,
which feature a substrate-dependent interplay between
dispersion effects and steric repulsion.101,102 In summary, the
study is anticipated to find values in the design and
rationalization of synergistic photoredox/transition-metal
dual catalysis.
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