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ABSTRACT: The first elementary step of Pd(0)-catalyzed cross-coupling involves the
activation of an aryl halide by a Pd(0) catalyst, which is widely assumed to proceed in a
formal 2-electron process, involving concerted cleavage of the aryl halide bond and
formation of an aryl-Pd bond as to generate a Pd(II) complex. Contrary to common
reactivity assumptions under this mechanistic manifold, we observed that severe steric
hindrance in the aryl halide and catalyst did not inhibit the thermal activation of the aryl
halide but instead greatly accelerated it, giving full conversion of an ortho,ortho-di-tert-butyl-
substituted aryl bromide in 1 min at room temperature on gram scale with a bulky Pd(0)
catalyst. Our mechanistic data revealed that a 1-electron-based halogen abstraction by Pd(0)
is operative in such sterically demanding settings.

■ INTRODUCTION
The palladium-catalyzed cross-coupling reaction stands as one
of the most indispensable and widely employed chemical
transformations worldwide, a status underscored by its
recognition with the 2010 Nobel Prize in Chemistry.1 It has
profoundly shaped synthetic strategies and continues to drive
innovation across both industry and academia. At its core, the
reaction operates through a multistep mechanism, wherein the
initial elementary step - the activation of the aryl halide - plays
a decisive role in governing the overall reaction rate, substrate
scope, and selectivity.2

Today’s view of its mechanism primarily dates back to in-
depth studies conducted in the 1970s and 1980s with the
available catalyst/ligand of that time, i.e., triphenylphosphine
(PPh3).

3 While the product of aryl halide activation was
unambiguously confirmed as a Pd(II) complex, several 1- and 2-
electron processes were initially considered as a mechanistic
possibility of its formation, such as single electron transfer,
nucleophilic aromatic substitution, or oxidative addition
(Figure 1). Ultimately, kinetic and Hammett studies of the
stoichiometric reaction of Pd(0)(PPh3)4 with aryl halides were
consistent with a concerted insertion of Pd(0) into the Ar-X
bond, and oxidative addition (2-electron process) became the
dominant paradigm.4 The corresponding transition state for
aryl halide activation by Pd(0)Ln was first computationally
characterized over a decade later5 and has seen continued
studies since then,6 especially with regard to the metal’s
ligation state.2b,7 The oxidative addition mechanism is also
assumed for substrates with additional steric bulk in close
proximity to the C(sp2)-X reaction center, and the steric

hindrance is generally assumed to decrease the reactivity of
oxidative addition.2a,b,4a Indeed, Pd-catalyzed cross-couplings
of sterically demanding aryl halides often fail or have
diminished efficiency.
Here, we present our findings that, contrary to currently

prevailing assumptions, severe steric hindrance in the aryl
halide and catalyst does not necessarily inhibit the thermal
activation of the aryl halide but instead can greatly accelerate it.
This counterintuitive reactivity was identified to be due to an
unprecedented 1-electron process being favored in the thermal
activation of an aryl halide with a Pd(0) catalyst over the
generally assumed oxidative addition. These results indicate
that steric hindrance either in the substrate or when used as a
design principle in catalyst development can alter the course of
the first elementary step of the ubiquitously employed Pd-
catalyzed cross-coupling.

■ RESULTS & DISCUSSION
Assessment of Steric Effects in Pd Catalysis. In line

with the general belief that the first elementary step of Pd-
catalyzed cross-coupling would be inhibited by steric
hindrance, our study of the coupling of an ortho- versus
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para-tert-butyl-substituted aryl bromide, i.e., 1a and 1b (Figure
2), with an organozinc reagent shows good conversion (98 and
46% after 4.5 h) to the corresponding coupling product 2b at
room temperature for the nonhindered aryl bromide (1b),
while the ortho-substituted 1a does not undergo any coupling
whatsoever when using Pd catalysts with the ligands Xantphos
or PCy3 (Figure 2A).
Our computational studies of the corresponding oxidative

addition transition states (2-electron process) by
Pd(0)(Xantphos) and Pd(0)(PCy3)2 predict ΔΔG‡ = 2.2 and
10.1 kcal/mol (at the CPCM (benzene) B3LYP-D3/def2-
TZVP//CPCM (benzene) B3LYP-D3/6−31G(d)/LANL2DZ
level of theory) in favor of addition at the less hindered site
(Figure 2B), which is in line with current reactivity
assumptions.
In stark contrast, when we further increased the steric bulk

around the reaction center by replacing the phenyl substituents
in Xantphos with more crowded tert-butyl groups, i.e.,
employing 0.5 mol % Pd2dba3 with 1 mol % t-BuXantphos
as a catalyst, this led to similar conversion (and product
evolution over time) for the hindered and nonhindered aryl
bromide in the cross-couplings with 4-fluorophenylzinc
chloride at room temperature.
In other words, an increase in steric hindrance in the catalyst

leads to enhanced reactivity of the sterically more crowded
substrate. This finding deviates from what is typically expected
in a two-electron oxidative addition mechanism. While the
other elementary steps are likely contributing to the observed
reactivity and may even govern selectivity under these sterically
congested conditions, the observation that the most sterically
demanding ligand (t-BuXantphos) promotes reaction with the
bulkiest substrate is unexpected since both oxidative addition
and transmetalation would be expected to be hindered in this
instance. These findings prompted us to consider whether an
alternative mechanistic pathway might be operative.
To proceed with studies of potential ArBr activation,

knowledge of the likely active Pd species is critical. We
hence examined the ligation state of Pd(0) with t-BuXantphos

and synthesized the corresponding Pd(0) complex from a
cyclooctadiene (COD) bound Pd(II) precursor (Pd(COD)-
(CH2SiMe3)2),

8 which upon coordination of a phosphine
ligand expels COD and reductively eliminates bis-
(trimethylsilyl)ethane. This led to the characteristic 31P
NMR signal of 42.7 ppm as an exclusive signal in benzene-
d6, and crystallization and X-ray crystallography revealed a
Pd(0) complex with only a single t-BuXantphos ligand bound to
it (see Scheme 1A). For comparison, the less bulky Xantphos
forms a Pd(Xantphos)2 complex.9 However, the ‘reactive
species’ (i.e., the active species undergoing oxidative addition)
is for Xantphos also a monophosphine, i.e., Pd(0)(Xantphos)1
species, which, given the bidentate nature of the ligand, renders
the active species overall bisligated (as it would also be for, e.g.,
PPh3).
Evaluation of Radical Pathway. Potential alternatives to

the 2-electron oxidative addition mechanism for aryl bromide
activation could be (i) the 1-electron process of halogen
abstraction or (ii) single electron transfer. Since no reaction
was seen in the absence of a Pd catalyst, the organometallic
cross-coupling partner does not induce a SET process.
Additionally, high energetic penalties of larger than 50 kcal/
mol were calculated for a potential SET process from catalyst
to substrate (see the SI, Table S3 for details), making SET as
the underlying pathway and origin of reactivity divergence
unlikely.
In a halogen abstraction pathway, the Pd(0) complex

interacts with halogen, being aligned to donate electron
density into the antibonding σ* orbital of the C(sp2)-Br
bond.2d As a first approximation of the uppermost barrier of
halogen abstraction, the minimum-energy crossing point
(MECP) of singlet and triplet states of LnPd−ArBr complex
is determined,10 which corresponds to the lowest-energy
geometry of the system at which both electronic states have the
same energy.11 While this state is a good approximation of the
underlying bond cleaving and forming events as well as
associated charge transfer, previous studies in the context of
Ni-catalysis found that the actual transition state (TS) for

Figure 1. Activation of aryl halides by palladium. (A) First elementary step of Pd-catalyzed cross-coupling: general assumptions. (B) Mechanistic
milestones. (C) Discovery of 1-electron reactivity enabled by steric hindrance.
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halogen abstraction is lower in energy than the MECP.10 The
halogen abstraction TS exhibits a broken-symmetry, open-shell
singlet configuration, which is computationally challenging to
locate owing to its multiconfigurational nature. Indeed, it has
so far never been located for Pd with an aryl halide but has
been located for alkyl halides.2d That said, despite the likely
overestimation of the halogen abstraction barrier with the
MECP approximation, we consistently calculated a ΔΔG‡ =
7.1 − 9.7 kcal/mol lower barrier for halogen abstraction over
oxidative addition (2-electron process) for the hindered
bromide 1a with Pd(0)(t-BuXantphos) for a range of different
density functional theory (DFT) methods. A detailed account
of method evaluation and benchmarking is found in the SI
(Table S6).
On the other hand, for PCy3 and Xantphos, the 2-electron

oxidative addition is favored over halogen abstraction for 1a, as
it is for all studied catalysts with the less hindered substrate 1b.
These data suggest that a different mechanism might in fact

become feasible in the case of enhanced steric interaction
instead of the commonly assumed 2-electron oxidative
addition and that this may be a contributor to the similar
product evolutions observed for the hindered and nonhindered
substrates 1a and 1b with the t-BuXantphos-bound Pd(0)
complex.
Direct Experimental Support for a Radical Pathway.

Thus far, there has not been a case identified in which a
ground-state Pd(0) complex (in the absence of any activation
by light) would unambiguously favor a 1-electron process in
the activation of the aryl halide over the generally assumed
oxidative addition. Recently, Murphy and co-workers reported
indirect support of likely aryl radical formation in reactions of

aryl iodides in benzene at 130 °C in the presence of catalytic
amounts of Pd complexes and 2 equiv of KO(t-Bu) base; it
remains unclear however if the radical is generated from a
labile Pd(II) oxidative addition complex under these conditions
or originated in the activation of the aryl halide.12 This
contrasts the field of Ni-catalysis, where 1-electron processes,
e.g., via reductions (SET) or halogen abstraction of aryl halides
to ArH have historic precedence and where Ni(I) complexes
possess pronounced stabilities over Ni(II).13

However, since stoichiometric reactions between Pd(0)(t-
BuXantphos) and either 1a or 1b resulted only in the recovery
of the starting materials, and the formation of coupling product
2 (as shown in Figure 2A) arises from a multistep cross-
coupling process � involving aryl halide activation, trans-
metalation, and reductive elimination, the observed outcome
likely reflects the cumulative influence of steric effects across all
individual steps. To more clearly assess the aryl halide
activation step in isolation, independent of a cross-coupling
partner, we therefore sought a less ambiguous test system.
The 1-electron pathway would involve the abstraction of a

halogen atom by Pd(0) to form an aryl radical and a Pd(I)-X,
which would be very prone to recombine to the corresponding
Pd(II)-aryl complex, i.e., the same complex that would arise
from a 2-electron oxidative addition.
To unambiguously single out a potential radical-based

activation,12 there is hence a need to outcompete the
recombination of Pd(I) and aryl radical with alternative
diagnostic reactivity. To this end, we considered 2-bromo-
1,3,5-tri-tert-butylbenzene 4. Substrate 4 is not only severely
bulky around the C(sp2)-Br reaction center, but it is also well
established that any aryl radical formed undergoes extremely

Figure 2. Counterintuitive reactivity in cross-coupling. (A) Experimental outcome. Reaction conditions: 1a or 1b (0.1 mmol), (4-F-Ph)ZnCl·LiCl
(0.15 mmol), [Pd] catalyst (1 mol %), benzene (1 mL), r.t., 4.5 h. Yields were determined by 19F NMR vs α,α,α-trifluorotoluene as an internal
standard. aPercentage of buried volume in the front-facing half of the ligand sphere, total %Vbur in parentheses (for details, see SI). (B) Differences
in computed Gibbs free energy barriers for concerted oxidative addition of 1a vs 1b (ΔΔG‡) at the CPCM (benzene) B3LYP-D3/def2-TZVP//
CPCM (benzene) B3LYP-D3/6−31G(d)/ LANL2DZ level of theory. bHighest barrier is the associative displacement of aryl bromide at Pd prior
to oxidative addition (for details, see the SI).
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rapid 1,4-H atom transfer.14 It is, hence, a diagnostic test to
probe for the intermediacy of an aryl radical.
Interestingly, when we subjected 5 mol % of Pd(t-

BuXantphos) catalyst to substrate 4 in benzene at room
temperature (Scheme 1B), full conversion to the single
product 5 (95% yield) was seen within 1 min reaction time.
Formally, an intramolecular halogen atom transfer from aryl to
alkyl had taken place in quantitative yield, which is
unparalleled reactivity. The extreme speed is remarkable
considering the severe steric bulk in the reactant and catalyst
and is entirely at odds with general reactivity expectations in a
conventional Pd-catalyzed cross-coupling and oxidative
addition sense. The reactivity was just as high on a larger
scale, i.e., using 3.25 g of 4 (10 mmol), and the product could

be isolated in 83% yield, using just 2 mol % of the catalyst and
a reaction time of 1 min.
We therefore next turned to computational studies and

mapped the reaction pathway for a potential halogen
abstraction pathway (Scheme 1C) in comparison to a Pd(0)/
Pd(II) conventional 2-electron process (Scheme 1D). As
expected for a traditional oxidative addition pathway, the 2-
electron process required a high initial activation barrier for an
oxidative addition of 27.2 − 31.1 kcal/mol, depending on the
level of theory.15 A subsequent C−H palladation at the Pd(II)
oxidative addition intermediate is predicted to be of similar or
even greater activation-free energy barrier (24.0−36.7 kcal/
mol). In line with these computed barriers, analogous C−H
activation processes require high temperatures to proceed.16

Subsequent arene elimination (Ar−H), followed by C(sp3)-Br

Scheme 1. Reactivity of Pd(t-BuXantphos) (3). (A) Synthesis and X-ray Structure of 3. (B) Reactivity of 3 with 2-Bromo-1,3,5-
tri-tert-butylbenzene (4). (C) Proposed Mechanism. (D) Computational Analysis of Competing Pathwaysa

aGibbs free energies (in kcal/mol; relative to 3) at the CPCM (benzene) B3LYP-D3/def2-TZVP//CPCM (benzene) B3LYP-D3/6−31G(d)/
LANL2DZ level of theory (for details, see the SI).
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elimination, could in principle yield the observed product 5,
but the associated activation barriers are high and inconsistent
with the extremely rapid (1 min) reactivity observed at room
temperature with Pd(t-BuXantphos) and 4.
We hence considered the alternative halogen abstraction

mechanism next and set out to locate the true transition state
for halogen abstraction by Pd(t-BuXantphos), i.e., the broken-
symmetry, open-shell singlet transition state. We ultimately
succeeded in calculating this transition state with DFT (at the
CPCM (benzene) B3LYP-D3/6−31G(d)/LANL2DZ level of
theory), which constitutes the first location of such a transition
state for an aryl halide with Pd. The TS is illustrated in Scheme
1C. The Ar−Br bond is visibly stretched and distorted (2.57 Å
length in TS vs 1.95 Å in ArBr) and bent out of plane by 30.8°,
while the Pd fragment is barely distorted relative to its starting
Pd catalyst.
Orbital analysis shows the direct interaction of an occupied

4d orbital of Pd with the empty σ* orbital of the C−Br bond,
generating two singly occupied orbitals, in accordance with a
homolytic bond cleavage. SOMO1 is located on Pd (54.9%),
with smaller contributions on the Br (16.2%) and P (18.9%),
while SOMO2 is mainly located on the ipso-C(sp2) of the
arene (70.0%) and Br (8.9%) (see Figure S2 in the SI). This
kind of orbital interaction differs from the one observed at the
concerted oxidative addition transition state, where premixing
of σ* and π* orbitals of aryl halide C-X bond is necessary to
generate a hybrid orbital that then interacts with the Pd 4d
orbital.17 The halogen abstraction is calculated to have a
relatively low barrier of 5.7 − 10.9 kcal/mol, depending on the
level of theory.15 It is consistently lower than oxidative
addition, by ΔΔG‡ = 16.2 − 24.6 kcal/mol, for a variety of
DFT methods and ΔΔG‡ = 19.3 kcal/mol at NEVPT2/
CASSCF(18,14) level of theory (see the SI for details).
The subsequent H-atom abstraction can in principle occur

via tunneling, which is of significance however merely at very

low temperatures (below − 26 °C).14 The calculated barrier
for C−H atom abstraction is 13.3 − 19.1 kcal/mol, depending
on the level of theory,15 and hence predicted to be higher than
the initial halogen abstraction. The final reabstraction of Br
from Pd(I)-Br to yield 5 is calculated to be similarly feasible and
very facile (barrier of 2.3 − 5.6 kcal/mol).
The computed profile suggests that intramolecular H atom

abstraction is the highest barrier step. We hence considered a
deuterated analogue next and prepared 4-d27 in which all
methyl groups are CD3 (Scheme 1B). The corresponding Br-
atom relocated product 5-d27 showed a roughly 6 times lower
conversion under otherwise identical conditions (and reaction
time) to its nondeuterated counterpart, which is fully in line
with the C−H/D abstraction step being rate-determining. Our
calculation of the kinetic isotope effect predicts a KIE of 6.2,
which is in line with the experimental findings (Scheme 1B).
The collected data strongly supports a radical pathway and

constitutes the first direct evidence of a 1-electron-based aryl
halide activation by ground-state Pd(0). It also constitutes the
first computational characterization of a halogen abstraction
TS for the activation of an aryl halide with Pd(0).
Otherwise, 1-electron processes are proposed under light

irradiation,18,19 and we next investigated the reactivity of
typical light-activated Pd(0) processes for probe 4. Application
of the published conditions by Gevorgyan20 and Lautens21 to
substrate 4 gave after 20 h reaction time 17% (with the
reported base) or 18% (without base) of alkyl bromide 5 along
with dehalogenated products with Pd(PPh3)4, but no
formation of 5 at all with Pd/DPEphos. As such, the
ground-state Pd(0) 1-electron reactivity observed with t-
BuXantphos is distinct, significantly higher in reactivity, and
yielding a single product selectively.22

Our computational studies predict that for the highly
congested aryl bromide 4, the halogen abstraction pathway
remains energetically favored over the conventional two-

Figure 3. Distortion-interaction analysis of halogen abstraction transition states. (A) Calculated barriers for 1- vs. 2-electron processes for crowded
and unsubstituted bromobenzene. (B) Halogen abstraction of bromobenzene. (C) Halogen abstraction of 2-bromo-1,3,5-tri-tert-butylbenzene (4).
Electronic energies (in kcal/mol; relative to 3), at the CPCM (benzene) B3LYP-D3/def2-TZVP//CPCM (benzene) B3LYP-D3/6-31G(d)/
LANL2DZ level of theory.
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electron oxidative addition, even with alternative ground-state
Pd(0) catalysts such as Pd[P(t-Bu)3]2 or Pd(PCy3)2 by 13.5 −
21.6 kcal/mol.23 This prediction is supported experimentally:
stoichiometric reactions of compound 4 with Pd[P(t-Bu)3]2
and Pd(PCy3)2 yielded product 5 in 53% yield at 60 °C (for
P(t-Bu)3) and 26% yield at room temperature (for PCy3),
respectively. Furthermore, our calculations indicate that this
preference for halogen abstraction is not dependent on the
nature of the carbon−halogen bond, with analogous trends
seen for C−I and C−Cl bonds (see Supporting Information
for details).24

Distortion-Controlled Reactivity. Collectively, these data
indicate that for reactions under severe steric hindrance, the
halogen abstraction becomes a viable and favored reaction
path. Interestingly, the effect of steric crowding is relatively
modest on the barrier of oxidative addition (raising the barrier
only by 2.2 kcal/mol for bromobenzene versus 2-bromo-1,3,5-
tri-tert-butylbenzene 4 in reaction with Pd(t-BuXantphos); see
Figure 3A and the SI, section 6.7). Instead, the steric crowding
significantly lowers the barrier for halogen abstraction by Pd(t-
BuXantphos), making it an extremely rapid room temperature
process for one of the most sterically demanding cases of
ortho,ortho-di-tert-butyl aryl bromide. Indeed, our calculation
of bromobenzene by comparison indicates that halogen
abstraction is 11.3 − 13.7 kcal/mol higher in barrier than for 4.
What is the origin of this barrier difference? To gain insight,

we conducted a distortion-interaction analysis of the halogen
abstraction transition states by Pd(t-BuXantphos) for the bulky
substrate 4 versus bromobenzene (Figure 3B−C). To this end,
the transition state energies were dissected into their
component energies, i.e., the energies required to distort
(ΔEDist) the geometries toward the transition state and the
energy that is associated with the interaction of these distorted
fragments (ΔEInt), also known as the activation-strain model.25

The results are shown in Figure 3 (for details, see section 6.8 in
the SI). Interestingly, regardless of the substrate (bulky
ortho,ortho-di-tert-butyl aryl bromide 4 or bromobenzene),
the energy required to distort the Pd complex to the TS
geometry is relatively low in both cases (1.7 versus 3.0 kcal/
mol), and the corresponding interaction energies of the
distorted substrates with the Pd catalyst are similar (38.9 vs
37.0 kcal/mol).
However, the substrate distortion energies are severely

different: the hindered aryl bromide exhibits significantly lower
distortion energy (28.9 kcal/mol, Figure 3C) than the
nonhindered one (47.7 kcal/mol, Figure 3B).26 This enhanced
substrate distortion correlates with the latter transition state for
bromobenzene. In line with this, the free energy change for
bond dissociation (i.e., homolytic scission) is also relatively low
(64.1 kcal/mol), i.e., 15.8 kcal/mol lower than for
bromobenzene (79.9 kcal/mol) at the CBS-QB3 level of
theory.27

Lower BDE of sterically hindered aryl halides and associated
rate differences in halogen abstraction by Bu3Sn-radical have
previously been ascribed to a ‘buttressing effect’ in free radical
chemistry.28 Following Bickelhaupt’s protocol,29 our in-depth
analysis of the origin of lower bond strength revealed that it is
caused primarily by aryl bromide destabilization (see the
Supporting Information, section 6.9). The ortho-tert-butyl
substituents destabilize the aryl bromide more strongly than
the corresponding radical relative to its nonsubstituted
counterparts, which is also reflected in an elongated C−Br

bond length in 4, relative to bromobenzene (C−Br bond
length is 1.95 Å, compared to 1.92 Å in PhBr, see Figure 3).
The bond dissociation free energy difference of bromoben-

zene and the bulky substrate 4 is 15.8 kcal/mol, which
correlates well with the barrier difference for halogen
abstraction (ΔΔG‡ = 11.3 − 13.7 kcal/mol, depending on
the level of theory).15 The accelerating effect of steric crowding
in these transformations and the halogen atom abstraction
becoming vastly favored (over oxidative addition), hence, are
primarily due to aryl halide destabilization in a distortion-
controlled reactivity scenario.

■ CONCLUSIONS
In summary, this study challenges the prevailing paradigm that
Pd(0) catalysts activate aryl halides exclusively via a two-
electron process under thermal reaction conditions. Instead,
we provide the first direct evidence of a 1-electron, radical-
based thermal activation pathway. This reactivity is enabled by
extreme steric hindrance, which significantly accelerates the
halogen abstraction process. Given that the resulting aryl
radical and Pd(I) intermediate are predisposed to rapidly
recombine into a Pd(II) complex - unless alternative exit
pathways are accessible as designed for substrate 4 - this
mechanistic paradigm may have far-reaching implications
across the Pd-catalysis landscape and alternative second-row
metals for which oxidative addition is likewise generally
assumed. Moving forward, our research aims to systematically
map the scope of this radical activation mechanism in metal
catalysis and develop predictive frameworks to guide its
recognition (as a function of substrate or ligand bulkiness) and
tailored applications in catalysis.
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