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Three-component coupling reactions represent a potent approach for synthesizing complex products.
Radical-initiated three-component coupling reactions hold significant promise in synthetic chemistry but
are often challenged by the high reactivity of radical species and the complex coordination environment
of transition metal catalysts. Herein, we employed density functional theory (DFT) and ab initio molecular
dynamics  (AIMD) investigate the three-component
difunctionalization. Our study reveals that the dimensionality reduction in multi-component coupling
reactions is fundamentally governed by a metal-free radical-radical cycle mechanism. A concentration-
driven coordination mode shift modulates the reactivity of the Ni(0) centre, thereby enabling the multi-
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1 Introduction

The incorporation of diverse functional groups and intricate
spatial configurations into compounds not only augments their
novelty but also substantially amplifies their application value
in a wide range of fields, such as pharmaceuticals and materials
science.”” In this context, a multi-component reaction (MCR),
which involves the in situ synthesis of three or more compounds
and effectively constructs rich molecular skeletons, holds great
research significance.>* The MCR offers the advantage of
functionalization or the construction of different chemical
bonds™® and chiral centres”® within a single reaction vessel.
This not only heightens the coupling efficiency but also
complies with the principles of green synthetic chemistry.>™** As
depicted in Scheme 11, a three-component coupling product A-
C-B could potentially be achieved via a single transition metal
(TM) catalysis in the presence of multiple substrates (A, B or C).
However, this approach for constructing complex molecules
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presents formidable challenges. Generally, when molecules
possess multiple reactive sites, controlling the substrate selec-
tivity is an extremely arduous task.*>** It encompasses not only
the anticipated three-component coupling but also competitive
two-component cross-coupling (A-C, B-C...) and (or) homo-
coupling (A-A, B-B...)."" Additionally, stereo-chemical
complexity demands precise control over reactions to attain
the desired 3D orientations, which is often a difficult feat.
Moreover, the stability of functional groups can be compro-
mised during multi-step syntheses, with some groups degrad-
ing under specific conditions, leading to unwanted reactions.
To more effectively surmount these challenges, numerous
research groups have devised efficacious design strategies in
recent years.' Since various competitive pathways result in
different coupling products, pre-designing substrates or ligands
to direct the reaction is undeniably an effective approach, as
illustrated in Scheme 1Ila. A typical example is a nickel-
catalysed syn-selective 1,2-carbosulfenylation reaction of
simple unactivated alkenes reported by Engle and colleagues."”
A significant breakthrough entailed the identification of N-sul-
fenyl-N-alkyl sulfonamides as N-S electrophiles. This discovery
exploits the tunable characteristics of the sulfonamide leaving
group to control reactions both spatially and electronically,
thereby enhancing selectivity and augmenting yields in three-
component coupling reactions. Yin and co-workers demon-
strated that nickel-catalysed regio-selective silylalkylation of
alkenes could be steered towards different coupling products
through strategic ligand design."”® Although remarkable

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Typical patterns (l), common strategies in three-component coupling (Il), and the focus in this work (l11).

progress has been made, the multi-component couplings ach-
ieved via the pre-design of substrates or ligands frequently
necessitate harsh reaction conditions.**°

In recent years, radical-mediated reactions have emerged as
a research focus due to their capacity to perform complex
transformations under mild conditions, broad functional group
compatibility, and potential for innovation.**** Their congru-
ence with green chemistry principles and the ascendancy of
photoredox catalysis have further stoked interest, rendering
them central to modern organic chemistry.***” Consequently,
such radical-mediated reactions have become prominent
subjects in multi-component coupling reactions, especially
their potential to enhance multi-component activation through
aradical relay mechanism.?®*** Specifically, as shown in Scheme
111b, a highly reactive radical (C-) selectively reacts with one of
the substrates (A) to generate a new radical species (A-C-).
Then, the species A-C- can further react with another substrate
B (such as radical capture, oxidative addition, or reductive
elimination) to generate A-C-B. Here, the A-C- is not a stable
intermediate, but a free radical transfer node that guides the
reaction sequence rather than reduces the substrate dimension.
For instance, Jiang and co-workers utilized inorganic bases to
regulate radical activity, guiding the reaction and producing
diverse three component intermediates.®> Importantly, by
simplifying the reaction to two components through photo-
induced radical relays, the problem of uncontrollable selec-
tivity among multiple substrates is mitigated. This method is
also efficacious in five-component systems,** where Chen and
colleagues developed a high-yield, high-selectivity five-

© 2025 The Author(s). Published by the Royal Society of Chemistry

component reaction driven by visible light.* Evidently, the
coupling of multiple substrates and the selective initiation of
radicals are of paramount importance for the efficient execution
of such reactions. On one hand, it is essential to precisely
control the selectivity of the three-component target products
and comprehensively understand the competitive mechanism
of by-products in order to effectively circumvent them.

On the other hand, although highly reactive radicals can
potentially reduce the complexity of the reaction system
through radical relay processes, they also introduce significant
mechanistic challenges, due to the transient and elusive nature
of radical intermediates. Overall, the methods for minimizing
unnecessary side reactions while effectively generating free
radicals and streamlining the reaction scale remain elusive.
This underscores the necessity of achieving better control over
radical reactivity. The dearth of detailed knowledge significantly
impedes the precision of multi-component reactions, restrict-
ing their broader applications and future development. A
profound understanding of the underlying reaction mecha-
nisms is crucial for propelling this field forward. Owing to the
limitations of experimental conditions and equipment, experi-
mentally revealing the mechanism is highly costly and chal-
lenging. Therefore, a comprehensive and detailed theoretical
exploration of such a radical-mediated multi-component reac-
tion mechanism is urgently required.

Recently, Chu and co-workers reported a highly enantiose-
lective three-component reaction involving allyl ester, per-
fluoroalkyl iodide (C4FoI) and aryl bromide (ArBr) catalysed by
L*Ni"Cl, (L* = (R,R)}-4 heptyl-BiOy) in the presence of

Chem. Sci., 2025, 16, 12982-12993 | 12983
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manganese powder. This method efficiently produces 1,2-fluo-
roalkylarylation products with excellent ee values, which
inspired our work (Scheme 1III and Scheme S1t%).** Interest-
ingly, a two-component intermediate alkyl iodide was identified
during the reaction, as shown in Scheme 1III. However, the
precise pathway leading to its formation remains unclear,
posing a key mechanistic question. As the reaction progresses,
changes in substrate and intermediate concentrations trigger
a shift in the nickel catalyst's coordination mode from 1 to 2,
enabling the final three-component coupling. The new coordi-
nation mode will result in different reactivity of the metal
centre. Unlike classical radical relay mechanisms, this process
involves a dimensionality reduction from three-component to
two-component coupling, the origin of which remains to be
elucidated.

This offers an outstanding platform to explore potential
dimensionality reduction mechanisms and the origins of
selectivity for multi-component coupling. Based on our
previous work, the presence of heterogeneous manganese metal
powder in the system may partially activate high-valent nickel
species. This leads to another open question: how does the
manganese powder modulate the valence state of inert high-
valent nickel, and what are the particulars of the charge trans-
fer process involved? Moreover, how is the two-component
intermediate generated, and are there catalytic mechanisms
involved that differ from those previously proposed?

Herein, to address the aforementioned open questions,
density functional theory (DFT) combined with ab initio
molecular dynamics (AIMD) has been utilized to investigate the
mechanisms of three-component alkene difunctionalization
facilitated by both homogeneous catalysis and heterogeneous
reduction. This study would enhance our comprehension of the
complex selectivity inherent in radical-mediated multi-
component coupling, thereby contributing to the progress of
chemical synthesis methods.

2 Calculation methods

Understanding the active valence states of transition metals is
essential for unraveling catalytic mechanisms. However, the
inherently variable oxidation states of transition metals—espe-
cially under heterogeneous reduction conditions—pose signifi-
cant challenges to mechanistic interpretation. Recognizing the
limitations of traditional DFT or AIMD when used independently,
this study integrates both into a unified framework to better
capture the complexity of valence state evolution at heteroge-
neous interfaces. This dual approach is critical for simulta-
neously capturing the dynamic behavior of the catalytic system
and providing detailed electronic structure insights at key
mechanistic steps. AIMD enables the exploration of real-time
fluctuations and interactions at the metal interface, while QM
offers high-resolution snapshots of the electronic and structural
features that govern reactivity. The complementary strengths of
AIMD and QM make this strategy particularly well-suited for
investigating the Ni-catalysed transformation facilitated by
heterogeneous Mn powder. A detailed description of this inte-
grated computational methodology is presented in Scheme 2.
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Scheme 2 The computational strategy of a nickel-catalysed radical
mechanism by three-component dimensionality reduction.

2.1 Quantum chemistry calculations

2.1.1 Homogeneous catalytic process by L*Ni"Cl,. All the
calculations pertaining to the homogeneous catalytic process by
L*Ni"Cl, were executed using the Gaussian 16 C01 program.*
Geometry optimizations were carried out in the gas phase,
employing the exchange-correction (U)MO06 functional®® in
conjunction with the all-electron basis def2SVP.*” The vibra-
tional frequency was computed at the identical computational
level to acquire the Gibbs energy under ambient pressure and
temperature (P =1 bar, T= 298.15 K). Moreover, each transition
state possesses only one imaginary frequency, and the inter-
mediates were guaranteed to be minimum energy points devoid
of imaginary frequency. Intrinsic reaction coordinates (IRC)*®
ascertain that the transition state could precisely connect
a corresponding reactant and a product. Single-point energy
calculations were conducted using a more refined basis set,
def2TZVP, to ensure the accuracy of the energy with a high
degree of precision. The solvent effect of 1,2-dimethoxyethane
(DME) was taken into account by utilizing the SMD solvation
model.* The steric map was obtained via the SambVca 2.1 web
application.” Energy decomposition analysis was performed
using the XEDA program.** The Multiwfn program was
employed to analyse orbital interactions between fragments.
IBO analysis was carried out using the IboView program.*>** The
optimized structure was three-dimensionally rendered using
the CYLview 2.0 program.**

2.1.2 The reductive process of L*Ni"Cl, by Mn and Zn dust.
Spin-polarized DFT calculations were conducted using the
Vienna Ab initio Simulation Package (VASP) software*>*¢ at the
generalized gradient approximation (GGA) level. The models of
Mn with a (4 x 3 x 1) super-cell and a perfect (110) surface, and
Zn with a (2 x 3 x 1) super-cell and a perfect (100) surface,
presented by a two-layer slab, were applied for the spin-
polarized DFT calculation (Fig. S21). To preclude the inter-
layer interaction, a vacuum space of 15 A was established
along the z direction. The Perdew-Burke-Ernzerhof (PBE)
functional*” was utilized in these calculations. Plane wave basis
sets were employed for valence electrons with an energy cutoff
of 400 eV, and projector-augmented-wave (PAW) pseudopoten-
tials*® were used for the core electrons. A 3 x 3 x 1 Monkhorst-
Pack k-point grid was employed to integrate the Brillouin region
of the structure. The convergence criterion for electron iteration

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was set at 10~ * eV. The atomic structure was optimized until the
force was below 0.1 eV A™™,

2.2 Ab initio molecular dynamics simulation

The AIMD simulations were performed at the PBE theory level,
making use of the QUICKSTEP module of the CP2K software
package.” Dispersion interactions were accounted for by
employing the Grimme's ‘D3’ dispersion correction,’® and
DZVP-MOLOPT-SR-GTH was chosen as the basis set with
a plane-wave cutoff of 300 Ry. A 6 x 5 x 1 Mn (110) surface slab
consisting of four layers was utilized as the heterogeneous
reduction interface (Fig. S31). The constrained MD simulations
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were applied to restrain the bottom two layers of the Mn (110)
slab. The total simulation time was 1.2 ps with a time step of 2 fs
under the NPT ensemble, and the pressure could be indepen-
dently controlled in different directions. The CSVR thermostat™
was employed to maintain the temperature at 298.15 K.

3 Results and discussion

3.1 Generation of the active catalyst facilitated by
manganese powder

To commence, the configurations of the initial Ni(u) catalyst

complex, including its coordination modes and spin

o L*Ni%@Mn(110)

L2
. NV

T
0 200

6
Time [fs]

T
00 800

.

Fig. 1 Thermodynamic evaluation (1), potential energy landscape of heterogeneous reduction of Ni'"Cl, by the Mn(110) surface (Il), and charge
density difference between two phases during the reduction process (I1l) (isovalue = 0.002 e Bohr™>).
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multiplicities, are scrutinized. The complex (DME)Ni"Cl, is
determined to possess a stable triplet state (IC-1", Fig. S1I7),
where the superscripts S, D, and T denote singlet, doublet, and
triplet states, respectively. Moreover, taking into account the
existence of the L* ligand (L* = (R,R)-4-heptyl-BiOX), the coor-
dination exchange with the DME ligand in IC-1" is probed. This
process is ascertained to be exothermic, liberating 11.8 kcal
mol " and yielding a new Ni(n) species, L*Ni"Cl, (IC-2", Fig.-
S1ItI). Additionally, the singlet state of L*Ni"Cl, (IC-2,
Fig. S1III1) is found to be less stable than the triplet state by 12.2
kecal mol . Thus, IC-2" is likely to serve as the initial catalyst
and participate in the subsequent heterogeneous reduction,
considering the reducing potency of manganese powder and the
flexible oxidation state of the inert divalent nickel species.’** As
illustrated in Fig. 11, the reduction of the IC-2" complex on the
Mn(110) surface to form monovalent nickel, L*Ni'Cl, is an

View Article Online
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exothermic process with an energy release of 39.7 kcal mol *. A
subsequent single-electron reduction of L*Ni'Cl on the Mn(110)
surface leads to the formation of a zero-valent nickel complex
L*Ni’, accompanied by an additional energy release of 22.7 kcal
mol . It is also worthy of note that the two-step single-electron
reduction process involves the migration of chloride ions and
their delocalization across the heterogeneous manganese
surface. Consequently, the Ni(0) complex is thermodynamically
the most favourable product.

Nevertheless, the intricate details of the dynamic reduction
and electron transfer processes on heterogeneous surfaces
remain elusive. In this regard, AIMD simulations present
a promising avenue for precisely reproducing the dynamic
reduction phenomena of L*Ni'Cl, by Mn(110). Given the
computational cost of AIMD, we initially utilize the xtb method
to conduct MD simulations (Fig. S41). Subsequently, one
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structure among them is selected as the starting point (A in
Fig. 1II) for AIMD. Therefore, the stable conformation can be
more expeditiously searched for via the semi-empirical
approach, while the accuracy can be enhanced to simulate the
reduction process. Based on the AIMD results, as depicted in
Fig. 1II, at a specific time scale, several local minima of the
potential energy are chosen as snapshots (B-E) to represent the
dynamic evolution process from L*Ni'Cl, to L*Ni’,
sponding to the red dots on the curve.

The potential energy outcomes suggest that the reduction
process from L*Ni"Cl, to L*Ni° is exothermic, attaining
dynamic stability after approximately 800 fs. Hence, it can be
concluded that the reduction of L*Ni"Cl, to L*Ni° by Mn(110) is
thermodynamically feasible. The temperature evolution during
AIMD simulations for the reduction model is also portrayed in
Fig. S5,7 revealing that as the reduction advances, the temper-
ature varies dynamically before gradually stabilizing.

The charge density difference across all snapshot structures
in Fig. 111, where the blue isosurface signifies electron depletion
and the yellow isosurface represents electron accumulation, is
depicted in Fig. 1III. The transition from the blue isosurface on
the manganese surface to the yellow isosurface on the nickel
complex distinctly indicates electron transfer from the

corre-
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manganese surface to the metal centre, driving the reduction
process. This electron transfer becomes increasingly conspic-
uous as the catalyst approaches, visually demonstrating the
charge transfer from manganese powder to the Ni"'Cl, complex.

In summary, these discoveries corroborate that the Ni"Cl,
complex is reduced by manganese powder, giving rise to the
formation of the Ni(0) complex, which is regarded as the active
catalyst implicated in the subsequent catalytic cycles.

3.2 Initiation of the radical C,Fy-

The exposed Ni(0) centre will initially encounter different
coordination modes from multiple substrates (including C,Fol,
ArBr, and alkene). Hence, a further concern is to identify the
coordination state of the Ni(0) catalyst. Fig. S61 presents the
thermodynamic assessment of the multiple coordination
modes of the Ni(0) complex, where various spin multiplicities
with distinct structures are taken into account. The bare Ni(0)
complex is most stable in its triplet state (17); however, upon
substrate coordination, the singlet-state complex becomes
thermodynamically preferred. Notably, although both the
alkene and ArBr coordinate through double bonds, the alkene
exhibits significantly greater stabilization. This preferential
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coordination can impact the selectivity of subsequent reaction
pathways. To understand the factors contributing to the
differences in stabilization between the two substrates, an
energy decomposition analysis of complexes 1a° and 1c® is
carried out using the XEDA program (Fig. S7t). The results
disclose that, in addition to occupying a coordination site with
its carbon-carbon double bond, the alkene's heterocyclic
moiety engages in - interactions, which remarkably enhance
the stability of complex 1a% compared to that of the aryl bromide
complex 1¢%. Thus, the design of this bulky heterocyclic alkene
substrate is particularly ingenious as it promotes selective
substrate coordination. Furthermore, the Ni(0) complex 1a° can
coordinate with C,FoI to form the saturated complex 1bS. The
singlet-state complex 1b° is stable at 13.3 kcal mol " relative to
the triplet-state 1b", with the entire coordination process
releasing an energy of 30.5 kcal mol .

Subsequently, the Ni(0) intermediate 1b% may undergo
various competitive processes in the presence of C,Fol or ArBr.
Firstly, the C-I bond activation of C,F,l is considered. As illus-
trated in Fig. 21, compared with the stable complex 1b®, the
transition state TS1® with a Gibbs activation energy barrier (AG
o}) value of 10.4 keal mol " and a Gibbs free energy (AG°) value
of —2.2 kecal mol " leads to the formation of the open-shell 2a°,
which includes a Ni(1)-I complex and a perfluoride alkyl radical
(C4Fs+). In TS15, the spin density is mainly concentrated on the
Ni, I, and C atomic centres. The C and I atoms have spin density
values of 0.542 and 0.105, respectively, while the Ni centre
shows a density of —0.832. These opposing spin orientations
suggest that this step proceeds via an open-shell singlet tran-
sition state. Thus, the C-I bond activation is regarded as an
iodine atom transfer process. The above understanding is
supported by intrinsic bond orbital (IBO) analysis.***' Two
points (1 and 2) are selected on the intrinsic reaction coordi-
nates of TS1® and shown in Fig. 2II. An additional point (3) was
selected from the curve obtained by further optimization of the
IRC path to ensure comprehensive sampling. The IBOs clearly
demonstrate that the head-to-head p-p hybrid orbitals of the C-
I bond shift towards the carbon and iodine atoms, respectively,
as the reaction progresses. Meanwhile, the dz> orbital of the
nickel centre gradually approaches the p orbital of the iodine
atom, leading to the hybridization of atomic orbitals. Conse-
quently, the diagram on the left illustrates the electron flow
involved in the breaking of the C-I bond, resulting in the
formation of a carbon radical and the Ni-I bond. In other words,
the activation of the C-I bond occurs through carbon-iodine
bond homolysis.

The Ni(1) species 2b, formed in the process, can be reduced to
the Ni(0) species using manganese powder, with an associated
exothermic energy release of 109.7 kcal mol * (Fig. S87). Addi-
tionally, the Gibbs energy profile for iodine atom transfer, based
on the triplet state of Ni(0), has been considered, showing a AG
ot value of 11.4 kcal mol " (Fig. S9%). It is worth noting that the
activation of C-I and C-Br bonds in C,FoI and ArBr through two-
electron oxidative addition requires Gibbs activation energies of
20.3 and 39.5 kcal mol ', respectively (Fig. S107). The larger AG
ofyalue for the C-Br bond indicates that the C-I bond in C,Fol is
more favourable for activation via iodine atom transfer.
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3.3 Metal-free radical-radical cycle in multi-component
dimensional reduction

Subsequently, the C,Fo- radical encounters a high concentra-
tion of alkene in the homogeneous environment (Fig. S117). A
low-barrier polymerization process between C,Fo- and the
alkene proceeds, leading to the two-component coupling
radical intermediate C2 with the values of AG°* and AG° being
5.8 and —23.7 keal mol ', respectively.

In the presence of C,Fol, alkene, and complex 1b, the highly
reactive C2 radical can undergo several competing mecha-
nisms, including radical relay, radical capture and radical
conversion. Radical relay is the addition of the C2 radical to
alkene. The values of AG°* and the overall AG® are 11.7 kcal
mol " and —38.1 kcal mol?, respectively, to generate the C5
radical (C2 — TS6 — C5). Additionally, complex 1b° captures
radical C2, and proceeds through the transition state TS7 by
forming intermediate 7b, which is the most thermodynamically
stable at —40.8 kcal mol~'. However, the AG°* for this capture
by 1b% is 13.6 kcal mol™?, significantly higher than that of
transition state TS5. This is essential for preserving the cata-
lyst's high activity, see Fig. S12 and 13 and detailed discussions
below them in the ESL}

Among these, a particularly noteworthy pathway is the
radical conversion via TS5, in which C2 reacts with C,F,I to
regenerate the C,Fy- radical while forming the coupled inter-
mediate C4, with a moderate AG°* value of 8.3 kcal mol™™.
Therefore, compared to the termination of the C2 radical by
C,4Fl, this polymerization by alkene and the radical termina-
tion by 1b’ are more kinetically disadvantageous. In general, in
this critical step, the 1:1 participation of C,F,I and alkene in
a rapid reaction is achieved, and a large number of two-
component coupling intermediates C4 are obtained. This
transformation serves as a key dimensionality-reduction step in
the multi-component reaction: by converging two substrates
(alkene and C,Fl) into a single intermediate C4. In a word, an
efficient radical-radical cycle mechanism that sustains the
propagation of reactive species has been established (see the
inset in Fig. 3).

3.4 Ligand-directed selective activation by the Ni(0) catalyst

Different from the original high concentrations of alkene and
C4Fol in the homogeneous environment, with the advancement
of the reaction process, the new concentration conditions will
inevitably guide the coordination environment that determines
the transition metal, which we call the “concentration-oriented
new coordination mode” in the multi-component dimension-
ality reduction system. As depicted in Fig. 4 left, the radical-
radical cycle leads to the continuous accumulation of the two-
component coupling product C4, as well as the consumption
of C,FolI and alkene. Therefore, the coordination mode of the
Ni(0) catalyst undergoes a concentration-oriented transition
from 1b® to the complex 1e%, coordinated with C4 and ArBr. This
shift in the coordination environment alters the subsequent
reactivity of the nickel centre, switching from radical initiation
to a distinct reaction pathway.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Commencing from 1e°, C4 undergoes iodine atom transfer
via the transition state TS8%, leading to the formation of Ni'-I
and a carbon-centred radical 8%, with a AG°* value of 12.7 kcal
mol ™" (Fig. 4, right-hand side). Alternatively, ArBr can undergo
oxidative addition to 1d® through TS2%, resulting in a tetrahe-
dral aryl bromide Ni(r) complex 3". This pathway has AG°* and
AG° values of 7.1 and —32.3 kcal mol™", respectively. These
results suggest that the C-Br bond in ArBr is preferentially
activated over the C-1 bond in C4. Fig. S147 further presents the
Gibbs energy profile for the triplet state, which also favours C-
Br bond activation.

The resulting Ni(n) species 3T can then be reduced by
manganese powder to yield the aryl nickel(i) complex 4, with
a favourable AG® value of —48.5 kcal mol " (Fig. S15I1). Notably,
zinc powder fails to achieve this reduction effectively, as the
reduction of 3" by zinc is endothermic (Fig. $15IIt), consistent
with experimental observations where reactions using zinc
powder proceed with difficulty. This underlines the essential
role of manganese powder as a potent reducing agent. Impor-
tantly, maintaining a concentration balance is crucial in
designing successful multi-component coupling experiments.

3.5 Ni-catalysed enantioselective two-component cross-
coupling

Upon generation of the Ni(1)-Ar intermediate 4, it coordinates
with C4 to form intermediate 4a, as illustrated in Fig. 5.
Subsequently, the two-component coupling intermediate C4
can be further activated via two possible pathways: C-I
concerted oxidative addition or outer-sphere activation through
single-electron transfer (SET) followed by radical capture. The
former pathway proceeds via transition state TS9-1 (grey line)

© 2025 The Author(s). Published by the Royal Society of Chemistry

with a remarkably high energy barrier of 28.4 kcal mol *,
rendering it less favourable. In contrast, the latter pathway
occurs through the transition state TS9, where iodine transfer
from carbon to nickel proceeds with a much lower AG°* value of
14.8 kecal mol . A spin-polarized doublet transition state, TS9Y,
is also considered but excluded due to its considerably lower
stability compared to TS9.

This transformation yields an ArNi(u)I complex and
a carbon-centred radical (9), each possessing distinct geome-
tries, planar for the nickel complex and tetrahedral for the
radical, which lead to different modes of radical attack in the
subsequent capture step (Fig. S161). This step allows for two
possible orientations of radical attack, resulting in the forma-
tion of chiral centres and producing either the R or S configu-
ration at the carbon atom.

A detailed mechanistic analysis focuses on the R-conforma-
tion, where the transition state *TS10 facilitates radical capture
on the nickel plane, with a AG°f value of 18.5 kcal mol ',
leading to the formation of the trivalent nickel intermediate
®10a. Following an isomerization from ®10a to *10, the inter-
mediate ®10 proceeds through a three-membered Ni-C-C
transition state (®TS11), ultimately generating the target
product ®Pro with a AG°* value of 5.6 kcal mol ™" and an overall
AG° value of —55.3 kcal mol ™. Notably, the radical capture step
introduces a chiral center, identified as the key step in the
formation of enantiomeric isomers.

To investigate this further, an alternative chiral pathway is
considered, proceeding through the transition state STS10 to
form the S-configured chiral centre. This pathway has a small
energy barrier difference (AAG°*) of 2.7 kecal mol ! compared to
®TS10, causing the reaction to preferentially progress along the
R-conformation due to kinetic favourability.
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Finally, the Ni’-I complex is rapidly reduced back to Ni(0)
(1™) by manganese powder, thereby completing the catalytic
cycle. This analysis highlights the radical capture step as the
rate-determining and enantioselectivity-determining steps in
the overall process, emphasizing the crucial role of geometric
and energetic factors in achieving enantioselective product
formation.

3.6 Exploration of the origin of enantioselectivity

To further clarify the origin of enantioselectivity, activation
strain-distortion/interaction analyses®** relative to interme-
diate 5 are carried out for the transition states *T$10 and *TS10
during the radical capture step (Table S17). The 3D geometries
of these transition states are presented in detail in Fig. 6, left
panel. The deformation energies of the metal component
(AEgise.1) are 8.14 and 8.31 kecal mol ™", while those of the radical
component (AEg;s.,) are 7.47 and 7.34 kcal mol ™', respectively.
Thus, the deformation of the metal and radical components in
RTS10 and 5TS10 does not vary significantly. Conversely, the
interaction energies (AE;,) between the transition metal and
the radical are —17.19 and —14.04 kcal mol™*, with the inter-
action energy difference (AAE;,) between the R and S

12990 | Chem. Sci., 2025, 16, 12982-12993

configurations calculated as —3.15 kcal mol™* in Fig. 6, sug-
gesting that interaction energy plays a dominant role in enan-
tioselectivity. Firstly, buried volume analysis is also conducted
to investigate the steric environment around the transition
states *TS10 and STS10, exploring whether steric hindrance
affects the kinetic differences contributing to enantioselectivity
(Fig. $171). Considering a 4.0 A radius around the nickel centre,
the %YV buried values for both conformations are found to be
almost identical, indicating minimal steric hindrance
differences.

Then, the energy decomposition analysis offers additional
understanding of the interaction energies between the metal
and radical fragments in the two enantiomers (Fig. S187). As
shown in the right panel of Fig. 6, Pauli repulsion energy
between the fragments emerges as the main factor, with
a AAE,, of —8.8 kcal mol ™" favouring *TS10. Additionally, the
degree of orbital overlap (|dr-s)|) in occupied orbitals was
calculated to evaluate enantioselectivity influenced by Pauli
repulsion, revealing a significant difference of 1.56%. Notably,
while the radical's orbitals exhibited minimal change, the
orbital distribution within the nickel complex fragments was

dominant, especially through strong orbital repulsion between

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the p orbitals of the carbon atoms in the radicals and both the 7
orbitals of the Ar-substituents and the occupied orbitals on the
nickel ligand. This repulsion disfavours the S-configuration,
contributing to the preference for the R-configuration.

Finally, the mechanism of the entire catalytic cycle is
depicted in Fig. S19.f The precise coupling of multiple
components occurs through the sequential progression of three
catalytic cycles, leading to highly enantioselective products.

4 Conclusions

This study systematically elucidates the mechanism of radical-
mediated multi-component functionalization, identifying the
metal valence modulation and the core strategy for dimen-
sionality reduction in multi-component reactions. A combina-
tion of DFT and AIMD simulations was employed to investigate
the critical interfacial effects in heterogeneous reduction
processes, revealing the mechanism by which L*Ni"Cl, is
effectively reduced to the Ni(0) complex through interaction
with the Mn(110) surface. We elucidate that the dimensionality
reduction in multi-component coupling reactions is funda-
mentally governed by a metal-free radical-radical cycle mecha-
nism. In this process, the C,Fq- radical undergoes a relay with
the alkene to form a secondary radical (C2), which then engages
in a metal-free radical-radical cycle mechanism, ultimately
generating the two-component C-I intermediate (C4), achieving
the dimensionality reduction. Subsequently, the coordination
mode of the Ni(0) catalyst undergoes a concentration-driven
transition from complex 1b® to 1e®. This shift in the coordina-
tion environment fundamentally alters the reactivity of the
nickel centre, enabling selective activation in the final coupling
step. The subsequent cross-coupling forms the desired enan-
tiomeric product, wherein Pauli repulsion plays a decisive role

© 2025 The Author(s). Published by the Royal Society of Chemistry

in determining the preferred isomer. These theoretical insights
would be expected to deepen the understanding and advance
the development of radical-mediated three-component alkene
difunctionalization by cooperative homogeneous catalysis and
heterogeneous reduction.
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