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Nickel- and palladium-catalyzed cross-coupling reactions have attracted wide attentions, while ligand-
controlled selectivity in these reactions are still elusive, and calculations can help obtain possible
catalytic cycles to generate different products and provide insights into key factors of selectivity, which
facilitates the development of new catalyst systems to control reaction selectivity. This review covers our
efforts and some significant achievements from other groups on ligand-controlled reaction selectivity of
coupling reactions, including introduction, computational methods, selectivity control by ligands in Ni-
and Pd-catalyzed coupling reactions, as well as summary and future perspectives.
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1. Introduction

With quick development of hardware, software, and computa-
tional methodologies, theoretical calculations have become a very
useful tool to investigate mechanistic details and selectivity of
transition-metal-catalyzed reactions [1-5]. Calculations can obtain
potential energy surfaces and thus offer extra supplement for
experiments [6,7]. Over the past decades, theoretical calculations
have made great contributions to explore the origins for ligand-
mediated selectivity in nickel- and palladium-catalyzed coupling
reactions [8-12].

Great progresses have been obtained to comprehend important
steps in coupling reactions [13-17], and the mechanism generally
includes several catalytic steps, thus it is hard to explore the
mechanism only from experiments. With the contributions from
calculations, it is well known that Pd-catalyzed reaction mecha-
nism commonly involves a Pd®/Pd?* catalytic cycle as shown in
Fig. 1. It mainly includes oxidative addition, transmetallation and
reductive elimination to yield final product, accompanied by the
regeneration of palladium catalyst. Ni-catalyzed reactions gener-
ally have similar mechanism.

To explain reaction selectivity in coupling reactions, experi-
mental studies on mechanisms are limited because transition state
can not be found, which is an important factor to explore the
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reaction selectivity, thus calculations help to supply valuable
insights. Computing detailed potential energy surfaces (PESs) of
full catalytic cycle is an arduous task, while it provides new
insights into the barrier for each step [18,19]. Calculations elucidate
the selectivity through considering various catalytic pathways to
give different products, and assist to design new catalysts to
control reaction selectivity of coupling reactions [20,21].

For coupling reactions, selectivity is important because side
reactions including p-hydride elimination or isomerization exist.
Selectivity is often controlled by transition metals themselves or
ligands around them, and the nature of ligand is seemed as decisive
variable, since the variation of ligands is more diverse than
transition metals. Thus more attentions have been paid to explore
possible effects of ligand on each step of catalytic cycle. In this
review, we focused on the selectivity in nickel- and palladium-
catalyzed coupling reactions. Previous calculations have obtained
great achievements to explore the mechanisms of coupling
reactions [22-25]. Catalytic mechanisms were studied step by
step to explore rate- and selectivity-determining step. As we know,
theoretical studies on ligand-controlled selectivity in these
reactions have not been widely reviewed up to now [26]. This
review focuses on theoretical studies of ligand-controlled selec-
tivity in Pd- and Ni-catalyzed coupling reactions, and divides into
four sections, introduction, computational methods, selectivity
control by ligands in Ni- and Pd-catalyzed coupling reactions as
well as summary and future perspectives. It highlights ligand
factors to control product selectivities in coupling reactions. They
contain steric repulsions between ligands and substrate, electronic
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Fig. 1. Possible reaction mechanisms.

effects determined via substrate-metal interactions and dispersion
effects. This review outlines our work and some significant
contributions from other groups on ligand-controlled selectivity
in coupling reactions.

2. Computational methods

With quick development of theoretical methods and computer
power, research systems have dramatically expanded and many
important issues can be solved computationally. In order to
compare theoretical and experimental results, the selected
computational method should be accurate enough, which needs
to consider different factors including dispersion [27-38], solva-
tion [39-41] and vibrational corrections [42].

Currently, B3LYP functional is still widely applied for confor-
mation optimization of Pd and Ni species [43-47], while some
faults of this functional have been revealed [48-53]. The major
problems involve unreasonable description for dispersion interac-
tion, which is very important for Ni- and Pd-catalyzed reactions
with large systems. One method to solve this issue is to develop
new functions parametrized with dispersion, and the other
method is related to add a semiclassical dispersion correction
into the functions. The MO6 series developed by Truhlar group [54-
58] and the density functional method containing dispersion (DFT-
D3) developed by Grimme [59-61] are two typical examples to
solve this issue. These two functionals are becoming increasingly
popular in nickel- and palladium-catalyzed coupling reactions,
because these computational methods could provide good
description of potential energy surface for catalytic cycle.

Steric and electronic effects of ligands are very important to
design reasonable ligands in coupling reactions. Previous view-
point generally considers that steric effect is repulsive, and recent
research counterintuitively proposed that large hydrocarbon
compounds are stabilized more strongly than small molecules
due to dispersion interactions. This attractive dispersion force is
very important in coupling reactions. The work done by
Schoenebeck et al. [62] confirmed the dispersion role on the
structures and reactivities of P‘Bus (cone angle of 182°) and P('Pr)
(‘Buy) (cone angle of 175°) ligands in palladium-catalyzed
reactions.

For the reaction of 4-chlorophenyl triflate with palladium
catalyst, the transition states of bisphosphine ligand involving
aromatic C—0O bond oxidative addition has been found by DFT
calculations with dispersion correction, while the same method
without dispersion correction leads to loss of a phosphine ligand,
indicating that dispersion is very important for large phosphine

ligand. For small ligand P(*Pr)(‘Bus), the C—Cl oxidative addition is
preferred for PdL and the C—OTf oxidative addition is preferred for
PdL,. Further calculations showed that different selectivity can be
achieved depending on whether dispersion interaction was
considered or not. The other well-established parameters includ-
ing percent buried volume (%Vy,,) [63] and Tolman cone angle 6
[64-70] to consider electronic and steric effects of ligands were
also used to design ligands.

3. Selectivity control by ligands in Ni- and Pd-catalyzed coupling
reactions

3.1. Evolution of ligand design of Pd and Ni catalysts

Over the past decade, the profound effect of ligand selections on
the coupling reactions by Pd and Ni catalysts were explored. Many
ligands including monodentate (phosphine ligand) and bidentate
(P-N, P-P, P-0O) ligands have been developed, and ligand
parameters including percent buried volume, concept of bite
angle, as well as cone angle were also introduced [64-72].

Previouslly, small triarylphosphine ligands were widely select-
ed in Ni- and Pd-catalyzed coupling reactions, while significant
contributions from Buchwald group elucidated that bulky dia-
Ikylbiarylphosphine ligands expand the scope and efficiency of
catalytic systems [64-70]. Pd(Il) catalysts possessing phosphine
ligands displayed good catalytic efficiency with outstanding
stereo- and regio-selectivities [71-72]. Fu and coworkers [73]
investigated the palladium-catalyzed Suzuki-Miyaura reactions of
C(sp?)—triflate and C(sp?)—halide with aryl boronic acid by using
P'Busz and PCys ligands, and the research clarified that the
chemoselectivity can be controlled via selecting suitable ligand,
leading to a reversal selectivity for the oxidative addition of Ar—Cl
versus Ar—OTf. The N-heterocyclic carbenes (NHC) are new class of
ligands that grow quickly in Pd- and Ni-catalyzed coupling
reactions. The steric effect and strong o-donating ability of NHC
ligands can activate and stabilize Pd and Ni centers in catalytic
reactions [74,75]. Montgomery and coworkers [76] studied the
hydrosilylation of allene catalyzed by Pd and Ni complexes with
NHC ligands. It has been found that the reaction regioselectivity
can be controlled by selecting different metals and NHC ligands.
Bulky Ni-NHC catalyst yields alkenylsilanes, and small Pd-NHC
catalyst produces allylsilanes.

The selectivity in Pd- and Ni-catalyzed reactions can be
achieved via mediating the electronic and steric effects of ligands
[77-79], and appropriate ligand is often picked out by many
screening experiments. With rapid developments of theoretical
methods, software and computing power, the selection of
calculated methods for reasonable design of ligands has attracted
extensive interest [80-82]. It is impossible that one ligand can be
used for all Pd- and Ni-catalyzed cross-coupling reactions, but
instead, suitable ligand is selected for a particular reaction [83].

3.2. Ni catalysts

3.2.1. C—-0 bonds activation

The development of ligand-controlled methods for reaction
selectivity remains a critical challenge in Pd- and Ni-catalyzed
coupling reactions [84-87]. Recent researches found that Ni
catalysts are very effective for C—O bonds activation, including
carbamates, esters, sulfamates and aryl alkoxides, and many
computations were performed to understand the mechanism for
selectivity [88-91]. Most of catalytic cycles in coupling reactions is
involved in the Ni°/Ni®* path, while the odd oxidation states
containing the Ni'*/Ni>* path are also possible [92]. Herein, we
introduced new progresses on theoretical calculations on the
reaction mechanisms and origins for ligand-controlled selectivity.
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Hong and Houk [93] reported the reaction mechanisms in
nickel-catalyzed activation of aryl esters by phosphine ligands, and
the switchable selectivity for C(acyl)-O and C(aryl)-O bonds
cleavage of aryl esters were considered by DFT computations
(Scheme 1). The calculations demonstrated that the Ni catalyst
with bidentate dcype ligand can cleave C(acyl)-0O bond by three-
membered transition state (TS). The C(acyl)-O bond with low
bond dissociation energy leads to low distortion energy of TS,
facilitating the activation of C(acyl)-O bond. For monodentate
PCys ligand, a five-centered TS for C(aryl)-O bond cleavage was
found. The extra Ni—O interaction energy may override the
distortion penalty and facilitates C(aryl)—O bond cleavage.

Ni catalysts with different ligands can control reaction stereo-
selectivity for Suzuki—Miyaura coupling reactions of benzylic
pivalates derivatives and boronates [94-96]. Tricyclohexylphos-
phine (PCys3) ligand yields the reserved stereochemistry at the
carbon center (Scheme 2), and SIMes ligand (1,3-dimesityl-4,5-
dihydroimidazol-2-ylidene) generates the stereocenter inverted
product. Our group [94] and Hong [95] performed the calculations
to study the reaction mechanism and stereoselectivity through
ligand control. Oxidative addition (OA) step decides the stereo-
selectivity involving two different TSs, and concerted OA by a cyclic
TS forms stereoretention, and a TS like Sn2 back side attack can
invert the stereocenter of carbon atom. The obvious difference
between two TSs is related to angle distortion of ligand-nickel-
substrate, and the ligand can control reaction stereoselectivity by
distinguishing different angle distortion. For PCys ligand, the
ligand-Ni interaction is dominated by o-donation and it shows
slight angle distortion. Easy angle distortion by PCys ligand prefers
a cyclic TS for OA and can retain stereo center. For SIMes ligand, the
extra d—p back-donation from Ni to carbene can improve the
rigidity of ligand-Ni bond, and angle distortion becomes difficult.
Percent buried volume models and distortion/interaction energy
analysis indicated that the interactions between organic part and
catalyst mediate the stereoselectivity for Ni—SIMes and Ni—PMejs
catalysts.

Rueping et al. reported ligand-controlled selectivity in Ni-
catalyzed Suzuki—Miyaura reactions of alkyl organoboron reagents
and aromatic esters [97], and the calculations indicated that
oxidative addition determines reaction selectivity (Fig. 2). Ni
catalysts with monodentate phosphin ligands (PBus and PCys)
facilitate the O—C(acyl) bond cleavage to give ketone product,
while nickel catalyst carrying bidentate ligands (dcype) facilitate
the C—C(aryl) bond activation to give alkylated product through
decarbonylation step. The barrier for O—C(phenyl) bond oxidative
addition is much higher than that of O—C(acyl) and C—C(aryl)
bonds, and selectivity switch is controlled by different phosphine
ligands. The increased steric repulsion by PBus ligand can
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Fig. 2. The selectivity in nickel-catalyzed reactions of alkyl organoboron reagents
and aromatic esters.
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Fig. 3. Transition states for the O—C(acyl) and C—C(aryl) bonds activation by Ni
(P"Bus), and Ni(dcype) catalysts.

destabilize the transition state for C—C(aryl) activation, and
facilitates the O—C(acyl) bond activation (Fig. 3). For the TS of
C—C(aryl) bond activation, the geometry can maximize the
interaction between alkyl P-substituents and substrate (Fig. 3).
In contrast, for the TS of O—C(acyl) bond activation, the geometry
can minimize the interaction between alkyl P-substituents and
substrate.

3.2.2. Aldehyde and alkyne reductive coupling reaction

The aldehydes and alkynes reductive coupling reactions by
nickel catalysts have attracted wide attentions in experiments, and
the mechanisms and origins for stereo- and regio-selectivities of
these reactions have been explored via the DFT calculations [98-
101].

Liu and Houk [102] reported the regioselectivity in Ni-catalyzed
alkyne and aldehyde reductive coupling reaction using silane as
reducing agents (Scheme 3). The selectivity is originated from the
transition state of oxidative addition that can be mediated via
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Scheme 1. Nickel-catalyzed C(aryl)—0 and C(acyl)-O bonds cleavage of aryl ester by different ligands.
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Scheme 2. The stereoselectivity is controlled by different ligands in Ni-catalyzed reaction of benzylic pivalates derivatives with boronates.
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Scheme 4. Ni-catalyzed reactions of aldehydes and alkynes.

steric repulsions between hindered NHC ligand and the sub-
stituents of alkyne.

The NHC ligands not only control the regioselectivity for the
reactions of aldehydes and alkynes, but also control their
enantioselectivities. Liu and Montgomery reported that the NHC
ligands can simultaneously control regio- and enantio-selectivities
(Scheme 4) [103]. Computational studies showed that the origin of
selectivity is ascribed to steric repulsions between aldehydes and
NHC ligand.

3.3. Pd catalysts

3.3.1. Activation of aryl—halides, alkyl—halides and C—OTf bonds

The calculations were performed to investigate the origins of
selectivity in palladium catalysis [104-106]. The manifold of
oxidative addition step for the reaction of phenyl chloride and
phenyl bromide by palladium catalyst has been studied, and the
dispersion-corrected density functional theory (B3LYP-D2) was
selected to evaluate substrate, method and ligand effects on
computational results [107-109]. It has been demonstrated that
oxidative addition by bisphosphine ligand is facile for small PPh;
and PCys ligands, while electron-rich and bulky ligands SPhos and
P'Bus facilitate the low-coordinate complexes.

The regio- and stereo-selectivities for Suzuki—Miyaura reac-
tions have attracted extensive interest [110,111]. Maseras et al.
investigated the regioselectivity in Pd-catalyzed Suzuki-Miyaura
reactions of dibromo sulfoxide and boronic acids, and the role of
different phosphine ligands was also explored (Scheme 5) [112].
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Scheme 5. The C(sp?)-Br and C(sp>)—Br bonds activation by Pd catalysts with
different phosphine ligands.
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Scheme 6. The Suzuki reactions of chloro aryl triflate with aryl boronic acids by Pd
catalysts with different phosphine ligands.

The calculations clarified that the regioselectivity is ascribed to
different facility for ligand dissociation. For less bulky PPhs ligand,
it involves bisligated catalyst and prefers Sy2 mechanism and a-
bromosulfoxide activation. For bulky P(1-napthyl)s ligand, it is
related to the monoligated catalyst and proceeds via concerted
mechanism and bromoaryl activation.

Fu et al. investigated the ligand-controlled regioselectivity in
palladium-catalyzed Suzuki reactions of aryl boronic acids with
chloro aryl triflate (Scheme 6) [113]. The tert-butylphosphine
(P'Bus) ligand gave coupling at the C—Cl (C(sp?)—halides) bond,
while the tricyclohexylphosphine (PCys) ligand led to obvious
reversal with the reaction at the C—OTf (C(sp?)—triflates) bond.
Theoretical calculations on mechanistic details have been carried
out by Houk and Schoenebeck to elucidate the origins for
selectivity [114]. The calculations demonstrated that monocoordi-
nate Pd(P'Bus) catalyst facilitates the C—Cl bond reaction, while the
Pd(PCys), catalyst prefers the C—OTf bond reaction [115,116].
Distortion/interaction analysis elucidated that the O—C bond of
triflate is difficult to distort compared to C—Cl bond. The C—Cl bond
stretching can decrease the LUMO of substrate, which increases the
interaction with palladium and further stabilizes this transition
state, thus the regioselectivity is distortion-controlled. The orbital
energies of TS indicated that bisligated palladium complex with
high-lying HOMO is more nucleophilic, which can react at the
C—OTf bond. The transition state with distorted geometry has a
low-lying LUMO, therefore, this reaction displays the great
interaction, and the regioselectivity is interaction-controlled.

3.3.2. Activation of C-H bonds

The functionalization of C-H bond has attracted wide attention
in organic synthesis, and great progresses have been made over the
past decades [117-119]. Main challenges in palladium-catalyzed
ligand-directed C-H activation is involved in the selectivity, and
leads to many mechanistic investigations on different C-H bonds
functionalization within a complex molecule [120-129]. Many
different methods have been selected to solve this issue, and the
common way is the use of substrates that contain coordinating
ligands. Two different methods have been employed to ligand
design. One is the coordinating ligands also called directing groups
that bind to the Pd center, and selectively deliver the Pd center to
activate a proximal C-H bond. The other is related to the isolated
ligands. The common isolated ligands are mono-N-protected
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Fig. 4. The barriers (kcal/mol) for Pd-catalyzed cyclometalation of dimethylbenzylamine by intramolecular C-H functionalization.

amino acid (MPAA) and acetylprotected aminoethyl quinoline
(APAQ) ligands, which acts as the internal base. Computational
studies are essential to the development of selective C-H bond
activation, and understanding the origin for selectivity is neces-
sary.

Davies and Macgregor reported the first theoretical calculations
in Pd-catalyzed cyclometalation of dimethylbenzylamine by
intramolecular C-H functionalization featuring a directing group
[130], and this system has been widely investigated experimen-
tally by Ryabov and co-workers (Fig. 4) [131]. The amine group of
dimethylbenzylamine is the directing groups to make the catalysts
selectively activate C-H bonds. From complex 1 [Pd(OAc),(-
Me,;NCH,Ph)], the reaction could proceed via two C-H activation
processes. The one considers the displacement from x?-OAc ligand
to x'-ortho-C-H bond of benzyl group through TS;, which gives an
agostic complex 2 featuring a polarized C-H bond. The C-H bond
cleavage occurs with a small barrier by TS, to afford product 3.

Fagnou et al. studied the palladium-catalyzed synthesis of
dihydrobenzofurans by C(sp>)—H bond cleavage (1 — 2, Fig. 5)
[132]. The reaction mechanism is related to concerted metalation

5
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Fig. 5. Pd-catalyzed synthesis of dihydrobenzofurans through C(sp*)—H bond
cleavage (1 — 2) via three possible pathways.
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deprotonation (CMD). From the model system [Pd(Ar)(OAc)
(PMes)], three possible C(sp*)—H bonds activation of 2-methyl-
butoxy substituent are proposed through concerted and inner-
sphere deprotonation mechanism. This step proceeds by TS;
producing a six-membered palladacycle, and the barrier of this
path is much lower than the C-H activation of ethyl CH, (TS,)
group or ethyl CHs (TS3) group. The CMD mechanism is responsible
for observed selectivity in experiments [133], and includes the
reaction occurred at the 2 position of thiophene and ortho-C-H
bond activation of pyridine N-oxide (Fig. 6) [134].

Clot and Baudoin reported the palladium-catalyzed p-arylation
reaction of ester enolate with aryl bromide by experiments and
computations [135,136], and the ligand-controlled selectivity for o/
p-arylation was explored (Scheme 7). For DavePhos ligand, the
path via p-arylation is kinetically more favorable than that of a-
arylation, and the isomerization from palladium-enolate to
palladium-homoenolate is the rate-limiting step for g-arylation
path. For P'Bus ligand, the rate-limiting step is varied owing to the

F
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Fig. 7. Relative free energy barriers of two transition states for enantiomeric C-H
bonds activation.
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increasing barrier for isomerization, then the a-arylation of ester
enolate is kinetically more favorable. In contrast to the other
trialkylphosphine ligands, the relatively high activity of biaryl-
dialkylphosphine ligands is ascribed to the stabilizing interactions
between metal center and the biaryl backbone of ligand (TS in
Scheme 7), thereby facilitates the p-arylation pathway.

Houk and Yu discovered chiral acetyl-protected aminoethyl
quinoline (APAQ) ligand that makes asymmetric Pd insert into
prochiral C-H bond of methylene group (Fig. 7) [137]. The
transition state TS_R is kinetically more favorable than TS_S,
which is agree with the selectivity from experiments (90:10 er).
The terminal methyl group of substrate for both transition states
are oriented differently, and TS_S shows obvious substrate
distortion, where the -CHs group of substrate locates at the same
face as a-aryl substituent of ligand and the peri-H of quinoline. This
difference leads to the enantioselectivity.

Fu et al. reported the theoretical calculations to demonstrate
ligand-determined a- and p-arylation of thiophenes based on two
possible mechanistic paths (Scheme 8) [138]. The 2,2'-bipyridyl
(bpy) ligand favors metalation/deprotonation path and leads to the
a-arylated product, while the phosphite ligand facilitates Heck-
type arylation to give the g-arylated product. The hydrogen bond
interaction between the oxygen atom of carbonate and the
hydrogen atom of bpy ligand is responsible for the g-arylation.

Houk and Yu carried out the DFT calculations to elucidate meta-
selectivity in palladium- and silver-catalyzed activation of C-H
bonds (Scheme 9a) [139]. The selectivity could be achieved via a
Ag—Pd heterodimeric complex, where the nitrile group is
coordinated to Ag center directs the meta-C-H to an acetate anion

-Bu
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Fig. 8. The chirality relay from MPAA ligand to substrate.
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Scheme 10. The regioselectivity for mono-substituted allene hydrosilylation
reaction by palladium and nickel catalysts.

coordinated to Pd center. The role of bimetallic Ag—Pd complex
was explored for ortho-C-H bond activation by Sunoj [140]. Zhang
et al. also confirmed the facile of meta-C-H activation by DFT
calculations (Scheme 9b) [141]. The calculations showed that steric
repulsions between substrate and pyridine ligand favor meta-C-H
bond activation, while electronic effects facilitate para-C-H bond
activation.

Wu et al. carried out IM-MS/DFT investigations on palladium-
catalyzed enantioselective C-H bond activation with MPAA ligand
[142]. The experiments indicated that [Pd(MPAA)] can activate
substrate C-H bond without external bases, and MPAA ligand
acting as internal base can accept a proton. Theoretical calculations
were used to elucidate the conformational effect on enantiose-
lectivity (Fig. 8). The MPAA ligand is coordinated to the palladium
atom by bidentate mode, and the N-protecting group is seemed as
internal base for selectivity-determining step. Selectivity is
ascribed to the rigidity of MPAA ligand and substrate coordination,
and steric repulsions is existed between the amino acid side-chain
of N-protecting moiety and substrate, which make the H
abstraction favorable via reasonable geometry [143].

3.4. Reaction selectivity differences between Pd and Ni catalysts

In general, nickel and palladium catalysts have the same
catalyticrole in cross-coupling reactions. Over the past years, many

t-Bu

R LPd(OAc)s

oxidant /@\/\
N =
\_COZME R COsMe

Bu (}::GIH

Scheme 9. Different C-H bonds activation by palladium catalyst. (a) The role of nitrile. (b) Steric repulsion between R group and ligand.
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attentions have been paid to the differences between Pd and Ni
catalysts. Our group reported the DFT computations on reaction
mechanisms in palladium- and nickel-catalyzed hydrosilylation
of mono-substituted allene, and the origins for regioselectivity
have also been investigated (Scheme 10) [144]. The computations
demonstrated that the Ni or Pd catalyst with different ligands
may result from reverse selectivity for allene hydrosilylation. The
nickel catalysts have lower barrier than that of palladium
catalysts. Pd catalyst carrying small NHC ligand produces
allylsilane, while Ni catalyst carrying bulky NHC ligand gives
vinylsilane. The calculations elucidated that electronic and steric
effects are significant to control reaction regioselectivity for
allene hydrosilylation by palladium and nickel catalysts [145].
The substrate has been extended to disubstituted allene hydro-
silylation by Pd and Ni catalysts [146,147]. The DFT computations
have performed to elucidate the reaction mechanism in Pd- and
Ni-catalyzed 1,3-disubstituted allene hydrosilylation, and the
origins for regio- and stereo-selectivities have also been
investigated (Scheme 11). The calculations suggested that the
catalytic cycle contains three main steps, substrate coordination,
concerted step involving oxidative addition commitant with
hydride/silyl insertion, and C—Si/C-H reductive elimination. The
results indicated that concerted step is the rate-determining and
selectivity-controlling step for allene hydrosilylation. Further-
more, using palladium and nickel catalysts carrying NHC ligands
may lead to switchable regioselectivity. The allene hydrosilylation
reaction by nickel catalyst generates alkenylsilane, while the
hydrosilylation of allene through Pd catalyst gives allylsilane. The
electronic effects of palladium and nickel catalysts, and steric
repulsions between substrates and catalysts control the reaction
regioselectivity [146,147].

4. Summary and future perspectives

The wide applications of Pd- and Ni-catalyzed cross-coupling
reactions are hot topic in academia and industry, and many
calculations were performed to study the reaction mechanisms,
while several challenges of explaining reaction selectivity
remains.

Accurate modeling of free energies and reasonable chemical
models are necessary to reflect complex experimental conditions,
and molecular dynamics simulation has been used to organome-
tallic systems, while this method requires a lot of computing
resources and wide applications is thus limited. Furthremore, the
conformational freedom of reactive species for transition metal
systems is additional challenges [148-150], and calculations
require to solve different conformers arising from the flexible
catalysts and ligands. The palladium and nickel catalysts carrying
large ligands may lead to several possible conformations of
reaction species and need to calculate individually. Force-field
based method is seemed as a promising approach to deal with
conformational space. Norrby et al. used Q2MM method to
investigate the Trost ligands in Pd-catalyzed asymmetric reactions
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Scheme 11. The regioselectivity for disubstituted allene hydrosilylation reactions.

[151-153], and the parameters for transition-state-specific force
field (TSFF) were fitted by quantum mechanistic data. The results
proved that the Q2MM method is reasonable, quick and accurate to
predict reaction selectivity. Previous studies indicated that the
high-throughput screening of ligands is an effective and quick way
to obtain expected selectivity [154-156], and this method depends
on available ligand libraries. Recently, the parameterization of
ligands has attracted extensive attentions [157,158]. After prelimi-
nary screen of different ligands of nickel and palladium catalysts, it
can quickly calculate descriptors on truncated ligands, and then
builds the structure—selectivity relationship model to extrapolate
into unknown ligand space [159].

This review introduced successful examples of computational
explanation for the experimentally observed selectivity in Ni- and
Pd-catalyzed coupling reactions, and we hope that calculations
will be widely used before experiments to avoid wasteful
experimental screening by quick computational evaluation.
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