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The electron motion driving the transmetalation process of the Suzuki—Miyaura cross-coupling reaction
is elucidated based on the reactive orbital energy theory (ROET). We investigated the transmetalation
process in the palladium-catalyzed synthesis of biphenyl from phenylboronic acid and chlorobenzene,
focusing on two proposed pathways: the boronate mechanism and the oxo-palladium mechanism. Intrinsic
reaction coordinate (IRC) calculations were performed for both mechanisms, followed by ROET analysis. The
results indicate that the boronate mechanism proceeds with a lower activation barrier and a simpler reaction
pathway, while also exhibiting electron motion patterns consistent with experimental observations.
Furthermore, the ROET analysis clarified the electronic roles of the organoboronic acid and the ancillary
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ligand in a manner consistent with experimental findings. These results demonstrate that ROET provides a
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1. Introduction

Cross-coupling reactions form C-C or C-heteroatom bonds
between an organic electrophile and an organometallic nucleo-
phile, mediated by a transition metal catalyst."* These reac-
tions are among the most widely employed in the synthesis of
pharmaceuticals and functional organic materials due to their
high selectivity and yield, and their compatibility with a wide
range of functional groups. Cross-coupling reactions are gen-
erally understood to proceed via a three-step catalytic cycle.
Taking the reaction of an organic halide electrophile (R-X) and
an organometallic nucleophile (R'-M) catalyzed by a Pd
complex bearing ancillary ligands (L) as an example, the
mechanism is considered to proceed as follows:

1. Oxidative addition: the Pd(0) complex reacts with the
electrophile to form a Pd(u) complex:

L,Pd(0) + R-X — R-L,Pd(m)-X, (1)

2. Transmetalation: the organometallic nucleophile donates
its organic moiety to the Pd complex:

R-L,Pd(n)-X + R'-M — R-L,Pd(u)}-R’ + M-X, )
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novel perspective on metal-catalyzed reactions by offering insights into the underlying electron motions.

and
3. Reductive elimination: the two organic ligands bound to
Pd couple to form the final product:

R-L,Pd(u)-R" — L,Pd(0) + R-R". (3)

Several variations of cross-coupling reactions have been
proposed, which differ primarily in the nature of the organo-
metallic nucleophile. Major examples include the Kumada-
Tamao-Corriu,>* Suzuki-Miyaura,”> Negishi,® Stille,” and Hiyama®
reactions. The key mechanistic distinction among these reac-
tions lies in the transmetalation step, during which the organic
group is transferred from the nucleophile to the transition
metal center, as illustrated in eqn (2). The efficiency and
applicability of each cross-coupling variant are largely governed
by the mechanism of transmetalation, which depends on the
type of nucleophile employed. This step has been investigated
extensively through theoretical approaches, such as reaction
energy profiling and calculation of activation barriers.” However,
practical utility is often determined less by reactivity and more by
selectivity and yield, particularly the ability to form desired bonds
without by-products. To address this aspect, it is necessary to
elucidate the electronic roles of the nucleophile, transition metal,
and ancillary ligands. Conventional electronic analyses of metal-
catalyzed reactions have primarily relied on orbital-based
approaches, such as bonding orbital analysis,’®!" as well as
localized orbital methods, including natural bond orbital
(NBO) analysis*> and intrinsic bond orbital (IBO) analysis."
However, these types of orbital analyses are inherently limited
in their ability to comprehensively elucidate the full picture of

Phys. Chem. Chem. Phys., 2025, 27,17261-17269 | 17261


https://orcid.org/0000-0001-5086-1122
https://orcid.org/0000-0002-1337-6694
https://orcid.org/0000-0002-0249-5276
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cp01959a&domain=pdf&date_stamp=2025-08-04
https://rsc.li/pccp
https://doi.org/10.1039/d5cp01959a
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP027033

Published on 30 July 2025. Downloaded on 2/28/2026 3:50:57 AM.

Paper

catalytic reactions where nucleophiles, transition metals, and
ancillary ligands are intricately involved.

The Suzuki-Miyaura reaction is a cross-coupling between an
organoboron compound and an organohalide catalyzed by a
palladium complex."*'* It is one of the most widely used cross-
coupling methodologies'> and has become indispensable in
the synthesis of pharmaceuticals, functional materials, and
agrochemicals. Organoboron reagents used in this reaction
are notable for environmentally friendly nature, mild reaction
conditions, and high tolerance to functional groups. It is well
established that the presence of a base is essential for the
reaction to proceed efficiently."® Although its reactivity is lower
than that of the Kumada reaction, which uses Grignard
reagents, the Suzuki-Miyaura reaction offers several advan-
tages: it proceeds under milder conditions and is tolerant of
moisture and air, and minimizes by product formation when
properly optimized. Two primary mechanisms have been
proposed for the transmetalation step of the Suzuki-Miyaura
reaction, depending on the manner in which the organoboron
species interacts with the base:"”

1. Boronate mechanism:'®>° the base reacts with the boro-
nic acid to generate an anionic boronate species, which then
participates in transmetalation:

R*-B(OH), + OH™ — [R*B(OH);] ", (4)
L,Pd(R")X + [R*>-B(OH);]” — L,Pd(R")(R?) + [X-B(OH);] .

(5)

2. Oxo-palladium mechanism:*" the Pd(u) complex first
reacts with the base to form a Pd-OH species, which subse-
quently reacts with the boronic acid:

21

L,Pd(R")X + OH™ — L,Pd(R")(OH) + X, (6)
L,Pd(R")(OH) + R*-B(OH), — L,Pd(R")(R?) + B(OH);. (7)

Experimental studies using isolated Pd complexes - either
halide-type (L, Pd(R")X) or hydroxo-type (L, Pd(R")(OH)) - have
shown that the hydroxo species reacts significantly faster,
suggesting that the oxo-palladium mechanism may be domi-
nant.??> In contrast, recent theoretical studies have reported
lower activation barriers for the boronate mechanism, conclud-
ing that it is more favorable thermodynamically.>' Notably,
even the boronate pathway includes Pd-OH formation steps
that are not rate-limiting, and thus both views may be recon-
ciled. However, relying solely on reaction barriers is insufficient
to explain the preference for the boronate mechanism. A deeper
understanding requires a detailed electronic structure analysis
to uncover the underlying driving forces that selectively promote
the boronate pathway. Until recently, the absence of electronic
analytical methods capable of comprehensively elucidating the
driving forces of metal-catalyzed reactions has hindered research
of this kind.

Reactive orbital energy theory (ROET)* is an electronic
theory that elucidates the electron motions driving chemical
reactions based on quantitative changes in orbital energies.**
ROET is founded on a statistical mechanical theorem stating
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that the direction of maximum energy change during a reaction
corresponds to the direction in which the orbital energies of the
electron-transfer orbitals, which are called reactive orbitals,
undergo the most significant variation.?*?* It has also been
demonstrated that the electrostatic force exerted on nuclei by
reactive orbitals during a reaction corresponds to the negative
gradient of their orbital energies.?® Therefore, the driving force
of electrons in a reaction can be qualitatively discussed in terms
of the magnitude of the orbital energy gradient. Furthermore,
a one-to-one correspondence between reaction pathways and
reactive orbitals has been established.”” ROET-based reaction
analysis (ROET analysis) enables comprehensive and quantita-
tive electronic-theoretical analyses of diverse reactions. When
ROET was applied to representative organic redox reactions, it
was found that the initial direction of electron transfer closely
aligned with the direction of electron flow depicted by curly
arrows in traditional organic reaction mechanisms.>® Recently,
we performed a ROET analysis of the Kumada cross-coupling
reaction, where a Pd complex acts as the catalyst, chloroben-
zene as the organic halide electrophile, and a Grignard reagent
as the organometallic nucleophile. The analysis revealed the
electron motion mechanisms that drive each step of this metal-
catalyzed reaction and clarified the respective roles of the
Pd complex and the Grignard reagent. In the transmetalation
process, it was shown that electron donation from the Pd
complex — supported by the ancillary ligand - and electron
acceptance by the Grignard reagent via the MgCl site together
facilitate the electron flow. This enabled the identification of
the electronic roles of the Pd complex, the organometallic
nucleophile, and the organic electrophile.

In this study, we apply ROET analysis to the Suzuki-Miyaura
cross-coupling reaction. By comparing the results with those of
the Kumada reaction, we aim to elucidate — based on electron
motion - the reason behind the superior performance of
organoboronic acids used as nucleophiles in the Suzuki-
Miyaura reaction. Furthermore, we investigate two proposed
transmetalation mechanisms - the boronate mechanism and
the oxo-palladium mechanism-through ROET analysis to deter-
mine, from an electronic perspective, which pathway is more
favorable. Lastly, by integrating the results of previously ana-
lyzed oxidative addition and reductive elimination processes,
we analyze the overall electron motion driving the entire
catalytic cycle and evaluate its consistency with experimental
findings. This approach aims to provide guiding principles for
the future design of novel cross-coupling reactions.

2. Computational details

The transmetalation step in the Suzuki-Miyaura cross-coupling
reaction is investigated for the two possible mechanisms: the
boronate mechanism and the oxo-palladium mechanism.
To enable comparison with the ROET analysis of the Kumada
cross-coupling reaction, we examined the same biphenyl-
forming reaction as used in our previous study.”® In the
transmetalation process, the palladium complex coordinated
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https://doi.org/10.1039/d5cp01959a

Published on 30 July 2025. Downloaded on 2/28/2026 3:50:57 AM.

PCCP

View Article Online

Paper

Boronate pathway

HO-B® ClI HO-g \s—oH +
HO OH b HO' Ho-pd o Wil
= Wy ~p p— P P
R P _CI R P ~N ~
° . — . —
2 e « 3
A @ € ~~ @, G: w ® . a
@ @ ¢ ;®
e . “® . e N
“C e o @ « o e ,“““; \ ®e o
LI - ‘el OO ¢ +oC e
ot Fog N e
¢ ot v W &
3 "u ‘e -
OH OH
_ H |
o O B
® bH b
o @ Pd J Pd
R S
B @ /\ —_— \\/P\
(% L
r @ ‘e . & &
\"s & ‘\ - b M‘ #
Cl ‘ ' § 4 qt: ‘o “u @ ¢
« ‘@ w -
~e @ b % ¢ > @ .
[ ™ - ; @
Pd . hd z\ - b "6“ .u‘q;
s @ o
~ ¢ @ L

Oxo-palladium pathway

Fig. 1 Two possible mechanisms for the transmetalation step in the Suzuki—Miyaura cross-coupling reaction — the boronate mechanism and the oxo-
palladium mechanism — along with their corresponding computational models and optimized intermediate structures. Geometry optimizations were
carried out at the ®B97XD/LanL2DZ (Pd) and cc-pVDZ (for all other atoms) level of theory. The computational models of the intermediates for the two
mechanisms were constructed with reference to the previous calculations by Ortuno et al.?*

with two phenyl groups, Ph-Pd(un)dmpe-Ph, where 1,2-bis(di-
methylphosphino)ethane (dmpe) serves as the ancillary ligand,
is generated from the phenylboronate anion (Ph-B(OH);™ ) and
the palladium complex Ph-Pd(n)dmpe-Cl, which is coordinated
with one phenyl group and one chloro group. The oxidative
addition process, in which Ph-Pd(u)dmpe-Cl is formed from
the Pd(0) complex Pd(0)dmpe and chlorobenzene (Ph-Cl), and
the reductive elimination process, in which biphenyl (Ph-Ph)
and a Pd complex are produced from Ph-Pd(u)dmpe-Ph, have
already been calculated and verified in a previous study.?
Therefore, these processes will not be examined in the present
study. Fig. 1 shows the two proposed mechanisms for the
transmetalation process in the Suzuki-Miyaura reaction, along
with the computational models used to evaluate them and the
optimized geometries of key intermediates.

Intrinsic reaction coordinate (IRC) calculations were carried
out using the reaction models described above. Transition state
(TS) structures were located using the single-component (SC)
and double-sphere (DS) artificial force induced reaction (AFIR)
methods.®® The AFIR method applies artificial forces to steer

This journal is © the Owner Societies 2025

the system along plausible reaction pathways, making it parti-
cularly suitable for identifying transition states in complex
systems, such as metal-catalyzed reactions, where multiple
transition states often lie in close proximity. All SC-AFIR and
DS-AFIR calculations were performed using a development
version of GRRM23 program.®' Details of the AFIR calculations
corresponding to each IRC path are summarized in Scheme S1.
Only key points are highlighted below. To obtain the quantita-
tive orbital energies required for the ROET analysis, all calcula-
tions employed Kohn-Sham density functional theory (DFT)
using ®B97XD functional, which includes long-range correc-
tion for exchange functionals®* and dispersion interactions.*
This is because reactions involving metal complexes usually
entail long-range charge transfer governed by long-range
exchange interactions, and their large, flexible structures are
affected by long-range dispersion forces. Indeed, benchmark
calculations on the MOBH35 set have shown that functionals
incorporating both long-range correction and dispersion effects
yield the most accurate reaction barriers for metal-containing
systems.*® For TS and IRC calculations, the LanL2DZ basis set*

Phys. Chem. Chem. Phys., 2025, 27,17261-17269 | 17263
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was used for Pd, and cc-pvVDZ>® for all other atoms. This combi-
nation was chosen to maximize accuracy within the constraints
of computational resources for TS modeling. For the initial
AFIR search, a less demanding basis set was adopted: def2-
SV(P) for Pd, Cl, and Mg atoms, and STO-3G for all others.
Solvent effects were modeled using the conductor-like polarizable
continuum model (CPCM) with diethyl ether as the solvent. In the
two-step transmetalation process, where explicit solvent participa-
tion is essential, two diethyl ether molecules were explicitly
included in the computational model. All DFT calculations
were carried out using the Gaussian 16 program.’” The Cartesian
coordinates of all optimized structures, including the reactants,
intermediates, and products, are provided in Table S1.

ROET analysis was performed based on the molecular
structures and orbital energies obtained along the intrinsic
reaction coordinate (IRC) pathway.>® By plotting orbital ener-
gies at each point along the IRC and tracking their evolution,
we analyzed the orbital energy changes associated with the
reaction. In our orbital energy-tracking program, the MO that
exhibits the maximum overlap between successive points is
automatically identified using the following procedure:

1. First, the molecular orbital coefficient matrix C is normal-
ized and orthogonalized using the overlap integral matrix S,

¢’ =s"2c. (8)

2. Next, at each step k along the IRC, the inner product
matrix O between the normalized and orthogonalized molecu-
lar orbital coefficient matrix C' and that of the previous step
k — 1 is calculated,

O/c,/cfl = C//ccl/j,l . (9)

3. Then, the orbital energy changes are traced by connecting
the orbitals with the maximum inner product values.

4. Finally, the pair of the most stabilized occupied orbital
and the most destabilized virtual orbital in a reaction process
are identified as the occupied and unoccupied reactive orbitals
(OROs and UROs).

The ROET diagram is constructed using the OROs identified
at each point along the IRC. In transition-metal-catalyzed
reactions, multiple electron transfer events often occur within
a single reaction process. To capture this, we divided the
analysis into early, middle, and late stages, allowing for a more
detailed tracking of electron motion that drives the reaction.
It should be noted that the boundaries between these stages
vary depending on the specific reaction and do not necessarily
correspond to distinctive features on the IRC (such as TS).
Although changes in electron distribution correspond to the
evolution of OROs, it is often difficult to intuitively identify
electron transfers solely from canonical orbital representations.
To address this, we also provide diagrams analogous to curly
arrows commonly used in organic reaction mechanisms. These
arrows were manually drawn based on visual inspection of
changes in electron distribution across multiple reaction stages.
While this process could potentially be automated in future
implementations, it was performed manually in the present study.
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To further clarify the evolution of OROs, we also created anima-
tions showing their continuous change along the reaction coordi-
nate. These animations are provided as SI MP4 files. For further
details on the ROET method, readers are referred to previous
studies.””®

3. Results and discussion

Let us analyze the transmetalation process of the Suzuki-
Miyaura cross-coupling reaction using ROET analysis, based
on the IRCs calculated for the two proposed mechanisms intro-
duced above: the boronate mechanism and the oxo-palladium
mechanism. This analysis provides insight into the relative
favorability of each pathway by examining the underlying
electron motions. Particular emphasis is placed on the electro-
nic roles of the boronic acid and the ancillary ligand in each
mechanism.

3.1. Boronate mechanism of the transmetalation reaction

TS and IRC calculations were first carried out for the boronate
mechanism in eqn (4) and (5). The results indicate that this
mechanism proceeds through two distinct steps. Fig. 2(a) pre-
sents the potential energy curve along the IRC corresponding to
the first step of the boronate mechanism. As illustrated in
the schematic molecular structures in the figure, the first step
of the boronate mechanism involves the coordination of a
hydroxyl group from the boronate anion to the Pd center
of the palladium complex. The intermediate formed in this
step, as revealed by our calculations, corresponds to the oxo-
palladium intermediate previously proposed in experimental
studies.?” This result indicates that the boronate mechanism is
not in conflict with experimental observations. According to the
potential energy profile, the activation barrier for this step is
15.69 kcal mol %, and the reaction is mildly exothermic, with a
reaction energy of 2.34 kcal mol *. These values indicate that
the process is thermodynamically and kinetically feasible under
ambient conditions. In the previous study,®® the activation
barrier for the first step of the boronate mechanism is slightly
higher, at 18.9 kcal mol ™', whereas the reaction is endothermic
with a reaction energy of —10.8 kcal mol~". In contrast, the
present results indicate that this step proceeds more readily
than previously suggested. As shown in Fig. 2(b), the occupied
reactive orbital involved in this process is identified as
HOMO-12 of the reactant. Although the electron density
associated with this orbital changes significantly throughout
the reaction, the corresponding electron motion is illustrated
with curly arrows in Fig. 2(a) for clarity. These arrows indicate
that the initial stage of the reaction is driven by electron
transfer from the ancillary ligand to the Pd center and then
to the hydroxyl group of the boronate anion. In the later stage,
the electron flow continues from the Pd center through
the hydroxyl group to the phenyl moiety of the boronate
anion. Notably, although the overall electron flow of the
reaction is expected to proceed from the boronate anion to
the chloro group, this transfer is not observed in the reactive

This journal is © the Owner Societies 2025
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Fig. 2 Potential energy profile along the intrinsic reaction coordinate for
the first-step transmetalation process in the boronate mechanism of the
Suzuki—Miyaura cross-coupling reaction, accompanied by (a) the electron
motion driving the reaction as revealed by ROET analysis and (b) the
corresponding changes in electron distribution of the identified reactive
orbitals. In this step, an oxo-palladium intermediate is formed via the
reaction between the phenylboronate anion (Ph—-B(OH)s™) and a Pd
complex bearing 1,2-bis(dimethylphosphino)ethane as the ancillary ligand.
Red-brown arrows indicate electron transfer in the early stage of the
reaction, while green arrows represent electron transfer in the late stage.
The functional groups that play an active role in driving the electron
motion at each reaction stage are highlighted in the corresponding colors.
For a more detailed depiction of electron motions, refer to the attached
animations.

orbital motion. This finding suggests that the electron trans-
fer to the chloro group does not directly drive the reaction, but
rather contributes indirectly by enhancing the electron-
donating character of the Pd center.

Fig. 3(a) presents the potential energy curve along the
calculated IRC for the second step of the boronate mechanism.
The figure shows that the activation barrier for this process is
26.52 keal mol ™, and the reaction is exothermic with a reaction
energy of 8.31 kcal mol ™. This step is also expected to proceed
under ambient conditions, although it is the rate-determining
step within this mechanism. In the previous study,”" the
activation energy is reported as 32.6 kcal mol™', and the
reaction energy as 13.2 kcal mol~*. Compared to those values,
the present result supports the feasibility of this step at room
temperature. On the other hand, the orbital energy profile for
this process shown in Fig. S3(a) reveals only minor changes in
the energy of the ORO throughout the reaction. This result
indicates that electron motion plays a relatively limited role in
driving this step of the reaction. Fig. 3(b) illustrates the evolu-
tion of the ORO, identified as HOMO—7 of the reactant, along
the IRC. A distinguishing feature of this orbital is the signifi-
cant electron transfer occurring between the phenyl groups
during the reaction. The corresponding electron motion,
depicted with curly arrows, is shown in the molecular structure
in Fig. 3(a). As indicated by the curly arrows, the early stage of
the reaction is driven by electron transfer between the phenyl
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Fig. 3 Potential energy profile along the intrinsic reaction coordinate for
the second-step transmetalation process in the boronate mechanism of
the Suzuki—Miyaura cross-coupling reaction, accompanied by (a) the
electron motion driving the reaction as revealed by ROET analysis, and
(b) the corresponding changes in electron distribution of the identified
reactive orbitals. In this step, the phenyl group from the boronic acid is
transferred to the Pd center of the oxo-palladium intermediate, while the
remaining B(OH)s moiety dissociates, resulting in the formation of Ph—
Pd(i(dmpe)-Ph. Red—brown arrows indicate electron transfer in the early
stage of the reaction, green arrows represent the middle stage, and purple
arrows correspond to the late stage. The functional groups that play an
active role in driving the electron motion at each reaction stage are
highlighted in the corresponding colors. For a more detailed depiction
of electron motions, refer to the attached animations.

groups. In the later stage, electron motion is directed toward
the dissociating boric acid (B(OH)3), together with the phenyl
group that was coordinated to the Pd center. These results
suggest that the reaction proceeds via electron transfer between
the phenyl groups, mediated by the Pd center and the boric acid
moiety. As a result, the phenyl group of phenylboronic acid
(PhB(OH);) becomes coordinated to the Pd center, and elec-
trons are ultimately donated to the B(OH); fragment, promot-
ing its dissociation. The role of electron transfer from the Pd
center to the B(OH); fragment in driving this process is further
supported by the orbital energy profile shown in Fig. S3(b).
In this profile, the corresponding electron transfer occurs near
the TS and is accompanied by a substantial decrease in orbital
energy, which in turn generates an electrostatic force that
guides the nuclei along the reaction coordinate.

3.2. Oxo-palladium process of the transmetalation reaction

Next, we examine the oxo-palladium mechanism, an alternative
transmetalation pathway for the Suzuki-Miyaura reaction, as
depicted in eqn (6) and (7). This mechanism originates from
the oxo-palladium intermediate formed during the first step of
the boronate mechanism.>"

Fig. 4(a) shows the potential energy curve along the IRC
calculated for the first step of the oxo-palladium mechanism.
Unlike the previous study using monodentate ancillary
ligands,*!
more closely reflects the actual process in which a bidentate
ancillary ligand becomes monodentate during the course of the

the present analysis yields a reaction pathway that
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Fig. 4 Potential energy profile along the intrinsic reaction coordinate for
the first-step transmetalation process in the oxo-palladium mechanism of
the Suzuki—Miyaura cross-coupling reaction, accompanied by (a) the
electron motion driving the reaction as revealed by ROET analysis, and
(b) the corresponding changes in electron distribution of the identified
reactive orbitals. In this process, one arm of the bidentate ligand, 1,2-
bis(dimethylphosphino)ethane, dissociates from the oxo-palladium inter-
mediate formed in the first step of the boronate mechanism. Red—brown
arrows indicate early-stage electron transfer, while green arrows represent
the late-stage electron transfer. The functional groups that play an active
role in driving the electron motion at each reaction stage are highlighted in
the corresponding colors. For a more detailed depiction of electron
motions, refer to the attached animations.

reaction. As shown in the figure, this process has an activation
barrier of 16.95 kcal mol™* and is exothermic, with a reaction
energy of —10.86 kcal mol . This indicates that the reaction
proceeds slightly more easily than in the previous study, which
reported an activation energy of 18.6 kcal mol " and a reaction
energy of —13.0 kcal mol . However, since the reaction is still
endothermic, the thermal favorability of this process remains
limited. The changes in the ORO, identified as HOMO—2 of the
reactant and illustrated in Fig. 4(b), indicate that electrons are
initially transferred from the phenyl group to the Pd center of
the Pd complex, and subsequently accumulate on the phenyl
group of the phenylboronic acid. To aid interpretation, the
electron motion throughout the reaction is depicted using curly
arrows in Fig. 4(a). While the overall direction of electron
transfer is consistent with this schematic, in the middle to late
stages of the reaction, electron motion associated with the
dissociation of the Pd-P bond is also observed. This electronic
behavior is reflected in the corresponding structural changes of
the complex. As shown in Fig. S4(a), the reaction is driven by
electron transfer to the phenylboronic acid moiety near the
transition state. However, the ORO energy variation is relatively
small, indicating that this electron motion does not serve as the
primary driving force for the overall reaction.

Next, the potential energy curve along the IRC calculated
for the second step of the oxo-palladium mechanism is shown
in Fig. 5(a). The second step involves a reaction in which the
ancillary ligand becomes monodentate, followed by coordination
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Fig. 5 Potential energy profile along the intrinsic reaction coordinate for
the second-step transmetalation process in the oxo-palladium mecha-
nism of the Suzuki—Miyaura cross-coupling reaction, accompanied by (a)
the electron motion driving the reaction as revealed by ROET analysis, and
(b) the corresponding changes in electron distribution of the identified
reactive orbitals. In this process, the phenyl group of the phenylboronic
acid coordinates to the Pd center. Red—brown arrows indicate electron
transfer in the early stage, green arrows represent the middle stage, and
purple arrows correspond to the late stage. The functional groups that play
an active role in driving the electron motion at each reaction stage are
highlighted in the corresponding colors. For a more detailed depiction of
electron motions, refer to the attached animations.

of the phenyl group from the phenylboronic acid to the Pd center.
As shown in the figure, this process has an activation barrier
of 15.75 keal mol™" and is exothermic, with a reaction energy of
2.14 keal mol ™. This result is nearly identical to that reported in a
previous study,?* which estimated the activation energy and reac-
tion energy to be 15.1 keal mol " and 2.2 keal mol *, respectively.
Note, however, that the structure of the ancillary ligand differs
substantially. These values suggest that the reaction can proceed
under ambient conditions. Fig. 5(b) displays the evolution of the
ORO, identified as HOMO—13 of the reactant, during this step.
The figure reveals that the initially delocalized electron distribu-
tion becomes localized on the boronic acid and the phenyl group
originally coordinated to the Pd center as the reaction progresses.
To visualize the electron flow driving each stage of the reaction,
the corresponding curly arrow diagram is provided in Fig. 5(a).
According to the diagram, in the early stage of the reaction,
electrons move from the phenyl group of the phenylboronic acid
to the ancillary ligand via the Pd center. In the middle stage, the
direction of electron flow reverses, enabling coordination of the
phenyl group to the Pd center. Finally, in the late stage, electrons
transfer from the phenyl group, through the Pd center, to the
boronic acid moiety. As shown in the orbital energy profile in
Fig. S4(b), the key driving force of this reaction process is the
electron transfer that occurs in the intermediate stage, from the
phenyl group of the phenylboronic acid to the ancillary ligand via
the Pd center. This electron motion facilitates the coordination of
the phenyl group to the Pd center.

For the third step of the oxo-palladium mechanism, the
potential energy curve along the IRC calculated is presented in
Fig. 6(a). As shown in the figure, this step has an activation
barrier of 35.30 keal mol™* and is exothermic, with a reaction
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energy of about 21.48 kcal mol™'. The activation energy
obtained here is slightly higher than the 32.6 kcal mol™*
reported in the previous study,?* while the reaction energy is
considerably more positive than the previously reported value
of 13.2 kcal mol ™. This discrepancy likely arises from the fact
that the prior study treated this step as part of the boronate
pathway without accounting for the re-coordination of the
ancillary ligand to its bidentate form, which is explicitly con-
sidered in the present analysis. While the reaction is expected
to proceed at room temperature, the relatively high barrier
suggests that it would occur slowly. However, due to the
substantial exothermicity, the reaction is considered thermo-
dynamically favorable. Fig. 6(b) shows the evolution of the
ORO, identified as HOMO—-8 of the reactant. The change in
electron distribution suggests that electrons are transferred
from the newly coordinated phenyl group to the ancillary
ligand, facilitating the reformation of the Pd-P coordination
bond. This electron motion is illustrated with curly arrows in
Fig. 6(a). In the early stage of the reaction, electrons flow from
the newly coordinated phenyl group to the Pd center. Subse-
quently, in the middle stage, the electron flow continues toward
the ancillary ligand, promoting the reformation of the Pd-P
bond. In the late stage, the direction of electron flow reverses.
According to the orbital energy profile shown in Fig. S4(c), the
ORO energy variation proceeds gradually after the transition
state. This slow progression contributes to the high activation
barrier observed for this step. Therefore, the electron motion
does not strongly drive the reaction, which likely accounts for
the sluggishness of the oxo-palladium mechanism overall.
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Fig. 6 Potential energy profile along the intrinsic reaction coordinate for
the third-step transmetalation process in the oxo-palladium mechanism of
the Suzuki—Miyaura cross-coupling reaction, accompanied by (a) the
electron motion driving the reaction as revealed by ROET analysis, and
(b) the corresponding changes in electron distribution of the identified
reactive orbitals. In this process, the ancillary ligand returns to its bidentate
coordination, and the boronic acid that was coordinated to the Pd center
dissociates. Red—brown arrows indicate electron transfer in the early stage
of the reaction, green arrows represent the middle stage, and purple
arrows correspond to the late stage. The functional groups that play an
active role in driving the electron motion at each reaction stage are
highlighted in the corresponding colors. For a more detailed depiction
of electron motions, refer to the attached animations.
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3.3. Mechanism of Suzuki-Miyaura cross-coupling reaction

Finally, based on the above results, we summarize the overall
picture of the electron motion that drives the Suzuki-Miyaura
cross-coupling reaction, as revealed by the ROET analysis. Fig. 7
presents an overview of the electron motion across the three
main processes of the Suzuki-Miyaura reaction. The ROET
analysis results for the oxidative addition and reductive elim-
ination processes were established in our previous study.>
Including these two steps in the analysis reveals that the
ancillary ligand plays only a supportive role at the very begin-
ning of the transmetalation process. Experimental studies have
shown that the ancillary ligand is involved exclusively in the
oxidative addition and reductive elimination processes,'> and
the present ROET findings support this interpretation. Further-
more, the ancillary ligand is typically chosen for its strong
electron-donating ability, and this characteristic is reflected in
the electron motion that drives the reaction. It is worth noting
that the oxo-palladium mechanism, which is not the focus of
this mechanism, involves the dissociation and reassociation of
the ancillary ligand’s coordination bonds. Thus, participation
of the ancillary ligand in that pathway is unavoidable. From an
experimental perspective, this supports the view that the bor-
onate mechanism is the more likely operative pathway under
standard Suzuki-Miyaura conditions. In contrast, the boronic
acid moiety plays a more active role: together with the Pd
center, it serves as a conduit for electron transfer between the
two phenyl groups. After initially donating electrons to the
chloro group on the Pd complex, it continues to accept elec-
trons throughout the reaction, until it eventually dissociates.
Surprisingly, the electron transfer to the chloro group does not
directly drive the transmetalation process; rather, it exerts an
indirect effect by making the Pd complex more electron-rich.
This observation highlights a limitation of conventional
electron-pushing formalism, which typically interprets such
electron transfers as direct driving forces behind the
reaction - a perspective that fails to capture the subtleties
revealed by ROET analysis.

Let us compare the reaction mechanism of the Suzuki-
Miyaura reaction with that of the Kumada reaction. In terms
of activation barriers, the highest barrier in the Kumada reac-
tion is 7.6 kcal mol™' (in the second step), whereas in the
Suzuki-Miyaura reaction it reached 26.5 kcal mol ' for the
boronate mechanism (second step) and 35.3 kcal mol™ " for
the oxo-palladium mechanism (third step). This substantial
difference indicates that the transmetalation step is not rate-
determining in the Kumada reaction, while it becomes the rate-
determining step in the Suzuki-Miyaura reaction. In the
Kumada reaction, the reductive elimination step is the rate-
determining one. Comparing the electron motion that drives
the reaction, the Kumada reaction proceeds through a complex
sequence of electron transfers, starting with an initial electron
transfer to the Grignard reagent. In contrast, in the boronate
mechanism of the Suzuki-Miyaura reaction, the reaction pro-
ceeds via direct electron exchange between functional groups
that are actively involved in the reaction. Taken together, these
findings suggest that the low susceptibility of the Suzuki-Miyaura
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Fig. 7 Whole mechanism of Suzuki—Miyaura cross-coupling reaction based on ROET and potential energy analyses. The oxidative addition and
reductive elimination processes were analyzed in our previous study using ROET, and the results were reported in ref. 29. The red—brown and green
arrows indicate the electron motions at the early and late stages, respectively, for each process.

reaction to side reactions stems from the fact that the transmetala-
tion step proceeds slowly, with electron transfer confined to
directly participating functional groups. These findings provide
an important perspective for the rational design of catalytic
reactions.

In conclusion, the present ROET analysis suggests that
the exceptional efficacy of organoboronic acid derivatives in
Suzuki-Miyaura reactions arises from their ability to act as
efficient electron transfer channels when coordinated to a
metal center, thereby facilitating C-C bond formation.

4. Conclusions

In this study, we theoretically elucidated the electron motion
driving the transmetalation process, which is a key step in the
Suzuki-Miyaura cross-coupling reaction, using reactive orbital
energy theory (ROET) analysis. ROET is an orbital-energy-based
electronic theory that enables the identification of the electron
motion responsible for driving chemical reactions, grounded in
electrostatic force theory. We investigated the transmetalation
mechanism of a reaction involving phenylboronic acid and
chlorobenzene, catalyzed by a palladium complex bearing 1,2-
bis(dimethylphosphino)ethane as the ancillary ligand, leading
to the formation of biphenyl. Two proposed mechanisms, the
boronate mechanism and the oxo-palladium mechanism, were
examined via IRC calculations and subsequently analyzed using
ROET. IRC results showed that the boronate mechanism pro-
ceeds with a lower activation barrier and a simpler pathway,
consistent with experimental observations. ROET analysis
revealed an intriguing feature: electron transfer from the boro-
nate anion to the chloro group does not directly drive the

17268 | Phys. Chem. Chem. Phys., 2025, 27,17261-17269

reaction. Instead, it plays an indirect role by facilitating sub-
sequent electron motion from the Pd complex to the boronate
moiety, leading to bond formation. Once this bond is established,
the boronic acid acts as an electron conduit between the two
phenyl groups, enabling electron flow through the Pd center.
Furthermore, the ancillary ligand was found to be involved only
in the early stage of the transmetalation process, serving as a
transient electron donor. This finding supports experimental
reports that the ancillary ligand primarily participates in the
oxidative addition and reductive elimination steps.

As discussed above, ROET analysis successfully elucidates
the electron motion that drives the Suzuki-Miyaura reaction in
a manner consistent with experimental observations. In parti-
cular, it reveals the distinct electronic roles played by organo-
boronic acids and ancillary ligands during the transmetalation
step. This study offers a new perspective on cross-coupling
reactions by focusing on electron motion and supports the utility
of ROET analysis as a powerful tool for the rational design of
catalytic processes.
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The ORO images at the steps of the boronate and oxo-
palladium processes of the Suzuki-Miyaura cross-coupling
reaction, including the reactants, TSs, and products, are illu-
strated with curly arrows deduced from the ORO variations in
Fig. S1 and S2. The orbital energy profiles along the normalized
IRCs for each reaction step are summarized in Fig. S3 and S4.
The Cartesian coordinates of the optimized geometries of the
reactants, TSs, and products are compiled in Table S1. The
details of the AFIR calculations used to determine the transi-
tion states are also summarized in Scheme S1. Additionally,
mp4 files with animations illustrating the changes in OROs
along the reaction pathways for each process are also included.
See DOL: https://doi.org/10.1039/d5cp01959a
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