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Palladium-catalyzed Suzuki—Miyaura Coupling (SMC) is a powerful strategy to construct C-C bonds;
however, it suffers from the disadvantages of using expensive palladium catalysts and additives. Based on
the experimental development of the base-free nickel catalyzed Suzuki—Miyaura coupling of acid
fluorides (ArC(O)F) with diboron reagent, we carried out DFT calculations to gain insight into the reaction
mechanisms. The coupling reaction proceeds via four stages: (1) oxidative addition of the acid fluoride to
the Ni(0) center to break the C-F bond, (2) transmetalation with diboron reagent, (3) carbonyl
deinsertion via reverse carbonyl migratory insertion, and (4) reductive elimination to afford the coupling
product and regenerate the active catalyst. It was found that the competitive rotation of the Ni-B bond
and Ni—C(aryl) bond of the intermediate generated from the oxidative addition of the acid fluoride to
Ni(O) center (stage I) determines the chemoselectivity of the catalytic cycle, and carbonyl migratory
insertion is the rate-determining step of the coupling. Our study reveals that the PhOMe moiety in TS8
induces greater steric hindrance and reduced electronic stabilization compared to BPin in TS5, resulting

in increased geometric distortion, higher distortion energy, and a less favorable transition state with
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Accepted 5th May 2025 a higher activation barrier. Furthermore, our computational results indicate that transmetalation prefers

a concerted mechanism. Detailed analyses reveals that the strong fluorophilicity of boron enables

DOI: 10.1038/d5ra01845e efficient, base-free transmetalation. This study could be helpful for the development of cheap catalysts

rsc.li/rsc-advances for Suzuki—Miyaura cross-coupling reactions.

the presence of an exogenous base."™” Ideally, using cheap and
earth-abundant transition metal (e.g., Ni) catalysts with avail-

1. Introduction

The palladium-catalyzed Suzuki-Miyaura coupling is a powerful
strategy to construct C-C bond forming reactions, which consist
of the coupling between organoboron nucleophiles and aryl
halide (or triflate) electrophiles in the presence of a base,*”
often used in organic, medicinal and agrichemical industries.*®
The key challenges associated with this transformation are the
use of expensive palladium catalysts, the addition of exogenous
base to facilitate transmetalation and requirement of expensive
and rare electrophiles.’®* To further address these challenges
significant efforts have been devoted to replacing palladium
with nickel for the development of different SMC reactions in
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able electrophiles in the absence of an exogenous base is the
most preferred way to carry out SMC reactions.”> In 2018,
Sanford and coworkers made a breakthrough, discovery that
a nickel (Ni) complex could serve as a catalyst for the coupling
reaction between aryl boronic acids and acid fluorides, in the
absence of an exogenous base (Fig. 1 eqn (a)).?* Recently, the
same group developed a base free nickel-catalyzed
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Fig. 1 Base-free nickel catalysed decarbonylative Suzuki—Miyaura-
type reactions.?223
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decrbonylative coupling of carboxylic acid fluorides with
diboron reagent to selectively afford aryl boronate ester prod-
ucts (Fig. 1 eqn (b)).>®* However, a primary challenge associated
with this metal-catalyzed borylation reaction is that the
competing of organoboron product versus the diboron reagent
in the transmetalation step, leading to undesired over cross-
coupling to afford biaryl byproduct (Fig. 1 eqn (b)).>*

Recently, we** reported a DFT study of the base-free Ni-
catalyzed Suzuki-Miyaura cross-coupling of acid fluoride by
Sanford and co-worker,”> where we found that the trans-
metalation proceeds through a stepwise mechanism, instead of
the conventional concerted one. Additionally, the strong fluo-
rophilicity of boron and the coordination interaction between
the oxygen atom of boronic acid with Ni metal plays a vital role
in promoting the base free transmetalation. Herein, we theo-
retically studied the Suzuki-Miyaura cross-coupling mecha-
nism of the base-free nickel-catalyzed decarbonylative
borylation of acid fluorides, to reveal the origin of the chemo-
selectivity to aryl boronate ester over biaryl. Indeed, our calcu-
lation showed that the decarbonylation step occurs after
transmetalation; which further supports our previous finding.**
Our understanding of the substrate-dependent chemo-
selectivity should be helpful for development of cheap catalysts
for Suzuki-Miyaura cross-coupling reactions between acid
fluoride and diboron reagent.

2. Computational methods

All the DFT calculations were carried out using the Gaussian 09
program.” All structures were optimized in the gas phase at
B3LYP>**/BSI level, where BSI represents a basis set with 6-
31G(d,p)***" for nonmetal atoms and SDD**?** for Ni. Harmonic
vibrational frequency calculations were subsequently per-
formed to verify the optimized structures to be minimal (no
imaginary frequency) or transition states (TSs, having a unique
one imaginary frequency). The energies were then improved by
MoO6 (ref. 34-36)/BSII//B3LYP/BSI single-point calculations with
solvent effects accounted by SMD*"*® solvent model, using the
experimental solvent, toluene. BSII denotes a basis set with SDD
for Ni and 6-311++G(d,p) for other atoms. Additional informa-
tion is relegated to ESL{ Selected optimized structures are
illustrated using CYLview.*®

3. Results and discussion

Sanford et al.*® have shown their strategy to synthesize aryl
boronate ester from acid fluoride and diboron reagent (Fig. 2).
At first, the oxidative addition of the acid fluoride substrate to
Ni’(PCys), to yield an acyl Ni specious (I), thus carbonyl dein-
sertion to afford transmetalation active complex (II), then
transmetalation with diboron reagent, C-B bond-forming
reductive elimination afford the product and regenerate
Ni’(PCys),. Furthermore, the over cross-coupling of aryl boro-
nate ester leads to biaryl formation. In the following, we report
our DFT study results to gain insight into the mechanisms of
the reactions and disclose the origin of chemoselectivity.
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Fig. 2 Experimentally postulated mechanism for organoboron and
biaryl synthesis from acid fluoride and diboron reagent by Sanford
et al®

3.1 The mechanism for base-free Ni-catalyzed
decarbonylative borylation

Based on our previous theoretical study on nickel-catalyzed
Suzuki-Miyaura coupling of acid fluorides (ArC(O)F) with
boronic acids (ArB(OH),** Cat is regarded as the real catalyst
which can be generated from the Ni(Cod), as the catalyst
precursor and two equivalents of PCy; ligand,** Fig. 3 shows the
energy profile for oxidative addition and decarbonylation stages
in Fig. 1(b). Similarly, the initial stage of the reaction is an
oxidative addition of the acidic fluoride (1a) to Ni(0) center via
TS1 with a free energy barrier of 17.6 kcal mol ' to reversibly
form a tetrahedral geometry IM1. Subsequently, IM1 can be
easily transformed to a 17.0 kcal mol™" more stable square
planar geometry IM2. To undergo decarbonylation, a PCys;
ligand dissociates from IM2 via TS2 with a barrier of 23.7 kcal-
mol %, giving IM3 with a vacant coordination site. Because IM2
is a saturated complex, a ligand should dissociate from Ni-
center to allow decarbonylation. Next, a carbonyl migratory
insertion occurs via TS3 with a low barrier of 2.1 kcal mol "
from IM3 to give a carbonyl nickel fluoride complex IM4.
Subsequent liberation of CO from IM4 gives IM5 which either
associates with a released PCyj; ligand to reach more stable IM6
or proceeds to the next stage of transmetalation with diboron
reagent (B,Pin,). However, the possible dissociation interme-
diate has higher energy barrier of 32.7 kcal mol " relative to IM2
and we excluded the possibility without further consideration.
The results indicated that direct decarbonylation after oxidative
addition is unlikely, encouraging us to find an alternative.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Free-energy profiles for oxidative addition and decarbonylation stages in Fig. 1(b).

Previously, we also ruled out the direct decarbonylation after
oxidative addition.**

Alternatively, we also considered the possibility of IM2 to
directly undergo transmetalation. Fig. 4 describes the alterna-
tive where the transmetalation takes place first. Note that, in
Fig. 3 the decarbonylation occurs after oxidative addition. The
optimized structures of selected intermediates and transition
state are shown in Fig. 5. Previously, we considered two trans-
metalation pathways.> Starting from IM2, the concerted
mechanism (black line) occurs via TS4 crosses a barrier of
16.8 keal mol " and is slightly endergonic by 1.5 kcal mol ™" to
form IM7. The calculated result agrees with the conventional
transmetalation. Previously, we considered a stepwise mecha-
nism.* Unfortunately, we were not able to locate the transition

[B1]= Bypin,

in kcal/mol

TAG (toluene)

state after several attempts made. However, the possible coor-
dinative intermediate IM8 (AG = 8.4 kecal mol™") is
2.1 keal mol ' higher than the concerted TS4 (AG =
6.3 kcal mol™ ) and can be excluded. Starting from IM7 the
carbonyl migratory insertion requires rotating the Bpin group
trans to the carbonyl group, as illustrated by TS5 in Fig. 4 which
crosses a barrier of 21.9 keal mol ™" relative to IM7. Alternatively,
we also considered the possibility of rotating the PCy; to
undergo a carbonyl migratory insertion. However, as illustrated
in ESI (Fig S.2),T we found that the calculated free energy barrier
for the possible CO dissociation intermediate IM11A is
4.6 kecal mol™" higher than TS5, which revealed that the
mechanism following rotating the PCy; is unfavorable. Then,
a carbonyl migratory insertion proceeds via TS6, generates more
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Fig. 4 Free-energy profiles for the mechanism via transmetalation, decarbonylation and catalyst regeneration, leading Prl.
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Fig. 5 Optimized structures of the key stationary points labeled in Fig.

stable the CO-coordinated Ar[Ni](CO)Bpin intermediate IM10.
To confirm both sides of the potential energy surface, we per-
formed the IRC calculation for TS6. The result shows
a concerted mechanism involving both carbonyl migratory
insertion and reductive elimination takes place simultaneously
(as evidenced by the slight elongation of the Ni-CO bond length
in the forward IRC pathway, continuing from P3 (1.784 A) to P4
(1.809 A) and consequently from P4 (1.809 A to IM10 (1.813 A)
(see Fig. S.37). Finally, CO liberation helps to recover the catalyst
and the coupling product (Pr1). Overall, the carbonyl migratory
insertion has a rate-determining step (RDS) with a barrier of
23.4 kecal mol ' (TS5 relative to IM2) and is exergonic by
43.9 keal mol .

3.2 Mechanism for biaryl formation

The mechanisms discussed above elucidate the generation of
the borylated product. Interestingly, the over cross-coupling of
Pr1 leads to biaryl formation. The mechanism of the subse-
quent biaryl formation was investigated. From CO-coordinated
Ar[Ni](CO)Bpin intermediate IM10, transmetalation, decarbon-
ylation, and reductive elimination to deliver the final product
and regenerate the active catalyst. Fig. 6 shows the energetics of
these four steps; optimized geometries of key stationary points
are provided in Fig. 7. The transmetalation process can proceed
in a concerted or stepwise fashion, based on our previous
studies,* we first considered a concerted mechanism, as illus-
trated by the four-membered TS7, the transmetalation proceeds
by cleaving the Ni-F and B-C(aryl) bonds concurrently, giving
IM11 and FB(pin). Alternatively, for a stepwise mechanism, the
electronic deficient boron of the Pr1 moiety extracts the F atom
via TS11 to break the Ni-F bond, resulting in IM15. The calcu-
lated relative free energy of TS11 is 1.8 kcal mol™* lower than
that of TS7. However, we found that the calculated free energy
barrier of the B-C(aryl) bond cleavage and the formation of Ni-

17244 | RSC Adv, 2025, 15, 17241-17247

IM10

C bond via TS12 is 6.0 kcal mol™" higher than TS7, which
revealed that stepwise mechanism is unfavorable. In the step-
wise pathway, the steric clash between the bulky Bpin group and
the phosphine ligand causes a destabilization, leading to the
high energy barrier observed in TS12. This steric hindrance is
absent in the concerted mechanism, allowing for a smoother
transition. Thus, the concomitant cleavages of the two bonds
(i.e. Ni-F and B-C(aryl) bonds) could intrinsically be easier than
the sequential cleavages of the two bonds. Although the step-
wise transmetalation takes the advantage of the favorable
coordination interaction between oxygen in Prl and nickel,
which is indicated by the short lengths of Ni-O coordination
bonds (2.08 A in TS11), however the formation of IM15), where
the Ni-F bond is broken before the B-C bond is fully formed
and often less stable and requires additional energy to proceed
to the next step. Further, we compared the charge of Ni in TS7
(—0.74) and TS12 (—0.65), suggesting that TS7 may correlate
with greater stabilization of the transition state due to stronger
coordination of the ligand at the metal center, contributing to
a lower activation energy. In TS12 the steric clash between the
Bpin moiety and the phosphine ligand causes a relatively high
energy barrier than TS7. Similar to the above mechanism, from
IM11 the carbonyl migratory insertion requires rotating the aryl
group trans to the carbonyl group, a very facial rotation along
the Ni-C(aryl) bond of IM11 preferentially takes place to form
IM12 via TS8 which crosses a barrier of 14.9 keal mol " relative
to IM11. Then, a carbonyl migratory insertion proceeds via TS9,
generating more stable the Ar[Ni](CO)Ar’ intermediate IM13. In
TS9 the distance of the breaking C-C bond (1.74 A) and forming
C—C bond (2.09 A) confirm the formation of CO-coordinated
intermediate IM13 geometrically. Finally, IM13 undergoes
reductive elimination via TS10, affording the coupling product
Pr2 and regenerating the catalyst. Overall, based on the calcu-
lated free energy changes of the whole catalytic cycle, the resting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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state of the cycle is the CO-coordinated Ar[Ni](CO)Bpin inter-
mediate IM10, and the carbonyl migratory insertion has a rate-
determining step (RDS) with a barrier of 25.4 kcal mol™" (TS8
relative to IM10) and is exergonic by 58.0 kcal mol . Therefore,
these results showed that the formation of biaryl product is
thermodynamically more favorable than the organoboron
product Pr1.

3.3 Origins for different chemoselectivity of part 1(b)

The mechanisms discussed above elucidate the base-free nickel
catalyzed Suzuki-Miyaura cross-coupling of acid fluoride and
diboron reagent to afford organoboron and biaryl. Analyzing
the mechanisms in Fig. 3 and 4, we can find out that, the
reaction undergoes sequential oxidative addition, trans-
metalation, decarbonylation, and reductive elimination.
Comparing Fig. 4 and 6, the pathway leading to Pr1 is somewhat
similar to Pr2, although the decarbonylation and reductive
elimination steps are somewhat different. In Fig. 4 the RDS is
the rotation of Ni-B bond via TS5. Similarly, the RDS in Fig. 6 is
the rotation of the Ni-C(aryl) bond of IM11 via TS8. Fig. 4 and 6
provide valuable insights into the energetic results that help us
understand the origin of chemoselectivity towards aryl boronate
esters over biaryl compounds. The RDS barrier (TS5) to give aryl
boronate ester (Pr1) is 2.0 kcal mol~" lower than that (TS8) to
give biaryl product (Pr2). We analyzed and compared the rela-
tive activation barriers (AG*) associated with the key steps in the
reaction pathways of TS5 and TS8. The activation barrier (AG*)
for TS8 (~25 kecal mol ") relative to IM10 is higher than that of
TS5 (~23 kcal mol ™) relative to IM2 (see Fig. 4 and 6), indi-
cating that the PhOMe-containing intermediate overcomes

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

Decarbonylation Reductive elimination

a larger distortion energy to reach the transition state. To
further investigate steric contributions, we performed a distor-
tion interaction analysis on transition states (Fig. S4t). The
bond angle at the nickel center is compressed for TS8 (123°)
compared to TS5 (127°), and the dihedral angle between one of
the PCy ligands, nickel, and the PhOMe moiety varies signifi-
cantly from planar at 138° to 169° when considering the PCy
ligand, nickel, and the BPin moiety. This variation indicates an
increase in torsional strain. We also performed NBO (natural
bond orbital) analysis to gain insight into the electronic envi-
ronment of the nickel center. The NBO analysis shows the Ni in
the TS5 intermediate is slightly negative (—0.104), while in TSS,
it is more positive (+0.18). This suggests greater electron
donation from BPin due to its stronger o-donor character.
These findings reveal that TS8 induces greater steric hindrance,
resulting in a more distorted geometry and a less energetically
favorable transition state compared to the BPin-containing
system.Thus, part b of Fig. 1 reactions kinetically prefers to
produce aryl boronate ester (Pr1), agreed with the experimental
result.”® Note that Prl is thermodynamically less favorable than
Pr2, thus the selectivity of aryl boronate ester of the reaction is
exclusively controlled by kinetics. The chemoselective prefer-
ence for the borylation product using the B,(Pin), substituent
was attributed to the following factors: the electron-deficient
boron creates an extra stabilization energy and lowers the free
energy in TS5. In contrast, using Prl as a substituent, the
electronic and steric effect of PhOMe moiety in TS8 destabilizes
the biaryl formation kinetically. Overall, the chemoselectivity
originates from the electronic and steric effects of BPin and
PhOMe in TS5 and TS8.
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4. Conclusion

In this study, we performed a DFT mechanistic study of a base-
free nickel-catalyzed decarbonylative borylation of acid fluo-
rides giving aryl boronate ester or biaryl selectively. The catal-
ysis proceeds in four stages: (1) the oxidative addition of the
acid fluoride substrate to Ni®”) center (2) transmetalation with
diboron reagent. (3) Carbonyl deinsertion via reverse carbonyl
migratory insertion. (4) Reductive elimination to afford the
product and regenerate the active catalyst. In our computed
mechanism, the transmetalation prefers a concerted mecha-
nism and takes place first before carbonyl deinsertion which is
different from the experimentally proposed mechanism.
Importantly, the competitive rotation of Ni-B bond via TS5 and
Ni-C(aryl) bond of IM1 via TS8, determines the chemoselectivity
of the catalytic cycle and carbonyl migratory insertion is the
rate-determining step of the coupling. The strong fluo-
rophilicity of diboron assists the base free transmetalation. This
study provides valuable insights that could contribute to the
development of cost-effective catalysts for Suzuki-Miyaura
cross-coupling reactions.
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