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Abstract: 

The palladium-catalysed Suzuki–Miyaura cross-coupling (SMC) reaction of organohalides and 
organoborons is a reliable method for carbon–carbon bond formation. This reaction involves a 
base-mediated transmetalation process, but the presence of a base also promotes competitive 
protodeborylation, which reduces the efficiency. Herein, we established a SMC reaction via 
Lewis acid-mediated transmetalation of an organopalladium(II) intermediate with 
organoborons. Experimental and theoretical investigations indicate that the controlled release 
of the transmetalation-active intermediate enabled base-independent transmetalation under 
heating conditions and enhanced the applicable scope of this process. This system enabled us 
to avoid the addition of a base, and thus, rendered substrates with base-sensitive moieties 
available. Results from this research further expand the overall utility of cross-coupling 
chemistry. 
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Main Text:  

The Suzuki–Miyaura cross-coupling (SMC) reaction is one of the reliable carbon–carbon bond 
forming processes, broadly applied in the synthesis of valuable compounds, such as 
pharmaceuticals.1,2 A critical step in the SMC reaction is the transmetalation of 
organopalladium(II) species with organoborons, which conventionally requires the use of a 
base.3 Basic conditions, however, also occasionally cause undesired protodeborylation, 
particularly when using industrially valuable organoborons, such as perfluoroaryl- and 
heteroarylborons (Fig. 1A).4,5 This issue has been recognised as the “base problem”,6 and 
therefore, numerous effort has been devoted to suppressing the side reaction and broadening 
the range of synthetically available chemical structures.7,8 A straightforward approach to 
solving this problem is to avoid the addition of a base. Indeed, the SMC reaction has been 
shown to proceed without a base under exceptional conditions (e.g., employing specific 
substrates). For example, transmetalation can occur with organo(trialkoxy)borates without an 
additional base because of their high nucleophilicity.9,10 Sanford et al. has recently reported that 
the use of acyl fluorides as electrophiles allows for a nickel-catalysed SMC reaction with 
organoboronic acids without using an exogenous base, in which the fluoride within the 
substrates promotes transmetalation.11 The SMC reaction is also known to occur without a base 
or heating when aryldiazonium salts are employed as electrophiles, in which the transmetalation 
of coordinatively unsaturated cationic arylpalladium(II) with organoboronic acids proceeds 
(Fig. 1B).12–15 These pioneering studies have solved the base problem by substrate design. 
Herein, we report a strategy to avoid the addition of base to the SMC reaction of readily 
available organohalides with organoborons enabled by design of catalytic intermediates. 

We focused on the reaction using aryldiazonium salts, which indicates that cationic 
organopalladium(II) species can help develop a base-free SMC reaction (Fig. 1B). A challenge 
in realising this approach is the overcoming of the thermal instability of the cationic 
arylpalladium(II) species, which limits the reaction temperature.13 Indeed, only an 
aryldiazonium salt can react with a palladium catalyst at room temperature to generate a 
cationic arylpalladium(II) complex via oxidative addition and releasing the dinitrogen, avoiding 
the necessity of heating. Since SMC reactions often require heating to complete a catalytic cycle, 
preventing the thermal decomposition of palladium intermediates is indispensable for 
generalization of the base-free methodology as a reliable alternative to carbon–carbon bond 
formation. 

To address this issue, we designed a coordinatively saturated cationic organopalladium(II) 
intermediate with labile ligands that are thermally stable and release the corresponding 
unsaturated and transmetalation-active species in equilibrium (Fig. 1C). The controlled release 
of cationic organopalladium(II) species should suppress the spontaneous degradation and 
prioritise the desired pathway even under heating conditions. We envisioned that this masked 
intermediate can be generated via the dehalogenation of an aryl(halo)palladium(II) complex 
with a halophilic Lewis acid, where the thus-formed metal halides serve as labile ligands. 
Conventionally, dehalogenation often employs silver(I) salts, which are unsuitable for this 
approach because of their redox activities that terminate the catalytic cycle via the oxidation of 
palladium(0) species. The low solubility of silver(I) halides in organic solvents is also 
problematic, because they precipitate out without serving as ligands. Hence, our investigation 
commenced with exploration of Lewis acids that are suitable for our purpose. 
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Fig. 1. Suzuki–Miyaura cross-coupling (SMC) reaction. A, Schemes of SMC reactions with 
or without using an external base. B, SMC reaction with aryldiazonium salts as electrophiles 
via the formation of a cationic arylpalladium(II) intermediate. C, Working hypothesis of a 
Lewis acid-mediated SMC reaction with organohalides via the controlled release of a cationic 
arylpalladium(II) intermediate. R: substituent; X: leaving group, unless otherwise noted; B: 
boryl group. 

 

To verify our hypothesis, various halophilic metal salts were screened for the SMC reaction 
between aryl bromide 1 and a small excess of potassium phenyl(trifluoro)borate 2a16 in the 
presence of PdCl2(amphos)2 at 80 °C. During this process, we found several metal triflates that 
provided 4-fluorobiphenyl (3) (Fig. 2A and Table S2). Among them, a zinc trimer, i.e., 
[(tmeda)Zn(OH)(OTf)]3 (4), easily prepared from zinc(II) triflate and N,N,N',N'-
tetramethylethylenediamine (TMEDA), demonstrated the best result to afford 3 in quantitative 
yield. The use of indium(III) triflate also yielded 3, while no conversion was observed when 
hard Lewis acids, such as boron trifluoride or trifluoromethanesulfonic acid (HOTf), were 
added, suggesting that the halophilicity of the additives is crucial. The addition of silver salts 
resulted in a low conversion, in agreement with our assumption. Heating was not essential: the 
reaction occurred even at room temperature to afford 3 in excellent yield. A precise 
investigation revealed that a more than half of a zinc atom equivalent is essential for completing 
the reaction (Fig. 2B), indicating that the zinc centre is responsible for two catalytic cycles. 
This result suggests that the hydroxy group of 4 is not necessary for the transformation because 
it should be removed from 4 if it serves as a base in the first cycle and not be involved within 
the second reaction. A screening study of ligands for palladium catalysts showed that di- or 
tri(tert-butyl)phosphines, including Amphos, were preferable, whereas di- or 
tricyclohexylphosphines yielded poor results (Table S3). Other series of phenylboron 
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derivatives, including phenylboronic acid (2b) and N-methyliminodiacetic acid (MIDA) 
derivative 2f,17 were applicable under these conditions, while the use of phenylboronic acid 
pinacol ester (2d) and phenyl(naphthalene-1,8-diamino)boron (2g)18 did not afford the desired 
product, demonstrating the unconventional selectivity of boronic acid esters structured for SMC 
reactions (Fig. 2C). 

 

Fig. 2. Lewis acid-mediated SMC reaction. Reaction conditions: 1 (0.20 mmol, 1 equiv), 2 
(0.22 mmol, 1.1 equiv, unless otherwise noted), PdCl2(amphos)2 (4 µmol, 2 mol%), additive, 
THF (1 mL), under argon at 80 °C. Yields were determined by 19F NMR with 
(trifluoromethyl)benzene as an internal standard. A, Optimization of additives. aThe reaction 
was performed at room temperature for 24 h. B, Investigation of the amount of 4. C, Scope of 
phenylboronic acid derivatives. 

 

Stoichiometric reactions were conducted to confirm the role of the zinc complex. We 
synthesised aryl(bromo)palladium(II) dimer 5a and fully characterised its structure by single-
crystal X-ray diffraction analysis (Fig. S2). Nuclear magnetic resonance (NMR) spectra 
revealed that treatment of 5a with four equivalents of 4 produced a new species (Fig. 3A and 
Table S8), along with an insoluble zinc hydroxide oligomer (Fig. S7). The regeneration of 5a 
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was observed by adding an excess amount of tetra(n-butyl)ammonium bromide (TBAB) to this 
mixture, indicating that this intermediate (6) formed via debromination by zinc complex 4 
(Table S9). Intermediate 6 showed significant reactivity to various phenylborons, as the 
reaction with several organoborons 2a–c was completed within 5 min to afford 3. The reactivity 
of 6 was compared with those of the related cationic palladium complexes (5b and 5c), 
generated by the treatment of 5a with silver salts (Fig. 3B). The reaction between each 
palladium intermediate and 2c, a well-dissolvable organoboron derivative in tetrahydrofuran 
(THF), occurred even at –30 °C. The reaction rate mediated by zinc complex 4 was comparable 
to that mediated by silver tetrafluoroborate (AgBF4), and higher than that mediated by silver 
triflate (AgOTf). In contrast, a significant difference in stability was observed between the two 
groups. Namely, 6 remained unchanged for more than a day in THF-d8 at 23 °C, while the 5b 
and 5c smoothly decomposed at room temperature (Figs. S3–S5). These results indicate that 6 
possesses both sufficient thermal stability and reactivity with organoborons owing to the 
presence of Zn species. The 1H NMR spectra of 6, 5b, and 5c demonstrated that almost all the 
signals in the aromatic region shifted to a low magnetic field, reflecting the electrophilically 
activated nature of each palladium centre (Fig. 3C). Meanwhile, the aromatic proton of 6 at the 
ortho-position of the phosphine atom in the Amphos ligand (corresponding to Ha of 5a in Fig. 
3A) was an intriguing exception, which showed a slightly higher magnetic field shift (Fig. 3C). 
These observations illustrated the definite structural differences between 6 and the others. 

 

Fig. 3. Stoichiometric reactions. A, Generation of intermediate 6 and its reaction with 2a. B, 
Generation of 6 and the related cationic palladium complexes (5b and 5c) and their reactions 
with 2c at –30 °C. C, Enlarged view of 1H NMR spectra in the aromatic region (δ 8.1–6.5 ppm) 
of 5a–c (–30 °C) and 6 (–30 °C and 23 °C). 
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To elucidate the origin of the characteristics of intermediate 6, structural analyses were 
conducted out mainly by X-ray absorption spectroscopy (XAS). We performed in situ XAS 
experiments of 6 formed by mixing 5a and 4 in THF. In the Br-K edge extended X-ray 
absorption fine structure (EXAFS), the second peak (3.1 Å)	disappeared, and the first peak (2.3 
Å) shifted to the radial distance corresponding to the Br–Zn scattering (2.0 Å) (Fig. 4A). This 
result also revealed that the zinc complex 4 plays a role in elimination of the bromine atom 
from the palladium centre. Pd-K edge EXAFS analysis of 6 indicated that, after the reaction, 
the singlet peak observed at the radial distance of 2.2 Å was split into two peaks (2.0 and 2.6 
Å), attributed to the absence of bromine around the palladium centre (Fig. 4B). The second peak 
(2.0 Å) was assigned to Pd–P bonding. The third peak (2.6 Å) implied the presence of a 
relatively heavy element, which could be assigned to the sulfur atom in triflate, indicating the 
formation of palladium triflate. Considering that the 1H NMR spectrum of the intermediate 6 
was not identical to that of palladium triflate 5b generated from AgOTf (Fig. 3C), we analysed 
the XAS data on Zn-K edge in further detail. The X-ray absorption near edge structure 
(XANES) spectrum of 6 appeared to have intermediate features between those of the zinc 
complex 4 and (tmeda)ZnBr2 (Fig. 4C). In addition, the lower peak intensity of 6 compared 
with the reference ((tmeda)ZnBr2) indicated that the coordination number of the bromine was 
one (Fig. 4D). These results suggest that zinc atom was connected with both bromine and 
oxygen atoms and that the local structure around zinc was Br–Zn–O. Based on our 
comprehensive analysis of XAS results, we proposed that the intermediate 6 in THF solution 
represents the formation of a Pd/Zn binuclear complex bridged by the triflate moiety. 

Based on the local structure derived from the XAS experiments, the entire structure was 
reconstructed using density functional theory (DFT) calculations at the B3PW91-D3/def2-SVP 
level of theory (Fig. 4E). Subsequently, the curve fitting of the Pd-K edge EXAFS of 6 was 
performed using the DFT-optimized structure as coordinates for calculating of scattering paths 
with the FEFF6 code.19 The fitting results in r-space (1.2–3.0 Å) of the magnitude and 
imaginary part are plotted in Fig. 4F. The variations of all fitting parameters were within 
reasonable values, and the R factor was 1.28%, suggesting a good coincidence (Table S15). The 
fitting confirmed that the third peak was originated from the Pd–S scattering. In addition, the 
fittings of the EXAFS of 6 were performed on Br-K and Zn-K edges as well (Tables S14 and 
S16), and these results were also found to be consistent with the proposed structure. Overall, 
we conclude that the proposed triflate-bridged Pd/Zn binuclear complex is the most plausible 
candidate for intermediate. The plausibility of this structure was also supported by the peak 
shift observed in 1H NMR spectra to a higher magnetic field (Ha in Fig. 3C). Two-dimensional 
NMR and DFT analyses of 6 revealed that the aromatic proton Ha at the ortho-position of the 
phosphine atom is directed toward the centre of the fluorophenyl group (Fig. S15) and is 
therefore magnetically shielded. The estimated structure does not involve the hydroxy group of 
4, indicating that this group does not serve as a base to promote the subsequent transmetalation 
with organoborons (Fig. S17). The observed formation of a zinc hydroxide oligomer as an 
insoluble byproduct further supported our claim (Fig. S8). 
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Fig. 4. XAS and electron density analyses of intermediate 6. A, Br-K edge extended X-ray 
absorption fine structure (EXAFS). B, Pd-K edge EXAFS. C, Zn-K edge X-ray absorption near 
edge structure (XANES). D, Zn-K edge EXAFS. E, Reconstructed structure of 6 according to 
the density functional theory (DFT) calculations. F, Plots of the fitted curve for the Pd-K edge 
EXAFS in r-space: magnitude and its imaginary part. G, Isosurface of noncovalent interactions 
(NCIs) and bond paths obtained from quantum theory of atoms-in-molecules (QTAIM) analysis. 
H, Reference orbitals in natural bond orbital (NBO) basis; [σ(C–H)→LV(Pd)] and [σ(C–
H)→σ*(C–Pd)]. 

 

Based on the estimated structure of 6, theoretical surveys were conducted to reveal the origin 
of the thermostability. The hydrogen atom of the tert-butyl group in the Amphos ligand is 
located near the vacant coordination site of the palladium centre at the distance of 2.073 Å (Fig. 
4E), which implies an agostic interaction. To gain information about electrostatic interactions, 
we analysed the noncovalent interactions (NCIs)20 and identified a strong interaction between 
the palladium centre and the hydrogen atom of Amphos (Fig. 4G, blue isosurface). The quantum 
theory of atoms-in-molecules (QTAIM)21 analysis also revealed the presence of a bond critical 
point (BCP) between the palladium atom and the carbon–hydrogen bond with a relatively high 
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electron density (ρbcp(r) = 0.250 eÅ–3) and a Wiberg bond index (WBI) of 0.167, which indicates 
significant agostic interaction (Table S15). The natural bond orbital (NBO) analysis revealed 
electron donations from the σ(C–H) orbital to the vacant Pd orbital (E(2) = 6.22 kcal/mol) and 
σ*(C–Pd) orbital (E(2) = 8.37 kcal/mol) (Fig. 4H). The NBO analysis indicated moderate 
electron donation (Net E(2) = 14.59 kcal/mol) from the σ(C–H) orbital of the proximal tert-butyl 
groups to the cationic palladium centre. The broadening of tert-butyl group signals in the 1H 
NMR spectra also indicates the presence of an agostic interaction between the palladium centre 
and the hydrogen atom. The separated proton signal was not observed even at low temperatures, 
suggesting the lability of the interaction (Fig. S7). These results indicate that the carbon–
hydrogen bond in the tert-butyl group serves as a hemilabile ligand and contributes to the high 
stability of intermediate 6. The interaction would be crucial for the SMC reaction, because using 
a ligand that cannot form such an interaction (e.g., dimethylphenylphosphine) resulted in a poor 
yield (Table S3 and Fig. S26). We also identified a weak NCI between the palladium centre 
and the eliminated bromine atom (Fig. 4G, green isosurface), which was supported by the low 
electron density value (ρbcp(r) = 0.060 eÅ–3) and WBI (0.091) at the BCP in QTAIM analysis. 
This result suggests that the sterically hindered bromine atom at the remote apical position of 
palladium (Pd–Br: 3.626 Å) is loosely coordinated and enhances both the kinetic and 
thermodynamic stabilities of 6. 

We proposed a mechanism for the zinc-mediated SMC reaction (Fig. 5). The reaction 
commences with the reduction of the palladium(II) precursor with potassium 
phenyl(trifluoro)borate (2a) to afford coordinatively unsaturated mono(amphos)palladium(0) 
A. The oxidative addition of 1 provides arylpalladium(II) bromide B, which exists mainly as 
dimer 5a. Then, the debromination by the zinc monomer (C), generated from 4, affords the 
bimetallic intermediate (6), in which boron trifluoride, formed in the transmetalation, is 
assumed to capture the hydroxy group of C. We estimate that 6 is coordinatively saturated with 
a square planar structure and is therefore unavailable for direct transmetalation. The removal 
of the zinc moiety provides coordinatively unsaturated cationic complex D, which reacts with 
2a to give diarylpalladium(II) G. Finally, the reductive elimination of biaryl 3 regenerates A to 
complete the catalytic cycle. The liberated zinc species E serves as a Lewis acid again to be 
deactivated as zinc dibromide complex F, which was characterised by XAS measurements (Figs. 
S19 and S20). 



 9 

 

Fig. 5. Plausible mechanism. Gibbs free energies (ΔG and ΔG‡, 298.15 K, 1 atm) are shown 
in kcal/mol. Ha in intermediate 6 indicates the proton that showed the exceptionally high 
magnetic field shift of the peak observed in 1H NMR analysis (Fig. 3C). 

 

We performed DFT calculations for each step of the zinc-mediated SMC reaction to elucidate 
the reaction mechanism using 4-fluorobromobenzene (1) and potassium phenyl(trifluoro)borate 
(2a) as a model compound (Figs. 6 and S22–25). The dissociation of one equivalent of Amphos 
to afford A is endergonic with a considerable energy difference (+28.4 kcal/mol). After 
coordination of 1 to form II, oxidative addition follows to afford aryl(bromo)palladium 
monomer B, which would be in equilibrium with dimer 5a (ΔG = +7.4 kcal/mol). 
Debromination and dehydroxylation of B would afford 6. Under the stoichiometric conditions 
(Fig. 3), remaining C could abstract the hydroxy group as four equivalents of 4 were used for 
the quantitative conversion (Fig. 6, red). Although this step to produce 6·OTf is endergonic 
(+9.0 kcal/mol), the (tmeda)Zn(OH)2 byproduct would oligomerise and precipitate out, making 
this process irreversible (see also Fig. S23). Under the catalytic conditions, boron trifluoride 
(BF3), formed both during the initiation of the palladium catalyst and the transmetalation with 
2a, would be a preferable accepter of the hydroxy group (blue). The dehydroxylation with BF3 
is favourable in free energy (–16.8 kcal/mol) and proceeds to give 6·BF3OH bearing 
hydroxy(trifluoro)borate as a counter anion. The following zinc removal process (6·BF3OH to 
D + E) was slightly endergonic (+5.8 kcal/mol), supporting our hypothesis that transmetalation-
active species D forms in equilibrium and predominantly exists as a relatively stable masked 
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intermediate (6). The barrier for the base-independent transmetalation (TS-2) was estimated to 
be 20.7 kcal/mol, which is consistent with the experimental result of the stoichiometric 
transmetalation without heating (Fig. 3). The following reductive elimination takes place 
smoothly via the transition state TS-3 with an energy barrier of only 4.3 kcal/mol to give 3 and 
regenerate II. Overall, this catalytic transformation is thermodynamically favourable. The 
highest energy barrier of the reaction, the ligand dissociation (I to A + Amphos), is not too high. 
Indeed, the SMC reaction proceeds even at room temperature (Fig. 2A), supporting the 
theoretical results. 

 

 

Fig. 6. DFT calculation study. Energy profile of the zinc-mediated SMC reaction. The 
calculated Gibbs free energies (ΔG and ΔG‡, 298.15 K, 1 atm) are shown in kcal/mol. The 
generation pathways from B for 6 under a stoichiometric condition (Fig. 3) and a catalytic 
condition are indicated by red and blue lines, respectively. For detailed profiles, see the 
Supplementary Information. 

 

The substrate scope of the zinc-mediated SMC reaction was explored mainly using aryl 
bromides and potassium aryl(trifluoro)borates. A broad range of aryl(trifluoro)borates with 
various substituents participated in the reaction to provide biaryls in high yields (Fig. 7A). The 
non-basic conditions allowed the use of substrates with base-sensitive groups, including acidic 
functionals like phenolic (12, 38) and carboxylic (14) moieties. Perfluorophenyl (16–18) and 
heteroaryl (19–24) substrates were found to be compatible with formation of the desired biaryls 
as well. Alkenyl- and alkynylborates, including a boryl(fluoro)alkene unit,22 underwent the 
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reaction smoothly to afford 25–27 (Fig. 7B). Our approach often showed a considerable 
efficiency compared to those of previously established methods, because the reactions with 
selected substrates under general conditions using potassium organo(trifluoro)borates23 
scarcely yielded products (Fig. S27). When aryl chlorides were used as electrophiles, the 
desired products were not obtained under the standard conditions, despite the fact that the 
palladium catalysis with an Amphos ligand is generally utilised for the SMC reaction with aryl 
chlorides.24 We reoptimized the palladium catalyst and found that using a 
biaryl(dialkyl)phosphines was effective for the coupling reaction in the case of aryl chlorides 
(Fig. 7C and Table S5). The robustness of the reaction to various functional groups prompted 
us to apply this method to the late-stage functionalization of bioactive compounds. The SMC 
reaction of indomethacin methyl ester with aryl bromides bearing various functional groups, 
such as diformyl, unprotected amino, and coumarin moieties, proceeded uneventfully to 
provide the arylated products (30–39, Fig. 7D). Notably, we found that the (pinacolato)boryl 
group remained intact under our conditions, which indicated the potential application of this 
method for sequential coupling reactions.25 The optimized conditions were also applicable to 
the synthesis or modification of bioactive compounds, such as TMD-512 (40),26 and the 
arylation of commercial medicines (41–44) bearing various functional groups, demonstrating 
the broad substrate scope of this method (Fig. 7E). 
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Fig. 7. Substrate scope. Reaction conditions for ArBr (0.200 mmol, 1 equiv): potassium 
organo(trifluoro)borate (1.1 equiv), PdCl2(amphos)2 (2 mol%), 4 (0.72 equiv/Zn), THF (1 mL), 
80 °C, 3–24 h. Reaction conditions for ArCl (0.200 mmol, 1 equiv): organoboron (1.1 equiv), 
(cod)Pd(CH2TMS)2 (4 mol%), XPhos (10 mol%), 4 (0.72 equiv/Zn), CPME (1 mL), 120 °C, 
3–6 h. Isolated yields are shown. Moieties drawn in black and green are derived from 
organohalides and organoborons, respectively. A, Scope of potassium aryl(trifluoro)borates. B, 
Reaction with potassium alkenyl- and alkynyl(trifluoro)borates. C, Reactions with aryl 
chlorides. D, Synthesis of indomethacin methyl ester derivatives with various aryl bromides. E, 
Late-stage modification of bioactive compounds. aAn arylboronic acid (1.5 equiv) was used 
instead of a potassium aryl(trifluoro)borate. b5 mol% of PdCl2(amphos)2 was used. c1 mmol 
scale. d0.1 mmol scale. 

 

In summary, we have established conditions for the SMC reaction of general organohalides 
with organoborons that do not require addition of a base by using a zinc complex. The present 
method, involving the controlled release of a transmetalation-active organopalladium(II) 
species, allows the performing of the SMC reactions in non-basic media and renders substrates 
with base-sensitive moieties available, improving the synthetic utility. This approach, which 
controls the release of active species mediated by a Lewis acid, can innovate cross-coupling 
chemistry because transmetalation is a fundamental step in transition-metal-catalysed reactions. 
Furthermore, this concept can enhance the utility of chemical processes involving the 
generation of cationic organometallic intermediates, such as electrophilic functionalisation of 
carbon–hydrogen bonds27 and polyolefin synthesis,28 thus improving the efficiency of chemical 
production and lowering the environmental burden. Further investigations to explore Lewis 
acid catalysts for the base-independent SMC reaction and discover the scope of the controlled-
release concept are currently underway. 
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