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ABSTRACT: Ni-catalyzed C(sp3)O bond activation provides a useful approach to synthesize enantioenriched products from readily 
available enantioenriched benzylic alcohol derivatives. The control of stereospecificity is key to the success of these transformations. 
To elucidate the reversed stereospecificity and chemoselectivity of Ni-catalyzed Kumada and cross-electrophile coupling reactions 
with benzylic ethers, a combined computational and experimental study is performed to reach a unified mechanistic understanding. 
Kumada coupling proceeds via a classic cross-coupling mechanism. Initial rate-determining oxidative addition occurs with stereoin-
version of the benzylic stereogenic center. Subsequent transmetallation with the Grignard reagent and syn reductive elimination pro-
duces the Kumada coupling product with overall stereoinversion at the benzylic position. The cross-electrophile coupling reaction 

initiates with the same benzylic CO bond cleavage and transmetallation to form a common benzylnickel intermediate. However, the 
presence of the tethered alkyl chloride allows a facile intramolecular SN2 attack by the benzylnickel moiety. This step circumvents the 
competing Kumada coupling, leading to the excellent chemoselectivity of cross-electrophile coupling. These mechanisms account for 
the observed stereospecificity of the Kumada and cross-electrophile couplings, providing a rationale for double inversion of the ben-
zylic stereogenic center in cross-electrophile coupling. The improved mechanistic understanding will enable design of stereoselective 
transformations involving Ni-catalyzed C(sp3)−O bond activation. 

Introduction 

Cross-coupling (XC) and cross-electrophile coupling (XEC) 
reactions that generate new C–C bonds between sp3-hybridized 
carbons are of great synthetic interest, particularly as medicinal 
chemistry shifts away from flatland.1 One of our laboratories has 
developed a series of such transformations employing benzylic 

ethers.26 At the foundation of these projects has been the idea 
that the reactions would share a key elementary step: 
stereospecific oxidative addition of the C–O bond. This step 
was envisioned to control the stereochemical outcome of the 
reactions, and to likely be the rate-determining step of the 
catalytic cycles. In this manuscript, we report our collaborative 
computational and experimental studies to delineate the 
mechanistic similarities and differences between Kumada and 
XEC reactions of closely related benzylic ethers. This work 
builds on our prior collaboration to elucidate the basis for the 
ligand-controlled stereochemical switch in Suzuki coupling 
reactions of benzylic esters.7  

We envisioned that the reactions in Scheme 1 would serve as 
ideal test cases for comparison of XC and XEC reaction 
manifolds.3a,8 These reactions employ identical catalysts and 
reaction conditions as well as similar substrates, however, there 
are notable differences when comparing the reaction outcomes. 
Kumada reactions of benzylic ethers reliably proceed with 
inversion at the benzylic center (Scheme 1a). In contrast, XECs 
of closely related benzylic ethers proceed with retention at the 
benzylic center (Scheme 1b) and provide only XEC products, 
with no competitive Kumada cross-coupling observed. To reach 
a unified explanation for substrate-dependant chemoselectivity 
and stereospecificity, we undertook a combined computational 
and experimental mechanistic study.9 The increased 
understanding of the mechanistic underpinnings of selectivity 

in nickel-catalyzed Kumada and XEC reactions will provide a 
useful guide for future design of stereoselective transformations 
involving Ni-catalyzed C(sp3)–O bond activation.10 

Scheme 1. Chemoselectivity and stereospecificity of Ni-
catalyzed Kumada and XEC reactions of benzylic ethers. 

 
Computational Methods 

All density functional theory (DFT) calculations were 
conducted with the Gaussian 09 software package.11 Geometry 
optimizations of all the intermediates and transition states were 
performed at the B3LYP12 level of theory with def2-SVP13 basis 
set, including solvation energy corrections and Grimme’s D3 
(BJ-damping) dispersion corrections.14 Based on the optimized 
structures, vibrational frequencies were calculated at the same 
level of theory to evaluate its zero-point vibrational energy 
(ZPVE) and thermal corrections at 298 K. The single-point 
energies were computed with B3LYP functional and def2-
TZVPP13,15 basis set, including solvation energy corrections and 
Grimme’s D3 (BJ-damping) dispersion corrections. The 
solvation energies were evaluated by a self-consistent reaction 
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field (SCRF) using SMD model.16 Fragment distortion and 
interaction energies were calculated at the B3LYP level of 
theory with def2-TZVPP basis set, including Grimme’s D3 (BJ-
damping) dispersion corrections without the inclusion of 
solvation energy corrections. The details of 
distortion/interaction analysis are provided in the Supporting 
Information. Extensive conformational searches for the 
intermediates and transition states have been conducted to 
ensure that the lowest energy conformers were located. The 3D 
diagrams of molecules were generated using CYLView,17 all the 
hydrogens were omitted in the CYLView diagrams except for 
the stereogenic centers.  

To correct the entropy change in solution, we applied an 
empirical approach,18 because there is currently no widely 
accepted quantum mechanics-based approach to correct 
entropy in solution. For each component change in a reaction 
at 298 K and 1 atm, a correction of 4.3 kcal/mol is applied to the 
reaction free energy (i.e., a reaction from m- to n-components 
has an additional free energy correction for (n − m) × 4.3 
kcal/mol). This approach has been validated through a number 
of computational and experimental studies. Yu and co-workers 
have found that the entropy corrections are overestimated by 
about half in several cycloaddition reactions.19 Wang and co-
workers have discovered the improved description of free 
energy changes in a number of metal-catalyzed reactions using 
the same empirical approach.20  

Results and Discussion 

Computational study of Kumada coupling mechanism. Two 
possible catalytic cycles for Ni-catalyzed Kumada coupling with 
benzylic ethers are shown in Scheme 2.21,22 From the active 
catalyst LnNi(0) species A, one of the proposed cycles begins 

with oxidative addition cleaving the benzylic CO bond, 

generating the zwitterionic 3-nickel(II) species B with 
inversion at the benzylic center. Complex B undergoes 
transmetallation with the Grignard reagent to deliver the 
LnNi(benzyl)(methyl) intermediate C. Alternatively, the 
LnNi(0) species A can form a nickelate species F with the 
Grignard reagent.23 Complex F then undergoes oxidative 

addition to cleave the benzylic CO bond to generate 

intermediate C. From C, CC reductive elimination produces 
the Kumada coupling product and subsequent product 
liberation regenerates the active catalyst A.  

Scheme 2. Possible catalytic cycles of Ni-catalyzed Kumada 
coupling of benzylic ethers. 

 

Prior studies of nickel-catalyzed coupling reactions of allylic 
ethers have found that magnesium salts play a key role as Lewis 
acid co-catalysts.22 To evaluate magnesium coordination to the 
tetrahydropyrans, we examined the relative free energies of 
complexes of 1 with the Mg(II) species present in the reaction 
mixture (Scheme 3).24 MgI2 is present in the reaction mixture 
because of the Schlenk equilibrium25 (i.e., formation of dialkyl 
magnesium compounds and magnesium halide salts) and 
competitive Wurtz coupling that occurs during Grignard 
formation.26 Complexation of 1 with MgI2 and Grignard reagent 
MgMeI are both exergonic, with the ether-MgI2 complex 3 more 

favorable by 3.1 kcal/mol (7.3 kcal/mol vs. 4.2 kcal/mol, 
Scheme 3). Bonding with MgI2 is stronger because of the higher 
Lewis acidity as compared to MgMeI. Therefore, the ether-

MgI2 complex 3 was identified as the species which interacts 
with the nickel catalyst in the Kumada coupling. 

Scheme 3. Free energy changes of complexation between 
benzylic ether and Mg(II) species involved in Kumada coupling. 

 
The free energy changes of the most favorable pathway of 

Ni/BINAP-catalyzed Kumada coupling with benzylic ether 1 
are shown in Figure 1.27 DFT-optimized structures of selected 
intermediates and transition states are shown in Figure 2. Based 
on Hartwig’s previous experimental characterization and study 
of the Ni(BINAP)2 complex,28 we believe this complex could 
exist as an off-cycle resting state and equilibrate with the active 
monoligated nickel catalyst. Indeed, our calculations showed 
that the substrate-ligand exchange of Ni(BINAP)2 (6) to form 
the substrate-coordinated complex 7 is 13.4 kcal/mol 
endergonic. Other studied nickel(0) complexes are all much 
less stable as compared to the catalyst resting state Ni(BINAP)2 
(6); see Supporting Information for details (Figure S1). Arene 
complex 7 undergoes oxidative addition via TS8, via backside 

attack, generating the zwitterionic 3-nickel(II) species 9 with 

stereoinversion of the benzylic position. Alternative CO bond 
cleavage transition states are all less favorable as compared to 
TS8. For example, we also located the similar stereoinvertive 
oxidative addition leading from Grignard reagent complex 5, as 

well as a number of possible stereoretentive CO bond cleavage 
transition states, but these transition states were all significantly 
higher in energy than TS8 (Figure S2).  

Completion of the catalytic cycle requires, in broad strokes, 
transmetallation and reductive elimination. Based on our 
calculations, this proceeds first by coordination of Grignard 
reagent 4 with benzylnickel complex 9, to provide a more stable 
nickel(II) species 10. This complex (10) undergoes facile 
transmetallation via TS11 to generate the 
(BINAP)Ni(benzyl)(methyl) species 12. We also considered 
the MeMgI addition through an outer-sphere mechanism, this 
process is less favorable than the inner-sphere process via TS11 
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(Figure S3). Subsequent syn reductive elimination via TS13 
generates the new C–C bond and leads to the product-
coordinated complex 14. The reductive elimination can also 

occur with an 3-benzylnickel complex, but this alternative 

process is less favorable as compared to TS13 (Figure S4). 
Product liberation of complex 14 releases Kumada coupling 
product and regenerates catalyst 6. IRC analysis of key 
transition states were performed to verify their positions in the 
free energy surface (Figure S5). 

 
Figure 1. DFT-computed free energy changes of Ni/BINAP-catalyzed Kumada coupling of benzylic ether 1. 

 
Figure 2. DFT-optimized structures of selected intermediates and transition states involved in Ni-catalyzed Kumada coupling.  
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Our calculations find that the alternative pathway shown in 
Scheme 2, involving a nickelate species (F), is infeasible. The 
free energy changes of the competing pathways from the Ni(0) 
catalyst are compared in Figure 3. The interaction between 
Ni(BINAP) and the Grignard reagent is quite weak, making the 
formation of complex 16 endergonic by 27.5 kcal/mol as 
compared to 6. Subsequent methyl group transfer via TS17 is 7.1 
kcal/mol less favorable than the irreversible oxidative addition 

of the CO bond via TS8. Therefore, methyl group transfer 
from the Grignard reagent to the Ni(0) complex is not 
competitive with oxidative addition of the benzylic ether via 
TS8. We also evaluated methyl group transfers involving the 
Grignard reagent dimer or coordination of the benzylic ether, 
and these processes are also not operative (Figure S6). 

 
Figure 3. Free energy changes of the competing pathways from 
Ni(0) catalyst 6 in the Kumada coupling. 

The rate-determining oxidative addition step explains the 
observed reactivity differences between naphthyl and phenyl 
substrates.29 The overall oxidative addition barrier of naphthyl 
substrate is 7.4 kcal/mol lower than that of phenyl substrate 
(TS8 vs. TS21, Figure 4). The coordination of naphthyl moiety 
is stronger than that of phenyl moiety, which stablizes the pre-
oxidative addition intermediate (7 vs. 20), as well as the 
subsequent oxidative addition transition states. Our further 

Hammett analysis verified the oxidative addition nature of CO 
bond cleavage transition state TS8. A linear correlation between 

the Hammett constant and the computed CO bond cleavage 
rate was observed (Figure S7), suggesting that the electron-

withdrawing substituent of arene would accelerate the CO 
bond cleavage.  

Origins of stereospecificity of Kumada coupling. Based on the 
free energy profile of the Ni/BINAP-catalyzed Kumada 
coupling with benzylic ether 1 (Figure 1), oxidative addition of 

the CO bond is irreversible and determines the overall 
stereospecificity of the Kumada coupling. Figure 5 shows the 
 

 

Figure 4. Comparison of the CO bond cleavage between 
naphthyl and phenyl substrates. 

possible competing transition states that could result in 

retention or inversion. The CO bond cleavage can occur in a 
stereoinvertive fashion through backside attack, via transition 
state TS8, or a stereoretentive fashion via the concerted cyclic 
transition state TS24. TS8 is 37.3 kcal/mol more favorable than 

TS24, indicating that the CO bond cleavage occurs with 
exclusive stereoinversion. These findings are consistent with 
prior observations that oxidative addition of allylic ethers 
proceeds with inversion.6b 

The origins of this stereospecificity were further elucidated 
with distortion/interaction analysis (Figure 5).30,31 Each 
transition state was separated into two fragments: the 
Ni(BINAP) catalyst fragment and the ether-MgI2 substrate 

fragment. The distortion energy (Edist) is the energy required 

for the geometric change during the CO bond cleavage, and 

the interaction energy (Eint) reflects the strength of the 
interaction between the catalyst and substrate fragments in the 
transition state (details of distortion/interaction analysis are 
included in Figure S8). 

Comparing the two C−O bond activation transition states, 

Edist-cat and Eint are the leading causes for the stereoselectivity. 

The remarkable difference of Edist-cat is due to the change of 
nickel coordination. In the stereoinvertive transition state TS8, 
the nickel is bisligated with two phosphine coordinations of the 
BINAP ligand. The stereoretentive transition state TS24 
requires dissociation of one phosphine coordination to 
accommodate the nickel-oxygen interaction, leading to 
significant catalyst distortion. In addition, the interaction 

between catalyst and substrate is weaker in TS24: Eint (TS8) is 

−20.0 kcal/mol, while Eint (TS24) is 2.4 kcal/mol. Therefore, 
both the catalyst distortion and catalyst-substrate interaction 
contribute to the high stereospecificity of the Ni/BINAP-
mediated oxidative addition of the C–O bond, eventually 
leading to the stereoinversion in the Kumada coupling. 
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Figure 5. Origins of stereospecificity of CO bond activation in the Kumada coupling. Energies are in kcal/mol. 

Experimental kinetic study of the Kumada coupling. To further 
validate the computed mechanistic model of the Ni/BINAP-
catalyzed Kumada coupling with benzylic ether 1, experimental 
kinetic studies were performed. Ether 25 was chosen as the 
substrate for determination of the empirical rate law because the 
cross-coupling reaction proceeds cleanly, without side products, 
and at a rate that is convenient for kinetic analysis (eq 1).2a Our 
primary interest was to determine the order of the reaction with 
respect to the electrophile (25), nucleophile (MeMgI), and 
catalyst. 

 
Initial rate kinetic studies were performed under pseudo-first 

order conditions monitoring formation of product 26 by gas 
chromatography (Figure 6). Varying initial concentrations of 
substrate 25 (Figure 6a), catalyst (Figure 6b), and Grignard re-
agent (Figure 6c), and analysis of the initial rates demonstrated 
that the reaction is first order with respect to ether 25 and cata-
lyst, and zero order with respect to the Grignard reagent. 

Despite the fact that the reaction is zero order with respect to 
MeMgI, we have observed discrepencies in reaction rate when 
different batches of methyl Grignard reagent are employed. We 
hypothesized that this discrepancy is caused by varying 
quantities of magnesium iodide salts present in the Grignard 
reagents.25,26 Indeed, we have observed that addition of MgI2 
accelerates sluggish XC and XEC reactions.3a,8,32 These results 
are consistent with the important role of the magnesium salts in 
the calculations, serving as a Lewis acid to activate the substrate 
for oxidative addition, as with prior proposed mechanisms for 
allylic coupling reactions.22 As anticipated, Kumada coupling of 
substrate 25 displays first order dependance on MgI2 (Figure 
6d). 

The empirical rate law generated for cross-coupling of ether 
25 is below (eq 2). The reaction is first order with respect to 
substrate 25, nickel catalyst, and Lewis acid MgI2. This rate law 
is consistent with rate-determining oxidative addition via TS8 
(Figure 1). Therefore, the empirically determined rate law and 
DFT cacluations are consistent with the same mechanism.  
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Figure 6. Dependence of the initial rate (mM/min) for formation of product 26 on (a) [25]init (525 mM) with [MeMgI] = 0.50 M, 

and [catalyst] = 0.1 mM in toluene; (b) [catalyst] (0.11.0 mM) with [25] = 10 mM, and [MeMgI] = 50 mM in toluene; (c) [MeMgI] 

(210 mM) with [25] = 50 mM and [catalyst] = 0.5 mM in toluene; (d) added [MgI2] (0-6 mM) with [25] = 50 mM, [MeMgI] = 4 
mM and [catalyst] = 0.5 mM in toluene. 
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We next performed an experiment inspired by Blackmond’s 
same excess experiments (Figure 7).33 The reaction was 
performed using several [MeMgI]init and monitored for 
formation of product 25. Plotting [MeMgI] versus time (Figure 
7a) and adjusting the time axis for the 10 mM and 4 mM 
reactions allows for straightforward comparison of the slopes 
(Figure 7b). This experiment confirmed that the reaction is 
zero-order with respect to MeMgI. Importantly, we can also 
conclude that the catalyst is not degrading over the course of the 
reaction and that product 26 does not inhibit the reaction. 

To further corroborate the computational and kinetic 
findings that oxidative addition is the rate-determining step of 
the cross-coupling reaction, we measured 13C kinetic isotope 
effects using the Singleton method (Scheme 4).34 Benzylic ether 
27 was designed as a suitable substrate, since the 13C spectrum 
features disperse resonances, allowing for accurate integration. 
The Kumada reaction was performed on a 10 mmol scale, and 
the reaction was quenched when 7% of the starting material 
remained. Analysis of the data indicated that C3 and C4 
displayed a significant (>1.01) KIE. These results are also 
consistent with rate-determining oxidative addition. 

 
Figure 7. Same excess experiment. [MeMgI]init = 4 mM (), 8 
mM (), and 10 mM (). (a) Grignard concentration over time 
starting with different [MeMgI]init. (b) X-axis adjusted to over-
lay 10 and 4 mM reactions with 8 mM reaction. 
Scheme 4. 13C KIE experiment and KIE numerical distribution 
of Ni/BINAP-catalyzed Kumda coupling reaction. 

 

Overall mechanism of Kumada coupling reaction. Based on the 
combined computational and experimental investigations, the 
overall mechanism of the Kumada coupling is shown in Scheme 
5. From the off-cycle resting state Ni(BINAP)2, ligand-
substrate exchange generates the on-cycle arene complex 7. 
This species undergoes rate- and stereospecificity-determining 

oxidative addition, which cleaves the CO bond of the benzylic 

ether and irreversibly leads to the 3-benzyl nickel(II) 
intermediate 9 with stereoinversion. Subsequent 
transmetallation and reductive elimination steps are both facile 
and do not alter the configuration of the benzylic stereogenic 
center, producing the Kumada coupling product with inversion.  

Scheme 5. Overall mechanism of Kumada coupling. 

 
Computational study of XEC mechanism. We next investigated 

the reaction mechanism of Ni/BINAP-catalyzed XEC of 4-
chlorotetrahydropyrans (Scheme 1b). A major question at the 
outset of these investigations was whether the reaction initates 
with oxidative addition of the C–O or C–Cl bond. Four 
proposed catalytic cycles are shown in Scheme 6; all account for 
the observed stereospecific transformation of both the benzylic 
ether and alkyl halide. Notably, these mechanisms bear little 
similarity to the proposed mechanisms of related XEC reactions 
of alkyl and aryl halides, due to the distinct substrates, reaction 
conditions, and stereochemical outcomes.35,36 

We first consider two catalytic cycles that initiate by oxidative 
addition of the benzylic ether (blue cycles). From the active 

catalyst LnNi(0) A, the benzylic CO bond cleavage can occur 
to generate the zwitterionic species H. Benzylnickel complex H 
undergoes transmetallation with the Grignard reagent to form 

LnNi(benzyl)(methyl) intermediate I. Subsequent CCl 
cleavage can proceed via oxidative addition, leading to the 
nickel(IV) intermediate J.37 Reductive elimination would 
achieve cyclopropane formation. The resultant nickel(II) 
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complex, L, can undergo a second transmetallation with the 
Grignard reagent to deliver LnNiMe2 species M, which 
undergoes reductive elimination to provide ethane and 
regenerate the active Ni(0) catalyst A. An alternative 
mechanism involves direct transformation from benzylnickel 
complex I to product K through an intramolecular SN2 
reaction,38 in which the alkyl chloride is attacked by the 
nucleophilic benzylnickel fragment39.  

Alternatively, catalytic cycles can be considered wherein the 
initial oxidative addition of nickel(0) catalyst occurs with the 
alkylchloride moiety (red cycles). These cycles proceed 

through formation of LnNi(alkyl)Cl species N. Subsequent 
transmetallation with the Grignard reagent leads to 

LnNi(alkyl)(methyl) intermediate O. From O, the CC bond 
formation can occur via a sequential oxidative addition and 
reductive elimination (O-P-Q), or an intramolecular SN2 
reaction of alkyl chloride (O-Q). Nickel alkoxide complex Q 
then undergoes a second transmetallation with the Grignard 
reagent to release the XEC product and generate LnNiMe2 (M). 
Reductive elimination from M regenerates the nickel(0) catalyst 
accompanied by the release of ethane.  

Scheme 6. Proposed catalytic cycles of Ni-catalyzed cross-electrophile coupling of benzylic ether. 

 
To discriminate between these mechanistic possibilities, we 

began by evaluating the possible oxidative addition pathways 
that could initate the catalytic cycles. We first studied the 
coordination of the Lewis acidic Mg(II) species with benzylic 
ether 29. Both oxygen and chlorine may coordinate to the Lewis 
acidic Mg(II) species, and the free energy changes of the four 
possible complexes are shown in Scheme 7. Similar to the 
senario in Kumada coupling (Scheme 3), complex formation 
with MgI2 is more favorable than that with MeMgI (30 vs. 32; 
31 vs. 33). In addition, oxygen coordination is significantly 
stronger than chlorine coordination (30 vs. 31; 32 vs. 33), which 
is consistent with HSAB theory.40 Therefore, magnesium 
complex 30 was employed in the catalytic cycle. 

The free energy changes of the most favorable pathway of the 
Ni/BINAP-catalyzed XEC with benzylic ether 29 are shown in 
Figures 8 and 9. DFT-optimized structures of selected 
intermediates and transition states are shown in Figure 10. 
From the catalyst resting state Ni(BINAP)2 (6), the endergonic 
ligand-substrate exchange delivers the (BINAP)Ni(substrate) 
complex 34. Arene complex 34 then undergoes oxidative 

addition by backside attack via TS35 to cleave the benzylic CO 
bond with stereoinversion, generating the zwitterionic 

intermediate 36. This transition state is nearly identical to that 
for oxidative addition in Kumada coupling (TS8, Figure 1). 

Scheme 7. Free energy changes of complexation between 
substrate 29 and Mg(II) species involved in XEC. 
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Figure 8. DFT-computed free energy changes of Ni/BINAP-catalyzed XEC with benzylic ether 29 (product formation).  

Subsequent complexation with the Grignard reagent and 
transmetallation through TS38 generates LnNi(benzyl)(methyl) 
intermediate 39. From 39, coordination of the Grignard reagent 
assists to promote intramolecular attack of the benzylnickel 
moiety on the alkyl chloride via TS41. This intramolecular SN2 
reaction produces cyclopropane product 42 and 
(BINAP)Ni(Me)Cl 43, which results in inversion at both the 
benzylic center and the alkyl halide.41 This key transition state 
(TS41) can be visualized as an SE2 reaction, from the 
perspective that a benzylmetal fragment attacks an electrophile, 
resulting in inversion at the nucleophilic center. Noteably, the 
arene is not coordinated to nickel during C–C bond formation 
in TS41 (Figure 10), consistent with SE2 nomenclature (and not 
SE’). It is also SN2-like because an alkyl halide is displaced via 
backside attack, resulting in inversion at the electrophilic center. 
Henceforth, we will refer to this step as an intramolecular SN2 
reaction. The very low intramolecular SN2 barrier is due to the 
similar geometries between the transition state TS41 and the 
preceding intermediate 40 (Figure S9). The Hammond 
postulate applies to this SN2 step: varying the halide leaving 
group can lower the reaction barrier by making this step more 
exothermic (Figure S10). We also considered the alternative 

CC bond formation process without the assistance of Grignard 
reagent, but this hypothetical process is less favorable (Figure 
S11).  

Based on the free energy profile, the oxidative addition of the 
C–O bond via TS35 determines the overall efficiency; 
subsequent cyclopropane formation via TS41 is facile. The 
stereospecificity of the XEC reaction is synergistically 
controlled by two elementary steps: oxidative addition of the 
benzylic ether via TS35 (which affects the benzylic stereogenic 
center) and the intramolecular SN2 reaction of benzylnickel 
intermediate via TS41 (which affects both stereogenic centers). 

Completion of the catalytic cycle requires reduction of 
(BINAP)Ni(Me)Cl 43 to regenerate the nickel(0) catalyst. The 
free energy changes of the catalyst regeneration are shown in 
Figure 9. From 43, transmetallation with Grignard reagent 
occurs via TS44 to generate (BINAP)NiMe2 46. Subsequent 
reductive elimination via TS47 produces (BINAP)Ni(ethane) 
48, which then releases ethane to regenerate the active nickel(0) 
catalyst for the next catalytic cycle. 

 
Figure 9. DFT-computed free energy changes of Ni/BINAP-
catalyzed XEC with benzylic ether 29 (catalyst regeneration). 
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Figure 10. DFT-optimized structures of selected intermediates and transition states involved in Ni-catalyzed XEC.

The alternative catalytic cycles involve initial CCl bond 
cleavage, and the free energy changes of the competing path-
ways from the substrate-ligated catalyst, intermediate 34, are 

shown in Figure 11. Oxidative addition of the benzylic CO 
bond via TS35 is 18.8 kcal/mol more favorable than oxidative 

addition of the CCl bond via TS50. We also located a number 

of alternative transition states for oxidative addition of the CCl 
bond; these transition states are less favorable than TS50 (Fig-

ure S12 and S13). Thus, irreversible benzylic CO bond activa-
tion initiates the catalytic cycle. Comparing the two competing 
transition states, two factors contribute to the strong preference 

towards benzylic CO bond activation. In TS35, naphthalene 
coordination stabilizes the forming nickel(II) and leads to for-

mation of a stable -benzylnickel complex. Naphthalene coor-
dination in TS50 is impossible due to geometric constraints, and 
the product of oxidative addition is a less stable alkylnickel com-
plex. In addition, the Lewis acidic magnesium co-catalysts favor 
coordination to (and thus activation of) the benzylic ether 
(Scheme 7). These factors combine to provide the remarkable 
chemoselectivity of bond activation. 

 
Figure 11. Comparison of oxidative addition of the CO and 

CCl bonds.
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An alternative pathway for C–C bond formation is sequential 
oxidative addition and reductive elimination via nickel(IV) 
intermediate J (blue cycle, Scheme 6). The free energy changes 
of competing pathways from intermediate 39 are shown in 
Figure 12. From 39, cyclization via TS41 is facile with a barrier 
of 9.3 kcal/mol, while oxidative addition through TS52 is 
significantly less favorable. Thus, the sequential oxidative 
addition and reductive elimination involving a nickel(IV) 
intermediate is not operative for this XEC reaction. 

 
Figure 12. Free energy changes of the competing intramolecular 
SN2 reaction and oxidative addition from intermediate 39. 

Chemoselectivity between XEC and Kumada coupling. Simple 
Kumada coupling of substrates such as 29 was never observed as 
a competitive side reaction in XEC of these substrates. This ob-
servation was quite unexpected, since Kumada coupling does 
not require formation of a strained ring, and it was anticipated 
that dialkylnickel intermediates such as 39 could undergo re-
ductive elimination. To better understand the striking 
chemoselectivity, we sought to compare these alternative path-
ways. The free energy changes of these competing pathways 
from alkylnickel complex 39 are shown in Figure 13. Reductive 
elimination transition state TS54 is 18.3 kcal/mol higher in free 
energy as compared to the intramolecular SN2 transition state 
TS41. These energy differences are consistent with the com-
plete selectivity for XEC over XC observed experimentally 
(Scheme 1b). Therefore, facile cyclopropane formation drives 
alkylnickel complex 39 towards the desired cross-electrophile 
coupling, which prevents background Kumada coupling. The 
chemoselectivity does not depend on the stereochemistry of the 
alkyl chloride, both the cis- and trans-substrates exhibit the 

same chemoselectivity towards XEC product experimentally.3a 
Our computations also corroborate this trend; details are in-
cluded in the Supporting Information (Figure S14). 

 
Figure 13. Cross-electrophile coupling and Kumada coupling 
product formation from intermediate 39. 

Origins of stereospecificity of XEC. Two elementary steps, oxi-

dative addition of the benzylic CO bond and intramolecular 
SN2 attack of the benzylnickel moiety on the pendant alkyl hal-
ide, control the overall stereospecificity of the XEC reaction. 
The competing transition states for stereoinvertive and stere-

oretentive oxidative addition are shown in Figure 14a. CO 
bond cleavage with inversion, via TS35, is more facile than that 
with retention, via TS57. Notably, the calculated transitions 
state for oxidative addition in the XEC reaction is almost iden-
tical to that in the Kumada coupling, consistent with the simi-
larity of the substrates (TS8, Figure 5 versus TS35, Figure 14a). 

Subsequent cyclopropane formation impacts the 
stereochemistry at both the benzylic and tertiary centers 
(Figure 14b). Two possible transition states are shown in 
Figure 14b. TS41 is the intramolecular SN2 transition state 
where the benzylnickel complex approaches the back side of the 
alkyl chloride. This attack inverts both stereogenic centers, 
leading to the net retention at the benzylic position and 
inversion at the alkyl chloride. TS58 is the competing attack of 
the benzylnickel complex on the front side of the alkyl chloride, 
which leads to stereoretention. TS41 is 8.4 kcal/mol more 
favorable than TS58, which indicates a strong selectivity for 
inversion at the alkyl chloride and is consistent with the 
observed high stereospecificity of the reaction. This selectivity 
is due to the intrinsic preference for back-side attack on alkyl 
halides.41 Therefore, the benzylic stereogenetic center 
undergoes two invertive elementary steps, oxidative addition 
and intramolecular SN2 attack on the alkyl chloride, resulting in 
net retention. In contrast, the tertiary alkyl stereogenic center 
only undergoes one invertive step. 
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Figure 14. Stereospecificity of the CO bond cleavage(a) and intramolecular SN2 reaction(b). Free energies are in kcal/mol. 

Experimental analysis of XEC. To validate the computed reac-
tion mechanism, we measured the 13C kinetic isotope effects 
(KIE) using Singleton’s method.34 We anticipated that 13C 
KIE’s would distinguish whether the rate-determining step in-
volves the benzylic stereocenter, the alkyl chloride, or both. 
Tetrahydropyran 29 was subjected to the cross-electrophile 
coupling reaction conditions on a 4 mmol scale. The reaction 
was quenched when 6% of 29 remained (Scheme 8a). NMR 
analysis determined that C11 was the only carbon that had a sig-
nificant (>1.01) KIE (Scheme 8b). The presence of a KIE at 
C11 and the absence of a KIE at C13 are consistent with oxida-

tive addition into the benzylic CO as the rate-determining step 
for product formation. 

Scheme 8. 13C KIE experiment and KIE numerical distribution 
of Ni/BINAP-catalyzed cross-electrophile coupling. 

 
To corroborate the computational findings that the cross-

electrophile coupling reaction initiates by oxidative addition of 
the benzylic ether, and not at the alkyl chloride, we designed a 
series of competition experiments (Scheme 9). Oxidative 
addition into the benzylic ether of 2-naphthyltetrahydropyran 

29 should be more facile than oxidative addition of 2-
phenyltetrahydropyran 60 because of the lower aromatic 
stabilization energy of the naphthyl moiety as compared to an 
isolated phenyl ring (Scheme 9a).29,42 Therefore, these 
substrates should react with different rates if oxidative addition 
of the C–O bond is rate-determining, but similar rates if 
oxidative addition of the C–Cl bond is rate-determining. When 
subjected to a competition experiment, 2-
naphthyltetrahydropyran 29 underwent the ring contraction to 
generate an 88% yield of cyclopropane 59, while 2-
phenyltetrahydropyran 60 was recovered in an 89% yield 
without the formation of any phenylcyclopropane 61 (Scheme 
9a). Similarly, allylic ether 62 should outcompete benzylic ether 
29 if oxidative addition of the C–O is rate-determining (Scheme 
9b). As expected, vinylcyclopropane 63 is generated in a higher 
yield (71%, Scheme 9b) than naphthylcyclopropane 59 (12%, 
Scheme 9b). These results are consistent with oxidative 
addition into the C–O bond as the first step of the cross-
electrophile coupling reaction rather than oxidative addition 
into the C–Cl bond. They are also consistent with rate-
determining oxidative addition of the C–O bond. 

Overall mechanism of XEC. Based on the combined 
computational and experimental investigations, the overall 
mechanism of the XEC reaction is shown in Scheme 10. From 
the off-cycle resting state Ni(BINAP)2, ligand-substrate 
exchange generates the on-cycle arene complex 34. This active 
species undergoes oxidative addition to cleave the benzylic 

CO bond with stereoinversion, leading to benzylnickel(II) 
intermediate 36. Subsequent transmetallation with the 
Grignard reagent generates the benzylnickel complex 39. The 
tethered alkyl chloride is then attacked by the electron-rich 
benzylnickel moiety in an intramolecular SN2 reaction. This 

CC bond forming step generates the cyclopropane, with 
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inversion of both stereogenic centers. Catalyst regeneration is 
accomplished by transmetallation with an additional equivalent 
of Grignard reagent and reductive elimination to form ethane. 

Scheme 9. Competition experiments to distinguish rate-
determining oxidative addition of C–O versus C–Cl. 

 

Scheme 10. Overall mechanism of cross-electrophile coupling 
reaction. 

Scheme 11. Unified mechanism for Kumada and cross-electrophile coupling reactions. 
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Comparison between Kumada and cross-electrophile coupling 
reaction. Based on above mechanistic studies, a unified 
mechanistic picture of Ni-catalyzed Kumada coupling and XEC 
reactions is shown in Scheme 11. Starting from the 
(BINAP)Ni(substrate) complex I, both Kumada coupling and 
XEC reactions proceed via stereoinvertive oxidative addition of 

the benzylic CO bond. This step is facilitated by MgI2, which 
serves as a Lewis acid to activate the leaving group, and is rate-
determining for formation of both XC and XEC products. 
Benzylnickel(II) intermediate II then undergoes 
transmetallation with the Grignard reagent to form 
(BINAP)Ni(benzyl)(methyl), IV. From IV, the mechanistic 
pathways of Kumada coupling and XEC divert. Direct 

C(benzyl)C(methyl) reductive elimination produces the 
Kumada coupling product and regenerates the active nickel(0) 
catalyst, which completes the catalytic cycle of Kumada 
coupling. However, if the secondary alkyl chloride is present, as 
in an XEC reaction, facile intramolecular SN2 attack occurs to 
form the cyclopropane ring. Subsequent transmetallation and 
reductive elimination regenerates the nickel(0) catalyst for next 
catalytic cycle of the XEC reaction. 

Competition experiment between Kumada coupling and XEC 
reactions. To challenge our unified mechanistic understanding 
of the Kumada and cross-electrophile coupling reactions, we 
performed a competition experiment (Scheme 12). Based on 
the calculated free energy diagrams, both reactions share a rate-
determining oxidative addition step with a similar barrier height. 
Therefore, in a competition reaction, a Kumada-type and cross-
electrophile-type substrate should be consumed with similar 
rates. Indeed, subjecting a mixture of tetrahydropyrans 1 and 29 
to the standard reaction conditions produced a similar amount 
of ring-opened Kumada product (25%) and cyclopropane XEC 
product (31%). These results corroborate our proposed 
mechanisms for the Kumada and XEC reactions, and support a 
similar oxidative addition event in both catalytic cycles. 

Scheme 12. Competition experiment between Kumada and 
cross-electrophile coupling. 

 
Conclusions. 

In summary, the reaction mechanism and origins of chemose-
lectivity and stereospecificity of Ni-catalyzed Kumada and 
cross-electrophile coupling reactions of benzylic ethers have 
been defined using a combined computational and experi-
mental approach. Kumada coupling proceeds via a classical 
cross-coupling mechanism. Rate- and stereospecificity-deter-

mining oxidative addition occurs to cleave the CO bond of the 
benzylic ether and inverts the benzylic stereogenic center. Sub-
sequent transmetallation with the Grignard reagent and syn re-
ductive elimination produce the Kumada coupling product with 

net inversion at the benzylic stereocenter. The empirical rate 
law and 13C KIE’s are consistent with this proposed mechanism. 

Cross-electrophile coupling initiates with the same invertive 
oxidative addition of the benzylic C–O bond and transmetalla-
tion step. This is supported by DFT calculations, competition 
experiments, and measured 13C KIE’s. At this point, the mecha-
nisms diverge. Due to the presence of the pendant secondary 
alkyl chloride, the electron-rich benzylnickel moiety can attack 
via a facile intramolecular SN2 reaction. This efficient step pro-
duces the strained cyclopropane ring with inversion at both ste-
reocenters. It also outcompetes the reductive elimination for 
Kumada coupling, leading to excellent control of chemoselec-
tivity. Over the course of the mechanism, the benzylic position 
reacts twice with inversion, resulting in net retention at this po-
sition, while the alkyl chloride reacts with inversion. This mech-
anism is distinct from those typically proposed for XEC reac-
tions of alkyl and aryl halides, as it does not involve alkyl radical 
intermediates or odd-electron nickel complexes. 

These combined computational and experimental results 
provide a refined understanding of the reactions of ether elec-
trophiles with nickel(0) catalysts, including the critical role of 
Lewis acidic co-catalysts. We characterize two-electron oxida-
tive addition and intramolecular SN2 reactions, providing in-
sight into the transition states that lead to stereospecific reac-
tions. We anticipate that this improved understanding will facil-
itate the design of new stereospecific catalytic reactions includ-
ing those that involve oxidative addition of C(sp3)–O bonds.  
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