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Abstract

The merger of photoredox and nickel catalysis has enabled the construction of quaternary centers. 

However, the mechanism, role of the ligand, and effect of the spin state for this transformation, 

and related Ni-catalyzed cross-couplings involving tertiary alkyl radicals in combination with 

bipyridine and diketonate ligands, remains unknown. Several mechanisms have been proposed, all 

invoking a key Ni(III) species prior to undergoing irreversible inner-sphere reductive elimination. 

In this work, we have used open-shell dispersion-corrected DFT calculations, quasi-classical 

dynamics calculations, and experiments to study in detail the mechanism of carbon-carbon bond 

formation in Ni bipyridine- and diketonate-based catalytic systems. These calculations revealed 

that access to high spin states is critical for effective radical cross-coupling of tertiary alkyl 

radicals. Further, these calculations revealed a disparate mechanism for the C-C bond formation. 

Specifically, contrary to neutral Ni-bipyridyl system, diketonate ligands lead directly to the 

corresponding tertiary radical cross-coupling products via an outer-sphere reductive elimination 

step via triplet spin state from the Ni(III) intermediates. Implications to related Ni-catalyzed 

radical cross-couplings and the design of new transformations is discussed.
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Open-shell, dispersion DFT calculations and quasi-classical dynamics calculations have been used 

to examine the ligand effect on the mechanism of photoredox-nickel catalyzed cross-coupling 

reactions with tertiary alkyl radicals. These results revealed mechanistically distinct carbon-carbon 

pathways for bipyridine- and diketonate-nickel based catalytic systems.

INTRODUCTION

Nickel-catalyzed cross-coupling reactions (CCRs) have emerged as powerful synthetic 

methods for the mild and selective construction of carbon-carbon bonds.1 Although C(sp2)–

C(sp2) couplings are highly reliable and well-established,2 significant limitations are often 

encountered in the application of sp3-hybridized reagents, particularly in the installation of 

quaternary centers.3 Notable examples are from reports by the Glorius4 and Biscoe5 groups 

that used a Ni-based catalyst with N-heterocyclic carbene (NHC) ligands to perform C(sp2)–

C(sp3) cross-couplings between aryl bromides and tertiary alkyl Grignard nucleophiles 

(Scheme 1A). Fu employed a nickel/bipyridine system for the cross-coupling between 

unactivated alkyl bromides and organoboron compounds.6 Gong used a monodentate 

pyridine ligand in combination with a nickel system for the reductive coupling between aryl 

halides and tertiary alkyl halides,7 while Watson utilized a Ni/phosphine system for the 

cross-coupling between tertiary benzylic acetates and organoboron compounds.8 More 

recently, the Molander group disclosed the first dual photoredox-Ni catalytic strategy for the 

cross-coupling between potassium tertiary alkyltrifluoroborates and aryl bromides (Scheme 

1B).9 Notably, the bidentate bipyridyl-based ligand (4,4-di-tert-butyl-2,2-bipyridine; 

dtbbpy), which has proven effective in the dual photoredox-Ni catalyzed cross-coupling of 

secondary alkylboron reagents, was ineffective with acyclic tertiary alkyltrifluoroborates in 

this case. On the other hand, anionic diketonate-based bidentate ligands (e.g., 2,2,6,6-

tetramethyl-3,5-heptanedionate TMHD and acetylacetonate acac) yielded the desired cross-

coupling products between acyclic tertiary organoboron reagents and a wide range of 

electron-poor and electron-neutral aryl bromides. In this context, Baran reported the use of 

an anionic TMHD ligand in the nickel-catalyzed radical C(sp2)-C(sp3) cross-coupling 

between tertiary alkyl redox-active esters and arylzinc reagents, while Shenvi reported a dual 

Mn/Ni(acac)2 system to form all-carbon arylated quaternary centers from tertiary radical 

precursors.10

However, although the evidence for the presence of radical intermediates in these systems is 

strong,11 the mechanism, effect of ligand (neutral versus anionic), and molecular-level 

understanding of the key C(sp2)-C(sp3) bond-forming step remain poorly understood. The 

use of quantum mechanical calculations to investigate the mechanisms, electronic properties, 

and dynamics of transition metal complexes has led to a deeper understanding of the 

molecular-level interactions controlling reactivity and selectivity in complex catalytic cycles.
12,16,17a,18,19 Herein, quantum mechanical calculations were used to address the following 

questions: (1) What is the effect of anionic diketonate-based ligands versus neutral 

bipyridine ligands in the commonly proposed Ni(0)/Ni(I)/Ni(III) and Ni(0)/Ni(II)/Ni(III) 

pathways?14 (2) What are the factors responsible for the distinct reactivity of 2° vs. 3° alkyl 

radicals in the Ni-bipyridine system? (3) What is the role of spin state of the purported Ni 

complexes and the nature of C(sp2)-C(sp3) bond formation in the nickel radical cross-
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couplings? (4) What is the lifetime of the Ni(III) intermediate prior to undergoing inner-

sphere reductive elimination and dynamic effects on radical dissociation/rebound? In this 

article, we report a comprehensive computational study of the mechanism of Ni-catalyzed 

CCRs between aryl halides and tertiary alkyl radicals using both neutral (dtbbpy) and 

anionic (TMHD) ligands with broad implications to related Ni-catalyzed radical cross-

couplings involving tertiary alkyl radicals as reported by Fu, Baran, and others.6,7,9,13

RESULTS AND DISCUSSION

Methods.

All optimizations were performed without restrictions using open-shell, dispersion-corrected 

DFT (with guess=mix keyword) using THF with CPCM implicit solvation model [noted as 

UB3LYP-D3/def2-SVP-CPCM(THF)] as implemented in Gaussian 09 (see Supporting 

Information for complete reference). Dispersion correction with Becke-Johnson damping 

(with EmpiricalDispersion=GD3BJ keyword) was also used to calculate the key pathway in 

the Ni-bipyridine system, and the results were consistent with those calculated with zero-

damping (see Figure S9 in Supporting Information for comparison of calculated results). 

Stability tests were conducted (with stable keyword) on all singlet species to confirm that the 

wavefunctions are stable as implemented in Gaussian 09, and all singlet species were 

identified as closed-shell except 1F’ and 1G’ based on S2 values (shown in Coordinates and 

Energetics section in the Supporting Information). Further, for comparison and to refine 

energetics, we also performed single point energy calculations using a larger basis set (def2-

TZVPP), different solvents used experimentally (DMA and THF), other dispersion-corrected 

DFT functionals (e.g., UM06), and DLPNO-CCSD(T) method (in ORCA; see Supporting 

Information for complete reference). These methods have been used extensively to 

rationalize and predict reactivity and selectivity in transition metal-catalyzed 

transformations, including Ni-catalyzed cross-couplings.16 Overall, all methods lead to the 

same conclusions (see Supporting Information for details). For simplicity, only the energies 

obtained from UB3LYP-D3/def2-TZVPP-CPCM (DMA or THF) will be discussed in the 

manuscript (See Figure S1 in the Supporting Information for energetics using other methods 

of Ni-TMHD system). For all purported intermediates, we considered both low and high 

spin states (i.e., singlet/doublet and triplet/quartet) and performed a manual conformational 

search to identify the lowest energy structure (See Figures S2 in the Supporting 

Information). Initially, to reduce the computational cost, we modeled the 2,2,6,6-

tetramethyl-3,5-heptanedionate TMHD ligand used experimentally (red; Scheme 1B) as 

acetylacetonate (acac). Notatbly, the acac ligand has also enabled nickel-catalyzed cross-

couplings with tertiary radicals, albeit with lower yields as demonstrated by us and Baran.
9,10 Nonetheless, to validate our model, we also compared the lowest energy pathways using 

the much bulkier TMHD ligand. The calculated energy values and the obtained structures 

with TMHD ligand are similar to those using the acac ligand (see Figure S15 in the 

Supporting Information).

Previously, we used open-shell DFT to investigate the mechanism of the dual 

photoredox/Ni-catalyzed cross-coupling between aryl bromides and benzyl radicals.14 

Therein, we found that the energetically favored pathway, using neutral bipyridine and 
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bisoxazoline ligands, proceeds via facile radical addition to Ni(0) followed by oxidative 

addition to the aryl halide to form a Ni(III) intermediate [i.e., Ni(0)/Ni(I)/Ni(III) 

mechanism]. Importantly, although based on the energetics, we could not rule out the Ni(0)/

Ni(II)/Ni(III) pathway; we found that both pathways converged to a Ni(III) intermediate, 

which could undergo reversible radical dissociation/addition prior to undergoing irreversible 

(and stereodetermining) inner-sphere C(sp2)-C(sp3) bond formation. Based on these studies, 

we first explored the effect of an anionic ligand on the purported mechanisms for 

comparison (Figure 1).

Ni-TMHD Catalytic System with tert-Butyl Radical as Substrate.

As shown in Figure 1 (red), in the absence (or low concentration) of alkyl radical, 

(acac)Ni(I)•••substrate complex 2A could undergo facile oxidative addition via 2A-TS 
(overall barrier is only 4.6 kcal/mol) leading to Ni(III) 2B intermediate (~11 kcal/mol 

downhill in energy). We also located a different, slightly higher energy conformation (2A’-
TS) that permits direct oxidative addition from 2A’, after isomerization from 2A to complex 
2A’, to form Ni(III) 2B (green-red). In turn, Ni(III) 2B will then undergo an internal 

reorganization from distorted tetrahedral to distorted square planar conformation, leading to 

Ni(III) 2C (uphill in energy by ~6 kcal/mol from 2B).15 The distorted square planar 2C is 

now poised to undergo facile radical “outer-sphere” cross-coupling with the tertiary alkyl 

radical. Specifically, in this geometry, the tertiary alkyl radical is energetically favored to 
complex, but not add, to the Ni center, leading to 3C-complex. Finally, this radical will then 

undergo a spin-selective (barrier is only 3.1 kcal/mol from 3C-complex) outer-sphere 
C(sp2)-C(sp3) bond formation (via triplet spin state 3C-TS), leading to the desired product 

and bromo Ni(acac) products (3PA + t-Bu-Ph) downhill in energy by ~69 kcal/mol. 3PA will 

then undergo an energetically favorable single electron transfer (SET) with the photocatalyst 

([IrIII]=[Ir{dFCF3ppy}2(bpy)]+) to generate the nickel catalyst 2A with concomitant 

formation of KBr complex to restart the transition metal catalytic cycle (See Figure S17 in 

Supporting Information for details).

Notably, the outer-sphere radical coupling via the singlet spin state (1C-TS) is found to be 

~7 kcal/mol higher in energy than the calculated 3C-TS and is thus not productive.17 We 

also explored alternative pathways initiated from radical addition to the bromobenzene 

Ni(acac) complex 2A, but all were found higher in energy. Specifically, as shown in Figure 1 

(light-brown), in the presence of alkyl radical, radical addition to 2A oxidative addition via 

triplet spin state (3E-TS), leading to 3C’. Unexpectedly, this 3C’ intermediate will then 

undergo barrierless tertiary radical dissociation, leading back to distorted tetrahedral 2B, 

merging both pathways. Alternatively, 3C’ could undergo an intersystem crossing (3C’ −> 

1C’; not calculated) followed by radical dissociation leading back to distorted square planar 
2C intermediate. Ultimately, both of these pathways will lead to triplet spin, outer-sphere 
C(sp2)-C(sp3) bond formation (via 3C-TS). Based on prior computational studies by us and 

others,14,16,17a,18,19 we also considered the possibility of the commonly proposed singlet 
spin state, inner-sphere reductive elimination (1C’-TS) that can be directly accessed from 
1C’. However, this pathway was found much higher in energy (~12 kcal/mol) than the triplet 
spin, outer-sphere C(sp2)-C(sp3) bond formation, and thus this pathway, with an anionic 
diketonate ligand, can be ruled out. In addition, based on our prior work in Fe-catalyzed 
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radical cross-couplings,20 we also located (pink) the reductive elimination transition state 

(1C”-TS) and the and concomitant displacement of bromobenzene could lead to singlet 1D 
which is exergonic by ~12 kcal/mol. The triplet spin state (3D) is also favored by more than 

12 kcal/mol. From 3D, calculations predict a high-barrier (~22 kcal/mol) and rate-

determining, corresponding Ni-tertiary alkyl intermediate 1C”-complex that leads to the 

formation of tertiary alkyl bromide (t-Bu-Br) and phenyl Ni(acac) (1PB). However, this 

pathway was also found to be higher in energy and thus unproductive. Nonetheless, akin to 

Ni(I)-Ar intermediates invoked in related cross-coupling reactions,6 in principle, LNi-Ph 

(1PB) could undergo oxidative addition to the tertiary alkyl bromide (reverse reaction, the 

barrier is only ~14 kcal/mol), leading 1C”-complex. In turn, these complex computational 

results also predict radical dissociation to form distorted 2B, and, ultimately, lead to outer-
sphere C(sp2)-C(sp3) bond formation. Thus, independent of active nickel species (LNi, LNi-

alkyl, or LNi-aryl; L = acac), these calculations revealed a new mechanistic manifold in 

which tertiary alkyl radicals involved in Ni-diketonate systems are predicted to proceed via 

outer-sphere C(sp2)-C(sp3) bond formation via triplet spin state. We also considered the 

likelihood of explicit DMA solvent coordinating to the key nickel species 2A or 2C and 

promoting ligand dissociation. However, calculations showed that the DMA solvent is 

unlikely to cause ligand dissociation during the transition metal catalytic cycle (See Figure 

S14 in the Supporting Information). Moreover, we also carried out experiments using excess 

TMHD anionic ligand (See Supporting Information). These results showed that excess 

TMHD ligand (50 and 100 mol %), which would coordinatively saturate the nickel 

intermediates, have a minor effect on the efficiency of the system (vide infra). Finally, the 

electronic properties of the aryl bromide do not change the overall mechanistic conclusions 

(See Figure S3 in the Supporting Information).

Overall, as shown in Figure 1 (inset), the key findings from calculations are summarized as 

follows: For anionic diketonate-Ni systems involving tertiary alkyl radicals (i.e., as reported 

by Molander9, Baran10a, and Shenvi10b) after oxidative addition from Ni(I) complex 2A, 

distorted tetrahedral Ni(III) species 2B can be formed, which requires a conformational 

change to form the distorted square planar 2C. Subsequently, 2C can form the triplet spin 
3C-complex with tertiary alkyl radical, followed by triplet spin, outer-sphere C(sp2)-C(sp3) 

bond-forming pathway via 3C-TS to generate the desired product and bromo Ni(acac) (3PA 

+ t-Bu-Ph). In sum, independent of mechanism, in the presence of tertiary alkyl radicals, 

these results strongly support a novel, low barrier, spin-selective, “outer-sphere” radical 

cross-coupling pathway via triplet spin state and, contrary to commonly proposed pathways, 

disfavor the formation of sterically hindered halo-aryl-alkyl-Ni intermediates using anionic 

ligands.21 These results could be applied to a wide range of experimental observations in 

which privileged anionic ligands, in combination with nickel complexes, allow radical cross-

coupling with tertiary radical precursors.9,10

Ni-Bipyridine Catalytic System with t-Bu Radical Substrate.

Previously, neutral bipyridine ligands in combination with nickel as catalyst failed to 

undergo C(sp2)-C(sp3) cross-couplings with acyclic tertiary radical under dual photoredox/

nickel catalysis (Scheme 1B). Nonetheless, this bipyridyl-nickel system has found success 

for a wide range of Ni-catalyzed radical C(sp2)-C(sp3) cross-couplings with secondary and 
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cyclic tertiary alkyl radical precursors, and many groups, including ours,14,16c,22c have taken 

advantage of this reactivity to promote selective dicarbofunctionalization of olefins.19,22 

However, despite the widespread utility of bipyridyl-nickel system in organic synthesis with 

tertiary alkyl radicals, the mechanism and, in particular, the nature of the critical C-C bond 

formation is not known. To gain insights from this divergent reactivity with tertiary alkyl 

radicals, we examined the competing reaction pathways (Figure 2, see Figure S4 in the 

Supporting Information for energetics using other methods).

Ni(0)/Ni(I)/Ni(III) Pathway: As with previous calculations, in the presence of alkyl radical, 

overall the lowest energy pathway (red) proceeds via barrierless tert-butyl radical addition to 

Ni(0), leading to Ni(I) intermediate 2J. In turn, Ni(I) 2J undergoes oxidative addition to aryl 

halide via 2K-TS – the overall barrier is ~12 kcal/mol from 2J, leading to Ni(III) 

intermediate 2H. However, despite numerous attempts, we were unable to locate the direct, 

inner-sphere reductive elimination from this isomer. Instead, we found a very low barrier 

tertiary alkyl radical dissociation (via 2H-TS) that leads to the formation of square planar 

Ni(II) intermediate 1G. This square planar aryl halo Ni(II) intermediate is favored to 

undergo an intersystem crossing/conformational change to form the tetrahedral, triplet spin 
state Ni(II) intermediate 3G. In turn, 3G is now poised to undergo radical addition to form 

Ni(III) intermediate 2H’ followed by inner-sphere reductive elimination (via 2I’-TS), leading 

to the desired products 2PB and t-Bu-Ph, which is exergonic by 83 kcal/mol. After the 

C(sp2)-C(sp3) bond-forming step, SET can occur between the bromo Ni species and the 

reduced Ir photocatalyst to regenerate the Ni(0) catalytic species 1F with concomitant 

formation of KBr complex and restart the transition-metal catalytic cycle (See Figure S17 in 

Supporting Information for details). Overall, catalyst regeneration is ~11 kcal/mol uphill in 

energy but, based on the free energy span, energetically favorable. Given the prevalence of 

proposed Ni(I)/Ni(III)/Ni(I) pathways by the community and the lack of understanding of 

the dynamic effects in nickel-catalyzed radical cross-coupling reactions, we conducted 

preliminary quasi-classical dynamics simulations on the transition state of oxidative addition 
2K-TS and that of reductive elimination 2I’-TS, respectively (see Figure S13 in the 

Supporting Information). Simulated results suggest that starting from 2K-TS in the forward 

direction, 60% of the trajectories resulted in the formation of a Ni(III) intermediate, while 

40% formed the square planar Ni(II) intermediate and concomitant dissociation of tert-butyl 
radical. No cross-coupling product (t-Bu-Ph) was observed in any simulated trajectory (see 

Figure S13a in Supporting Information for details). These observations support our static 

DFT calculations that the Ni(III) intermediate obtained from direct oxidative addition on the 

alkyl Ni(I) intermediate cannot undergo reductive elimination, but rather undergoes radical 

dissociation to generate the square planar Ni(II) intermediate 1G. On the other hand, within 

dynamics calculations propagated from 2I’-TS in the reverse direction, all trajectories ended 

up in Ni(III) intermediate without radical dissociation from the Ni center or structural 

rearrangement (see Figure S13b in Supporting Information for details). This is also 

consistent with our assumption concerning the overall process because the radical addition 

to Ni involves a change of spin state of the Ni(II) species, while quasi-classical dynamics 

simulations only operate in a single spin state.24 From a broader perspective, these results 

suggest a novel Ni(0)/Ni(I)/Ni(III)/Ni(II)/Ni(III)/Ni(I) pathway in bipyridine-nickel radical 

cross-couplings with tertiary alkyl radicals.
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Ni(0)/Ni(II)/Ni(III) Pathway: In the absence (or low concentration) of tert-butyl radical, 

Ni(0) could undergo oxidative addition via triplet spin state (3F-TS; green) leading directly 

to the productive tetrahedral, triplet spin state Ni(II) 3G intermediate, thus merging both 

Ni(0)/Ni(I)/Ni(III)/Ni(II) (red) and Ni(0)/Ni(II) (green) pathways. We also considered the 

possible outer-sphere C-C bond formation pathway between tert-butyl radical and Ni(II) 

intermediate, but the transition states of both of the doublet (2I-TS) and quartet spin state 

pathways (4I-TS) are higher in energy compared to 2I’-TS (see Figure S4 in the Supporting 

Information for details). Therefore, inner-sphere reductive elimination via Ni(III) 

intermediate 2H’ is preferred to that of the outer-sphere pathway from Ni(II) intermediate in 

Ni-bipyridine catalytic systems.

Ni(I)/Ni(II)/Ni(III) Pathway: Previously, alkyl halide activation by Ni(I) species (akin to 
2Pc) have been proposed in a range of Ni-catalyzed cross-couplings.25 As shown in Figure 2 

(blue), in these cases, aryl bipyridine-Ni(I) could undergo halogen abstraction (via 2L-TS; 

barrier ~12 kcal/mol from 2Pc) leading to the Ni(II) 1G, thus also merging the cross-

coupling cycles. Finally, Ni(II) 1G will need to undergo an isomerization/spin-crossing to 

form the productive tetrahedral Ni(II) 3G which, after barrierless radical addition, will form 

the productive Ni(III) 2H’. Finally, inner-sphere reductive elimination (via 2I’-TS) will lead 

to the desired product and bromo Ni(I). From a broader perspective, although the pathway 
for catalyst regeneration from the bromo Ni(I) varies among nickel-catalyzed cross-coupling 
methods (e.g., it could undergo SET by photocatalyst or external reductant to form a Ni(0) 
1F or, alternatively, could undergo transmetalation to form the Ni(I) 2PC 6), calculations 
show that these systems involving tertiary alkyl radicals share the same critical C(sp2)-
C(sp3) bond formation step! As an example, the phenyl bpy-Ni(I) species was proposed to 

be obtained via transmetalation in Fu’s experiments.6 The overall key findings of these 

calculations are summarized as follows (Figure 2; inset): after singlet spin square planar 
Ni(II) species 1G forms, this species needs to undergo intersystem crossing/conformational 

change to generate the triplet spin tetrahedral 3G complex followed by tertiary alkyl radical 

addition to form Ni(III) intermediate 2H’ (see Figure S6 in the Supporting Information for 

more detailed analysis). The requirement for the tetrahedral Ni(II) conformation to undergo 

Ni(II)/Ni(III) radical addition was also reported in a recent paper with neutral bis(oxazoline) 

ligand, in which phenyl bromo Ni(II)-bis(oxazoline) is in a square planar geometry, while 

the radical adds to a tetrahedral phenyl bromo Ni(II) species.16e

Moreover, the results of our preliminary quasi-classical dynamics calculation are consistent 

with this suggested pathway (see Figure S7 and Figure S8 in the Supporting Information). 

Finally, 2H’ will undergo doublet spin, inner-sphere reductive elimination pathway via 2I’-
TS to generate the desired C(sp2)-C(sp3) cross-coupling product and bromo Ni(bipyridine) 

(2PB + t-Bu-Ph).

Origin of the Difference in C(sp2)-C(sp3) Bond-Forming Step in Ni-TMHD and 
Ni-Bipyridine Catalytic Systems: As shown above, independent of the operative 

catalytic active species, all pathways converge at the Ni(II) and tertiary radical. Thus, 

assuming facile intersystem crossing/conformational change, the barrier for inner-sphere 
tertiary radical C(sp2)-C(sp3) cross-coupling using neutral bipyridine nickel-system (~15 
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kcal/mol from 1G) is much higher in energy than using anionic diketonate nickel-system (~4 

kcal/mol). These relative barriers are consistent with the experiments that prevented the 

formation of the desired C(sp3)-C(sp2) bond using acyclic tertiary radicals under the Ni-

bipyridyl/PC system.9 Moreover, the higher barrier could lead to unwanted side reactions 

with tertiary radicals, such as H-atom abstraction from the solvent, as observed by us.9, 23 

Further, in accord with experiments by Fu,6 switching to solvent systems with high bond 

dissociation energies (BDE) (e.g., benzene) likely increases the barrier for H-abstraction 

and, in turn, allows favorable kinetics to promote C(sp3)-C(sp2) bond formation with tertiary 

alkyl radicals. The competence of alkyl radical undergoing H-abstraction (e.g., with solvent 

or other reagents) or C(sp3)-C(sp2) bond formation is not only seen in Ni-bipyridine system 

in Fu’s report,6 but also observed in Ni-TMHD(acac) system,10 suggesting that the H-

abstraction reactions with alkyl radical are competing with C-C bond formation in related 

cross-coupling reactions and the efficiency of C-C bond formation (e.g., H-abstraction 

versus C-C cross-coupling) is likely system dependent.

On the other hand, the cross-coupling barrier for the diketonate-nickel system is only ~3 

kcal/mol from the respective nickel complex and tertiary alkyl radical. Thus, we attribute the 

efficiency of Ni-diketonate systems with tertiary alkyl radicals under photocatalytic 

conditions9,10 to the nature of the outer-sphere C-C bond formation that avoids the formation 

of a high energy, sterically congested aryl-alkyl-halo-Ni intermediate. Experiments using 

less sterically hindered secondary alkyltrifluoroborates also led to the desired product in 

95% yield (Scheme 2). However, in contrast to tertiary alkyl radicals, through DFT 

calculations we found that the favored pathway for less sterically secondary alkyl radicals is 

via inner-sphere C-C bond formation with overall barriers for C-C bond formation of ~9 

kcal/mol (see Figure S21 in the Supporting Information). Presumably, the less sterically 

hindered secondary alkyl radical (in contrast to the tertiary alkyl radical) does not pay a 

penalty to form the aryl-alkyl-halo-Ni species and can quickly undergo inner sphere C-C 

bond formation. In contrast to bipyridyl-Ni system, these results suggest that for acac/

TMHD-Ni systems, the nature of the C-C bond formation and whether inner- or outer-sphere 

C(sp2)-C(sp3) is operative is dependent on the steric properties of the alkyl radical. 

Surprisingly, for cyclic tertiary systems, we found that this system did not undergo aryl 

substrate activation in the experiment, leading, after 24 hours, to the recovered starting 

material (see Supporting Information). Although the reasons for lack of reactivity are not 

completely understood, computations showed that, if the cyclic radical were to engage with 

the nickel in the cross-coupling cycle, the formation of 1-bromoadamantane via inner-sphere 

C-Br bond formation is favored over C-C bond formation. (See Figure S22 in the Supporting 

Information). However, because substoichiometric additives (e.g., LiBr, ZnBr2, ZnCl2, etc.) 

were found to influence the reactivity of substrates in the Ni-TMHD system where bicyclic 

substrate (adamantyl-like) also failed,10 the exact reason for the failure of adamantyl 

substrate remains unknown and is under exploration in our group.

To understand more fully the origins of the distinct reactivity (i.e., ligand effect on C-C bond 

formation), we conducted an activation strain-distortion/interaction analysis.26 As shown in 

Table 1, comparing inner-sphere and outer-sphere C-C bond formation transition states in 

the Ni-bipyridine catalytic system (green background), the relative activation electronic 
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energy of inner-sphere transfer is negative (−3.9 kcal/mol) while that of outer-sphere transfer 

is positive, meaning that the C-C bond formation is favorable via inner-sphere pathway. (See 

Table S1 in the Supporting Information for energetics using other methods). Despite the 

larger distortion energy of the inner-sphere compared to the outer-sphere pathway, its 

interaction energy compensates for the larger distortion energy and makes the overall 

process favorable. On the other hand, for the Ni-TMHD system (blue background) both 

inner-sphere and outer-sphere transition states possess negative activation electronic 

energies, and both of their distortion energy and interaction energy are close to each other. 

Although the inner-sphere and outer-sphere pathways of the Ni-TMHD system do not show 

as large a difference as those of the Ni-bipyridine system, the triplet spin state outer-sphere 
pathway is still found most favorable (−13.3 kcal/mol) because of its lower distortion energy 

(18.4 kcal/mol) and larger interaction energy (−31.7 kcal/mol).

Origin of Distinct Alkyl Reactivity in the Ni-Bipyridine System: Because of the 

observed experimental differences of structurally different alkyl radicals in Ni-bipyridine 

systems,9 we became interested in exploring the potential reactivity of different alkyl 

radicals in the above key pathways (Table 2). Specifically, in the dual photoredox-Ni 

catalytic system, C(sp2)-C(sp3) cross-coupling succeeded with aryl bromides as the 

electrophile and potassium 1-adamantyltrifluoroborate and potassium 1-

phenylcyclopropyltrifluoroborate as the nucleophile (Scheme 1B).9 Therefore, we compare 

here the reactivity of tert-butyl radical, isopropyl radical, 1-phenylcyclopropyl radical, and 

1-adamantyl radical in the key inner-sphere reductive elimination step (see Figure S6 in the 

Supporting Information for the comparison of different radicals in other steps). As shown in 

Table 2 (gray), using distinct Ni(II) species 1G and the purported alkyl radicals as a 

reference, we observed that the relative energy values of Ni(III) 2H’ intermediates, which 

are reactive toward inner-sphere reductive elimination, vary for different alkyl radicals. First, 

we observed that the Ni(III) intermediate with tert-butyl radical (black) is endergonic by 5.6 

kcal/mol, while all other Ni(III) intermediates with tertiary and secondary alkyl radicals (red, 

blue, and green) are exergonic (by 2–3 kcal/mol). These results suggest that tert-butyl radical 
is more favorable to dissociate from Ni(III) center to form Ni(II) and tert-butyl radical, while 
for the other tertiary and secondary alkyl radicals the energetics favor the formation of 
Ni(III) complex. This trend is also observable in the barriers for reductive elimination. 

Specifically, the barriers for inner-sphere reductive elimination of cyclic and secondary alkyl 

radicals are significantly lower (by 7–12 kcal/mol) than with tert-butyl radical. This 

observation is consistent with the results in experiments by Fu, where 1-iodoadamantane, 

with the assumption of 1-adamantyl radical being generated in situ, can also be cross-

coupled under non-photocatalytic conditions despite their slightly higher barrier of reductive 

elimination (7.3 kcal/mol) compared to a secondary isopropyl radical.6

Further, to gain insight into the observed trends, we computed the bond dissociation energy 

(BDE) of Ni-C(sp3) bond with different alkyl radicals. As shown in Table 2 (green), we 

found that Ni-C(tert-butyl) bond has the lowest BDE (11.0 kcal/mol), which indicates that 

the dissociation of tert-butyl radical from the Ni(III) center is easier than the dissociation of 

secondary and cyclic tertiary alkyl radicals (~18 kcal/mol). Also, from an activation strain-

distortion/interaction analysis on the reductive elimination step (yellow), we found that the 
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transition state with tert-butyl radical shows a less negative activation energy and larger 

distortion energy compared to the rest of the systems. This suggests that reductive 

elimination with tert-butyl radical is less favorable because it needs to pay a higher energy 

penalty for distortion to reach the geometry in the C(sp2)-C(sp3) bond-forming step. 

Although the exact mechanism of bipyridyl-nickel-involved radical cross-coupling reactions 

could be significantly different depending on the experimental condition and applied 

substrates/additives, our findings on the nature of C(sp2)-C(sp3) bond formation can be used 

to explain some of the observed selectivity in the selective dicarbofunctionalization of 

olefins with a broad variety of secondary and tertiary alkyl radical precursors.14,16c,19,22

CONCLUDING REMARKS

In summary, quantum mechanical calculations and quasi-classical direct dynamics 

simulations have been used to investigate the mechanism of dual photoredox-Ni-catalyzed 

C(sp2)-C(sp3) cross-coupling reactions between tertiary alkyltrifluoroborates and aryl 

halides with Ni bipyridine- and diketonate-based catalytic systems. Calculations showed the 

prominent effect of the charge on the ligand on key catalytic intermediates and the C(sp2)-

C(sp3) bond-forming step in such transformations. Specifically, as outlined in Scheme 3, in 

the Ni-TMHD (anionic ligand) system, the tertiary alkyl radical can directly interact with the 

aryl-bromo-Ni species to obtain the desired product via high-spin, outer-sphere reductive 

elimination pathway without engaging the Ni center first. In the Ni-bipyridine (neutral 

ligand) system, as shown by transition state calculations and supported by quasi-classical 

dynamics, the Ni(III) intermediate directly obtained from oxidative addition on alkyl Ni(I) 

species needs to undergo radical dissociation to form the singlet-spin square planar Ni(II) 

intermediate. Then, it needs to undergo a conformational change/intersystem crossing 

followed by radical addition to gain access to the productive Ni(III) intermediate, followed 

by subsequent low-spin, inner-sphere reductive elimination to generate the desired product 

and halo Ni(I). From a broader perspective, although the pathway for catalyst regeneration 
from the halo Ni(I) varies among different nickel-catalyzed cross-coupling methods (e.g., it 
could undergo SET by photocatalyst or external reductant to form a Ni(0) or, alternatively, 
could undergo transmetalation to form an aryl Ni(I)), calculations show that these systems 
share the same critical C(sp2)-C(sp3) formation step!

The reactivity of different alkyl radicals was also compared in the Ni-bipyridine system. 

This information suggests that relatively subtle changes in the alkyl radical precursors and 

ligands have a dramatic effect on the mechanism of the reactions. Nonetheless, this 

investigation sheds light on mechanistic possibilities that were never considered previously, 

and inspires the design of catalytic systems and modification of substrates for Ni-catalyzed 

C(sp2)-C(sp3) cross-coupling reactions. Further exploration will be focused on the 

comparison of more neutral and anionic ligand systems and the behavior of different alkyl 

radicals based on the mechanistic models proposed here.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Calculated energetics of the Ni-catalyzed cross-coupling between tert-butyl radical and 

bromobenzene using anionic TMHD as ligand. Relative Gibbs free energy values were 

computed at the UB3LYP-D3/def2-TZVPP-CPCM(DMA)//UB3LYP-D3/def2-SVP-

CPCM(THF).
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Figure 2. 
Calculated energetics of the Ni-catalyzed cross-coupling between tert-butyl radical and 

bromobenzene using neutral bipyridine as ligand. Relative Gibbs free energy values were 

computed at the UB3LYP-D3/def2-TZVPP-CPCM(THF)//UB3LYP-D3/def2-SVP-

CPCM(THF) level of theory.
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Scheme 1. 
Methods for the construction of all-carbon quaternary centers via Ni-catalyzed cross-

couplings between tertiaryl alkyl precursors and aryl halides.
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Scheme 2. Cross-coupling of secondary alkyltrifluoroborates with Ni-TMHD.
aNMR yield was calculated using 1,3,5-trimethoxybenzene as the internal standard.
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Scheme 3. 
Catalytic cycle for photoredox/Ni dual catalytic system using (A) neutral (blue) and (B) 

anionic (red) ligands.
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Table 1.

Activation Strain-Distortion/Interaction analysis of C(sp2)-C(sp3) bond formation step.
a

a
Relative electronic energy values were computed with respect to the separate corresponding phenyl-bromo-Ni-ligand species and tert-butyl radical 

at the UB3LYP-D3/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(THF) level of theory.
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