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ABSTRACT: Reductive elimination is a key step in Ni-catalyzed cross-couplings. Compared with processes that proceed from Ni(III) or 
Ni(IV) intermediates, C(sp3)–C(sp3) reductive eliminations from Ni(II) centers are challenging due to the weak oxidizing ability of Ni(II) 
species. In this report, we present computational evidence that supports a mechanism in which Zn coordination to the nickel center as a Z-
type ligand accelerates reductive elimination. This Zn-assisted pathway is found to be lower in energy compared with direct reductive 
elimination from a σ-coordinated Ni(II) intermediate, providing new insight into the mechanism of Ni-catalyzed cross-coupling with or-
ganozinc nucleophiles. Mayer bond orders, Hirshfield charge, Laplacians of the electron density, orbital and IRI analysis were conducted 
to elucidate details of the reductive elimination process and characterize the key intermediates. Theoretical calculations indicate a signifi-
cant Z-type Ni–Zn interaction that reduces the electron density around the Ni center and accelerates reductive elimination. This mechanis-
tic study of reductive elimination in Ni(0)-catalyzed conjunctive cross-couplings of aryl iodide, organozinc regents, and alkenes is an im-
portant case study of the involvement of Zn-assisted reductive elimination in Ni catalysis. We anticipate that the novel Zn-assisted reduc-
tive elimination mode may extend to other cross-coupling process and explain the unique effectiveness of organozinc nucleophiles in many 
instances. 

INTRODUCTION 

Over the past few decades, nickel-catalyzed cross-coupling has 
become an integral tool in organic synthesis.1-3 In addition to be-
ing a cheaper, earth-abundant alternative to precious metal cata-
lysts, nickel exhibits several unique properties that lead to differ-
entiated reactivity compared with other transition metals.4-6 For 
example, Ni complexes can adopt both high- and low-spin con-
figurations and are stable in a variety of oxidation states ranging 
from Ni(0) to Ni(IV).7-10 These properties have been leveraged in 
the development of myriad Ni-catalyzed transformations to access 
products with diverse properties and functions. 

In Ni-catalyzed cross-coupling reactions, reductive elimination 
forges the new covalent bond in the organic product and is thus a 
fundamental step in these processes.11-13 In many Ni-catalyzed 
cross-couplings, the coupling partner compatibility is dictated by 
the rate and scope of the reductive elimination step.14-16 Reductive 
elimination from Ni(III) or Ni(IV) species is typically facile. In 
contrast, owing to the weak oxidizing ability of Ni(II) species, 
Ni(II)/Ni(0) reductive elimination is typically more challenging 
(Scheme 1a). Hence, while Ni-catalyzed cross-couplings to form 
C(sp2)–C(sp3) and C(sp2)–X (X=O, N, halogens) bonds are typi-
cally accessible with appropriate ancillary ligands to accelerate 
the reductive elimination from Ni(II) species,17-19 catalytic 
C(sp3)–C(sp3) cross-coupling via a Ni(0)/Ni(II) redox couple re-

mains challenge despite widespread interest during the past sever-
al years.20-22   

Recently, Ni-catalyzed conjunctive cross-couplings have at-
tracted attention as powerful tools in organic synthesis (selected 
examples are shown in Scheme 1b).1,23-29 In this type of reaction, 
the aryl halide electrophile, organometallic nucleophile, and π-
bond-containing substrate (often containing a proximal directing 
group) are merged together in a selective manner. Interestingly, 
when olefins are used as the π-bond component, this reaction can 
be used to construct a new C(sp3)–C(sp3) bond through a reduc-
tive elimination process. Organozinc reagents often serve as the 
nucleophile coupling partner in the absence of additional ligand, 
base or additives, with a low-valent Ni(0)/Ni(II) catalytic cycle 
commonly invoked. In these cases, the reductive elimination is 
often proposed to occur from Ni(II) intermediates. We thus won-
dered what mechanistic features of these catalytic processes allow 
C(sp3)–C(sp3) bond-formation formation to occur under such mild 
reaction conditions. 

According to previous mechanistic studies of transition-metal-
catalyzed cross-couplings, organozinc reagents have been pro-
posed to serve various roles, including as the nucleophilic cou-
pling partner, as a Lewis acid, or as a countercation.18,30,31 Recent-
ly, organozinc reagents have been proposed to serve an additional 
role as Z-type ligands32,33 for  



 

Scheme 1. Reductive elimination in Ni-catalyzed cross-
coupling reactions 

 

late transition metals such as Rh, Ir, Pt, Pd, etc.34-38 We surmised 
that Ni would also be capable of engaging in Z-type dative bond-
ing with Zn, which could give rise to distinct modes of reactivity 
in Ni-catalyzed cross-coupling reactions with organozinc reagents. 
In this case, the Zn atom acts as -acceptor ligand during dative 
bonding with Ni. A filled d-orbital of Ni provides an electron pair 
to an unfilled s-orbital of Zn (Scheme 1c). This is distinct from 
standard organic ligands such as phosphines and amines, which 
usually coordinate to transition metals mainly through -donation 
and in some cases through secondary -back donation. Z-type 
coordination reduces the overall electron-density of the Ni atom, 
which we reasoned could be highly beneficial in facilitating C–C 
or C–X bond-forming reductive elimination processes from Ni 
centers. Experimental evidence for the proposed bonding interac-
tion between Ni and Zn was recently reported the Martin group in 
a mechanistic investigation of a Ni-catalyzed C–O bond function-
alization reaction, which included single-crystal characterization 
of a polymetallic Ni–Zn cluster.39 A Ni-Zn complex was synthe-

sized to uncovering the molecular interaction of Ni and Zn. With 
this idea in mind, we sought to apply computational techniques to 
explore the hypothesis that Zn-assisted reductive elimination is 
involved in the Ni-catalyzed conjunctive cross-coupling reactions 
(Scheme 1b).  

While organozinc regents are commonly used as effective nu-
cleophiles in Ni-catalyzed conjunctive cross-couplings, the lack of 
knowledge regarding the role of Zn in reductive elimination has 
hampered the full breadth of possibilities of Ni-catalyzed cross-
coupling in organic synthesis. To better understand the details of 
the reductive elimination step, the present study focuses on the 
mechanism of Ni(0)-catalyzed conjunctive cross-coupling with 
aryl iodides and organozinc regents recently reported by the Engle 
group (Scheme 1d).23 Although the mechanism of Ni-catalyzed 
conjunctive cross-couplings has been investigated in several com-
putational and experimental studies,40-42 a detailed picture of the 
reductive elimination step in Ni(0)/Ni(II) catalytic processes, 
particularly in those lacking strongly coordinating ancillary lig-
ands (e.g., phosphines), remains elusive. Therefore, we performed 
density functional theory (DFT) calculations to investigate the 
mechanism of reductive elimination in this type of reaction and 
clarify the role of Zn during the full catalytic cycle. In particular, 
we sought to elucidate whether the reaction proceeds by direct or 
Zn-assisted reductive elimination and what factors control the 
preferred reductive elimination mechanism in Ni(0)/Ni(II) redox 
cycles. Moreover, we wanted to verify the generality of Zn-
assisted reductive elimination in Ni-catalyzed conjunctive cross-
coupling reactions. 

COMPUTATIONAL METHODS 

All of the DFT calculations were performed with the Gaussian 09 
series of programs.43 The geometry optimization was conducted 
with the B3-LYP functional44,45 and standard 6-31G(d) basis set 
(SDD basis set for Ni, Zn, and I atoms)46,47. Harmonic vibrational 
frequency calculations were performed for all stationary points to 
confirm whether they are local minima or transition state struc-
tures and to derive the thermochemical corrections for the en-
thalpies and free energies. The M06 functional48-50 with the 6-
311+G(d) basis set (Lan08+ basis set for Ni and Zn atoms, SDD 
basis set for I atom) was used to calculate the single-point ener-
gies and provide highly accurate energy information.51-54 For the 
single-point energy calculations, solvent effects were taken into 
account by single-point calculations based on the gas-phase sta-
tionary points with the SMD55,56 continuum solvation model. Un-
less otherwise noted, the experimental solvents used in this manu-
script were dioxane. The values of ΔGM06/solvent in free energy 
profiles were obtained by Eq. 1, in which ΔGcorrection/gas is the 
thermochemical correction for the Gibbs free energy calculated 
B3-LYP/6-31G(d)/SDD level in the gas phase, and ΔEM06/solvent is 
the single point energy calculated at M06/6-
311+G(d)/Lan08+/SDD level in solvent phase based on the gas-
phase stationary point.  

ΔGM06/solvent = ΔEM06/solvent + ΔGcorrection/gas (1) 

The three-dimensional molecular diagrams were generated with 
CYLView. The Mayer bond order, interaction region indicator 
(IRI) and Laplacian of the electron density were calculated at the 
B3-LYP/6-31G(d) level. Hirshfeld is a very popular atomic popu-
lation method based on deformation density partition, and ADCH 
charge is the sum of original Hirshfeld charge and correction 
charge. ADCH atomic charges are reasonable in a chemical sense, 
molecular dipole moment is exactly reproduced, and the reproduc-
ibility of ESP is close to the atomic charges obtained from fitting 
ESP. The Laplacian of electron density is a function that is often 
investigated in the analysis of Atoms in Molecules (AIM). It rep-
resents the total curvature of the electron density; where it is posi-



 

tive, the electron density is divergent, and where it is negative, the 
electron density is aggregated. The Interaction Region Indicator 
(IRI) is used to show various types of interaction forces. IRI anal-
ysis can show both bond force and nonvalent bond force, and the 
resulting images provide clear visualizations. 

RESULTS AND DISCUSSION 

Mechanistic study of Ni(0)-catalyzed conjunctive cross-
coupling with aryl iodides and organozinc regents. We first 
investigated the mechanism of Ni(0)-catalyzed conjunctive cross-
coupling with aryl iodides and organozinc regents. A 1,2-
arylalkylation reaction that employs the 8-aminoquinoline (AQ) 
directing group reported by the Engle group was chosen as the 
model reaction (Scheme 2a). As shown in Scheme 2b, deprotona-
tion of reactant II with alkylzinc a generates organozinc interme-
diate III, which could coordinate with Ni(0) species I to provide 
catalytically active species IV. Oxidative addition of active spe-
cies IV with aryl 

Scheme 2. Potential reaction pathways for Ni(0)-catalyzed 1,2-
arylalkylation of olefins with organozinc regents. 

 

iodide b then gives Ni(II)–aryl intermediate V, which undergoes 
intramolecular 1,2-migratory insertion to form alkyl nickelacycle 
intermediate VI containing an iodide ligand. Subsequently, 
transmetalation of intermediate VI with alkylzinc a generates the 
key dialkylnickel intermediate VII with release of Zn salt c. Two 
possible pathways were then considered during our computational 
modeling of this reaction. In pathway A (green lines), direct re-
ductive elimination from intermediate VII occurs via three-

membered ring transition state TS-I to give Ni(0) complex VIII 
with concomitant formation of the new C(sp3)–C(sp3) covalent 
bond. Then, this complex undergoes ligand exchange with 1,5-
cyclooctadiene (COD) and Zn–substrate adduct III to regenerate 
active species IV with release of Zn-hydroxy salt IX. Finally, the 
desired product XIII could be formed through hydrolysis of IX. 
Considering the high energy barrier anticipated for direct C(sp3)–
C(sp3) reductive elimination from a Ni(II) center, another possible 
pathway B (black lines) involving initial Zn coordination as a Z-
type ligand was also considered, which we reasoned may facilitate 
this challenging C(sp3)–C(sp3) bond-forming step. In pathway B, 
a Zn-shift occurs before reductive elimination to form Z-type 
dative Ni–Zn intermediate X. Subsequently, Zn-assisted C(sp3)–
C(sp3) reductive elimination from intermediate X proceeds via 
transition state TS-II to regenerate Ni(0) species XI, which then 
undergoes ligand exchange to regenerate active species IV with 
release of Zn-amino salt IX. The corresponding hydrolysis of IX 
also yields desired product XIII. DFT calculations were per-
formed to investigate the mechanism for this Ni(0)-catalyzed 
coupling of aryl iodides and organozinc regents with alkenyl am-
ides. 

Formation of active catalytic species and oxidative addition 
steps. The calculated free energy profile for formation of active 
catalytic species 7 is shown in Figure 1. Initially, coordination of 
reactant 1 to diethylzinc 2 gives intermediate 3, which is ender-
gonic by 1.7 kcal/mol. The deprotonation step then occurs via six-
membered-ring transition state 4-ts to form amino-Zn intermedi-
ate 5. The activation free energy for this step from intermediate 1 
is 19.6 kcal/mol, so it could easily occur at a reaction temperature 
of 50 °C. Subsequently, ligand exchange between intermediate 5 
and Ni(COD)2 6 generates active Ni species 7 exergonically. 

 

Figure 1. Free energy profile for the formation of active catalytic 
species 7 in Ni(0)-catalyzed conjunctive cross-coupling with aryl 
iodides and organozinc regents. The energies are in kcal/mol and 
represent the relative free energies calculated at the M06/6-
311+G(d) level in dioxane solvent. 



 

 

Figure 2. Free-energy profiles for the oxidative addition step in 
Ni(0)-catalyzed conjunctive cross-coupling with aryl iodides and 
organozinc regents. The energies are in kcal/mol and represent the 
relative free energies calculated at the M06/6-311+G(d) level in 
dioxane solvent 

Based on previous theoretical studies, oxidative addition of aryl 
iodide is usually invoked as the initial step in Ni(0)-catalyzed 
cross-coupling reactions.11,57 As shown in Figure 2, the active 
species 7 was set as the relative zero point for the free energy 
profiles of the main catalytic cycle, where the N atom of quinoline 
group in AQ coordinates to Zn, and the N atom of the imine group 
coordinates to Ni. Considering the coordination mode of the AQ 
ligand, two possible oxidative addition pathways (black line and 
blue line in Figure 2) were taken into account in the calculations. 
In the black pathway, ligand exchange of 7 with iodobenzene 8 

gives Ni(0) intermediate 9 with concomitant release of COD. This 
step is endergonic by 5.1 kcal/mol. Subsequently, oxidative addi-
tion occurs via three-membered-ring transition state 15-ts with an 
overall activation free energy of 22.1 kcal/mol to form 
Ni(II)(Ar)(I) 11. Notably the N,N-based AQ directing group co-
ordinates to both the Zn and Ni centers with each of the two nitro-
gen atoms coordinating to one of the metals during the oxidative 
addition step in the black pathway. 

On the other hand, AQ is an electron-donating ligand, which 
would be beneficial for oxidative addition of the Ni(0) species. 
Therefore, we investigated another possible pathway (blue lines in 
Figure 2) in which both N atoms from AQ coordinate to Ni. In 
this pathway, the isomerization from intermediate 7 to 7a is en-
dergonic by 16.7 kcal/mol. One formed, intermediate 7a under-
goes ligand exchange and oxidative addition to form Ni(II) inter-
mediate 11a. Notably, the overall activation free energy of oxida-
tive addition through the blue pathway is 30.2 kcal/mol, which is 
8.1 kcal/mol higher than that through the black pathway. The 
energy barrier difference between these two pathways can be 
attributed to the coordination mode of AQ. In the black pathway, 
the N atom of the quinoline group in AQ stabilizes the Zn atom. 
Therefore, the black pathway is favorable for oxidative addition. 

1,2-Migratory insertion and transmetalation. Figure 3a shows 
the calculated free energy profile for 1,2-migratory insertion and 
transmetalation. When intermediate 11 is formed, subsequent 1,2-
migratory insertion could occur via transition state 12-ts (solid 
line) or 14-ts (dashed line) to give opposite regioisomers. The -
arylated Ni(II)–alkyl intermediate 13 is formed via transition state 
12-ts with an activation free energy of 8.4 kcal/mol. Alternatively, 
the -arylated Ni(II)–alkyl intermediate 15 is formed via insertion 
transition  

 

Figure 3. (a). Free-energy profiles for 1,2-migratory insertion and transmetalation in Ni(0)-catalyzed conjunctive cross-coupling with aryl 
iodides and organozinc reagents. The energies are in kcal/mol and represent the relative free energies calculated at the M06/6-311+G(d) 
level in dioxane solvent. (b). Optimized geometries of transition states 12-ts and 14-ts. The bond lengths are in angstroms. 

state 14-ts with an activation free energy of 19.7 kcal/mol, which 
is 11.3 kcal/mol higher than that of -arylation. Furthermore, the 

relative free energy of intermediate 13 is 8.6 kcal/mol lower than 
that of intermediate 15. In consideration of both kinetic and ther-
modynamic effects, -arylation is the major pathway for 1,2-olefin 



 

migratory insertion. When intermediate 13 is formed, a rapid 
transmetalation could occur in presence of excess diethylzinc 2 to 

give a more stable Ni(II)–alkyl complex 18 with an activation free 
energy of only 10.4 kcal/mol. 

 

Figure 4. a. Free-energy profiles for direct and Zn-assisted reductive elimination steps in Ni(0)-catalyzed conjunctive cross-coupling with 
aryl iodides and organozinc regents. b. Transition states and optimized geometries for other possible reductive elimination pathways (see 
supporting information for details). The energies are in kcal/mol and represent the relative free energies calculated at the M06/6-311+G(d) 
level in dioxane solvent. The bond lengths are in angstroms. 

Reductive elimination. Next, we calculated the free energy pro-
files for possible reaction pathways for the reductive elimination 
step. According to previous theoretical and experimental studies, 
direct reductive elimination is usually considered to occur in 
Ni(0)-catalyzed cross-coupling reactions for the formation of 
C(sp2)–C(sp2) or C(sp2)-X (X =O, N, S) bonds.9 Thus, we initially 
calculated the free energy profile for direct reductive elimination 
pathway A (green lines in Figure 4a). In this pathway, reductive 
elimination from Ni(II) intermediate 18 proceeds via a three-
membered-ring transition state 19-ts to give Ni(0)-imine interme-
diate 20. Surprisingly, the calculated activation free energy for the 
reductive elimination of two sp3 carbogenic groups is up to 40.2 
kcal/mol, which indicates that the direct reductive elimination is 
difficult to achieve under the reported reaction conditions (50 °C, 
12 h). Assuming that intermediate 20 is indeed generated through 
this step, 20 would subsequently undergo ligand exchange with 
free COD and Zn-bound alkene substrate (intermediate 5) to re-
generate catalytic species 7 with concomitant release the product 
as its Zn salt (intermediate 21). Finally, the desired product is 
formed by hydrolysis during work-up. Due to the high activation 
free energy of direct reductive elimination, pathway A can be 
excluded. Previous studies indicated that Zn complexes can serve 
as Z-type ligands for coordination to Pd, Pt, Ru and Ir. Martin’s 
work has provided evidence for a Ni–Zn interaction during Ni-
catalyzed C–O cross-coupling.39 It is noteworthy that the Z-type 
ligand often acts as -acceptor, which is distinct from the -

donative AQ ligand. Therefore, we hypothesized that Zn may 
promote reductive elimination when it coordinates to Ni through 
dative bonding as a Z-type ligand. Following this idea, an intra-
molecular Zn-shift could occur via transition state 22-ts resulting 
in the formation of a Ni–Zn Z-type dative bond in intermediate 23. 
The energy barrier for this step is only 6.3 kcal/mol. Two possible 
reductive elimination pathways, B and C (brown and black lines, 
respectively, in Figure 4a), were considered for the following 
steps. In Zn-assisted reductive elimination pathway B, we found 
that the Z-type, datively bound organozinc ligand in intermediate 
23 can insert into Ni–N bond via isomerization transition state 24-
ts with a free energy barrier of 7.8 kcal/mol. The generation of 
intermediate 25 with a N–Ni–Zn three-membered-ring is ender-
gonic by 6.4 kcal/mol. Zn-assisted C(sp3)–C(sp3) reductive elimi-
nation then occurs via transition state 26-ts to form Zn–Ni(0) 
intermediate 28. The overall activation free energy for Zn-assisted 
reductive elimination in path B is 29.1 kcal/mol, which is 11.1 
kcal/mol lower than that of the reductive elimination in path A. 
Alternatively, in concerted Zn-Assisted reductive elimination path 
C, the calculated activation free energy for this type Zn-assisted 
reductive elimination via transition state 27-ts is 30.1 kcal/mol, 
which is 1.1 kcal/mol higher than that of path B. The generated 
unstable intermediate 28 could undergo ligand exchange with 
COD and preorganized intermediate 5 to regenerate active species 
7 with concomitant release of the product, as its Zn-amino salt 29. 
Finally, the desired product can be achieved by  
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Figure 5. (a). Optimized geometry information, including bond lengths (Å) and Mayer bond orders for intermediate 18 and 25; (b). Calcu-
lated Hirshfeld charge analysis; (c). Laplacian of electron density of Intermediate 18 and 25; (d). Three-dimensional structures and in-plane 
structures for IRI analysis of intermediates 18 and 25. 



 

hydrolysis during work-up. Furthermore, we have also calculated 
other potential reductive elimination pathways (Figure 4b and 
Figure S2, see supporting information for details), including -
ligand assisted reductive elimination (path D), inner-sphere nu-
cleophilic substitution-typereductive elimination (path E) and 
diethylzinc-assisted reductive elimination (path F). Moreover, the 
Ni-I-Zn assisted reductive elimination are also considered (Figure 
S8, see supporting information for details). The calculated activa-
tion free energies for those possibilities, however, are higher than 
that of Zn-assisted reductive elimination via transition state 26-ts. 
The computational results are consistent with Zn-assisted reduc-
tive elimination path B as the most favorable pathway and further 
indicate that reductive elimination is the turnover-limiting step of 
the overall catalytic cycle. Moreover, other organozinc reagents, 
such as EtZnI, were also considered in reductive elimination (Fig-
ure S10, see supporting information for details). The calculated 
result demonstrate the competence of alkylzinc halide salts in the 
conjunctive cross-coupling, consistent with the published experi-
mental results.  

According to the computational results above, a reasonable re-
action pathway for Ni(0)-catalyzed conjunctive cross-coupling 
with aryl iodides and organozinc regents can be proposed. The 
coordination and deprotonation of reacting alkene 1 with diethyl-
zinc 2 followed by ligand exchange with Ni(cod)2 6 generates 
Ni(0)-imine intermediate 7, which is the active species in the cata-
lytic cycle. Oxidative addition with iodobenzene 8 generates Ni(II) 
iodide intermediate 11, which undergoes intramolecular olefin 
insertion to give -arylated intermediate 13. The followed 

transmetalation with excess diethylzinc 2 then forms Ni(II)–alkyl 
intermediate 18, which undergoes a Zn-shift to afford intermedi-
ate 23 containing a  Z-type Ni–Zn dative bond. Zn inserts into the 
Ni–N bond, which results in another Z-type complex 25 with a N–
Ni–Zn three-membered-ring. In this intermediate, the Zn and Ni 
atoms are co-localized by coordination to the two nitrogen atoms 
of AQ, leading to a spatially and conformationally restricted co-
ordination environment. Then a newly proposed Zn-assisted re-
ductive elimination forms the new C(sp3)–C(sp3) bond, which 
may be important to consider in other Ni-catalyzed cross-coupling 
reactions involving organozinc reagents. Active catalyst 7, can be 
regenerated by ligand exchange with release of Zn salt of the 
product, intermediate 29, which can be further transformed to 
protonated form of the product by hydrolysis. Zn-assisted reduc-
tive C(sp3)–C(sp3) elimination is determined to be the rate-
determining step of the whole catalytic cycle. The computational 
results demonstrate that organozinc regent is not only used as 
Brønsted base and transmetalation regent, but also can be regard-
ed as a Z-type ligand that accelerates reductive elimination. These 
results explain why C(sp3)–C(sp3) bond formation can be effi-
ciently achieved in this type reaction under such mild reaction 
conditions.  

Comprehensive analysis of Zn-assisted reductive elimination 
Based on the mechanistic studies, we wondered what factors are 
important to Zn-assisted C(sp3)–C(sp3) reductive elimination in 
Ni(0)-catalyzed conjunctive cross-coupling. Moreover, we also 
sought to clarify how the Z-type metalloligand accelerates the 
reductive elimination step in this type of reaction.  

 
Figure 6. (a). Optimized geometry information, including bond lengths (Å), Hirshfeld charge and Mayer bond orders for transition state 
19-ts; (b). Optimized geometry information, Hirshfeld charge and Mayer bond orders for transition state 26-ts; (c). Laplacian of electron 
density of transition state 19-ts; (d). Laplacian of electron density for transition state 26-ts, values of Laplacian of electron densities (∇2

ρ) 
in 10-1 atomic units; (e). Three-dimensional structures for IRI analysis of transition state 19-ts; (f). Three-dimensional structures for IRI 
analysis of transition state 26-ts. 

To shed light on these interrelated issues, initially we per-
formed a comprehensive analysis that included consideration of 
the structural (Figure 5a) and electronic properties (Figure 5b), the 

Laplacian of electron density (Figure 5c) and IRI analysis (Figure 
5d) of pre-reductive elimination intermediates 18 and 25. As 
shown in Figure 4a, the calculated Mayer bond orders of Ni–N1 
and Ni–N2 in intermediate 18 are 0.38 and 0.39, with bond 



 

lengths of 1.97 and 2.00 Å, respectively. In contrast, the calculat-
ed Mayer bond orders of Ni–N1, Ni–Zn, Zn–N1 and Zn–N2 in 
intermediate 25 are 0.36, 0.23, 0.35 and 0.35, respectively. The 
bond lengths of Ni–N1, Ni–Zn, Zn–N1, and Zn–N2 in this inter-
mediate are 2.06, 2.54, 2.10, and 2.14 Å, respectively. These re-
sults reveal that the AQ ligand coordinates to Zn directly in com-
plex 25. Meanwhile, Z-type coordination of the Zn-
metalloligand to Ni results in an observable interaction between 
Ni and Zn. The electronic analysis (Figure 5b) reveals that the 
electron density on the Ni atom is significantly decreased by the 
Z-type coordination of Zn in complex 25, while the electron den-
sity on the Zn atom is slightly changed. This result shows that the 
Zn-metalloligand is accessible to decrease the electron density on 
Ni atom in reacting center, which would promote the reductive 
elimination to yield a Ni(0) species. Moreover, both of the calcu-
lated oxidation states for Ni and Zn in intermediate 25 are +2, 
which further indicates a coordination interaction between Zn and 
Ni without an associated redox event. The Laplacians of electron 
density in the planes defined by N1, N2, and Ni of intermediate 
18 and by N1, Zn, and Ni of intermediate 25 were plotted using 
AIM theory (Figure 5c). In 18, the bond critical point (BCP) was 
identified in the N1–Ni and N2–Ni bonds. Alternatively, in 25, 
two BCPs were detected between the N1–Zn and N2–Zn bonds, 
whereas no BCP was identified in the Ni–Zn bond. These results 
reveal a series of weak interactions in 25. The IRI analysis (Figure 
5d) also indicated that the Ni–N1 and Ni–N2 interactions in 18 
were strongly attractive (dark blue area), analogous to coordina-
tion interactions. Meanwhile, the Ni–N1 and Zn–Ni interactions 
were strongly attractive (dark blue area) in intermediate 25, which 
indicates bonding interaction of Zn–Ni. All of these analyses 
strongly support a Z-type coordination of Zn to Ni, which leads 
to a decrease in the electron density of the reacting Ni center.  

To further understand the differences between direct and Zn-
assisted reductive elimination, we then compared the geometries, 
electronic parameters, Mayer bond orders, Laplacians of electron 
density. and IRI analyses of the two key reductive elimination 
transition states. 19-ts and 27-ts. As shown in Figure 6a, in the 
geometry of transition state 19-ts the bond lengths of the N1–Ni 
and N2–Ni are 2.53 and 1.91 Å, respectively. In contrast, those 
bond lengths in intermediate 18 (Figure 5a) are 1.97 and 2.00 Å, 
respectively. These results indicate that -donation from N1 of 
the directing group AQ is partially weakened during the direct 
reductive elimination, leading to a higher energy barrier for this 
step. 

On the other hand, in Figure 6b, the lengths of the N1–Ni, N2–
Zn, and Ni–Zn bonds in transition state 26-ts are 1.94, 2.13 and 
2.43 Å, respectively. In contrast, those bond lengths in intermedi-
ate 26 (Figure 5a) are 2.06, 2.10, and 2.54 Å, respectively. The 
bond lengths of the N1–Ni and Ni–Zn bonds in 26-ts are signifi-
cantly reduced. Meanwhile, the calculated Mayer bond orders of 
the N1–Ni and Ni–Zn bonds in 26-ts are 0.47 and 0.35, which are 
obviously higher than those of 25. The calculated results indicate 
that the Z-type metalloligand dative bond with Ni is strength-
ened during reductive elimination, which is distinct from the 
-donating ligand AQ. The stronger Ni–Zn bond in transition 
state 26-ts indicates that this dative interaction stabilizes this tran-
sition state, which results in a lower activation free energy.  

In both cases, with and without the involvement of Z-type Zn-
metalloligand, the electronic analysis reveals that the electron 
density on the Ni atom is significantly increased when reductive 
elimination takes place due to the electron transfer that is associ-
ated with formal reduction of Ni. The effect of the Zn ligand on 
electron density is substantial, as the Hirshfeld charge value of Ni 
is 0.280 in intermediate 25 in the presence of Z-type Zn-
metalloligand, compared with -0.110 in 18 without Z-type dative 
Zn. These results indicate that the Z-type Zn-metalloligand is 

beneficial for promoting the electron transfer from alkyl moie-
ty to Ni atom resulting in acceleration of reductive elimination. 
The Laplacians of the electron density in the planes defined by C1, 
C2, and Ni of transition states 19-ts and 26-ts are shown in Fig-
ures 6c and 6d. The electron density around C1 is significantly 
polarized toward the C2 center in transition state 26-ts compared 
with that in transition state 19-ts. This difference indicates that 
there is a stronger mutual attraction between C1 and C2 in 26-ts 
than that in 19-ts. Furthermore, in 26-ts, the BCP was detected 
between the Ni–Zn bond with a ∇2ρ value of 0.54, which stands in 
contrast to intermediate 25 in which no BCP was identified in Ni–
Zn bond (Figure 5c). This also reveals a strengthened Ni–Zn 
interaction in 26-ts that promotes reductive elimination. The IRI 
analysis (Figure 6e) also reveals that the Ni–N1 interaction in 
transition state 19-ts is weakly attractive (pale blue area). Mean-
while, the Ni–Zn interaction is strongly attractive (dark blue area 
in Figure 6f) in transition state 26-ts, which can be confirmed by 
the Laplacians of the electron density in transition states 19-ts and 
26-ts. It also supports the notion that the N1–Ni coordination 
bond is gradually weaken during direct reductive elimination, 
while the Ni–Zn bond remains strong during this step. Therefore, 
the electron density of nickel is dispersed by zinc, resulting in 
facile reductive elimination in transition state 26-ts. 

According to the abovementioned analysis on intermediates 18 
and 25 and transition states 19-ts and 26-ts in both direct and Zn-
assisted reductive elimination, an observable Ni–Zn interaction is 
determined to exist in the Zn-assisted reductive elimination step. 
Unlike the -donative coordination of AQ, the Z-type dative 
bonding between Zn and Ni diminishes the electron density on Ni 
atom, which promotes reductive elimination. It is noteworthy that 
the -donating ligand AQ partially dissociates during direct re-
ductive elimination. In contrast, the Z-type Zn-metalloligand 
dative bonding with Ni strengthens during reductive elimina-
tion in the Zn-assisted pathway that accelerates this step. 

Verifying the Zn-assisted reductive elimination in Ni(0)-
catalyzed conjunctive cross-coupling with alkyl iodide and 
organozinc regents. The above theoretical investigation has led 
to a revised mechanism for C(sp3)–C(sp3) reductive elimination of 
Ni(II) species facilitated Z-type dative Zn coordination. To test 
the generality of this model in Ni(0)-catalyzed cross-coupling, we 
carried out a mechanistic study of reductive elimination in another 
Ni(0)-catalyzed conjunctive cross-coupling with alkyl iodides and 
organozinc reagents, which was recently reported by the Giri 
group.25 As shown in Figure 7a, (dioxanylethyl)zinc bromide is 
used as nucleophile for the construction of a new C(sp3)–C(sp3) 
bond in the absence of ligand, base, oxidant, or other additives. In 
Figure 7b, both of the direct reductive elimination (Path A, green 
pathway) and the revised Zn-assisted assisted reductive elimina-
tion (Path B, black pathway) were considered in this work. When 
Ni(II)–dialkyl intermediate 33 is formed, Zn(II) species can coor-
dinate through a Z-type dative bond resulting in complex 37, 
which is exergonic by 2.3 kcal/mol. Interestingly, the overall acti-
vation free energy of direct reductive elimination is up to 24.3 
kcal/mol via transition state 34-ts even using  π-accepted alkene 
ligand COD, which is invoked to be beneficial for reductive elim-
ination in previous theoretical studies.58 Alternatively, the activa-
tion free energy of Zn-assisted reductive elimination via transition 
state 38-ts dips to 15.9 kcal/mol, which is 8.4 kcal/mol lower than 
that of the direct process via transition state 34-ts. Geometric 
information of intermediate 37 and transition state 38-ts are given 
in Figure 7c. The Ni–Zn bond lengths of 37 and 38-ts are 2.58 and 
2.63 Å, respectively, which also indicates a Ni–Zn interaction that 
assists reductive elimination. Therefore, Zn-assisted reductive 
elimination is more favorable than direct reductive elimination in 
this second case study involving Ni(0)-catalyzed conjunctive 
cross-coupling with alkyl iodides and organozinc reagents. This 



 

result further supports our hypothesis that organozinc reagents can 
play a more complex role than previously appreciated as Z-type 
ligands that accelerate reductive elimination in Ni(0)-catalyzed 
cross-coupling reactions. 

 

Figure 7. (a). Model reaction; (b). Calculations for direct and Zn-
assisted reductive elimination in Ni(0)-catalyzed conjunctive 
cross-coupling with alkyl iodides and organozinc reagents. The 
energies are in kcal/mol and represent the relative free energies 
calculated at the M06/6-311+G(d) level in toluene solvent. (c). 
Optimized geometries of 37 and 38-ts. The bond lengths are in 
angstroms. 

CONCLUSIONS  

In this work, a revised mechanism for reductive elimination in 
Ni(0)-catalyzed conjunctive cross-couplings with organohalides 
and organozinc reagents is proposed, in which Zn plays a previ-
ously unappreciated role as a Z-type ligand.  Distinct from typi-
cally invoked a direct reductive elimination mechaniss, the dial-
kylnickel(II) intermediate that precedes reductive elimination 
undergoes an intramolecular Zn-shift and insertion to give a Z-
type Ni–Zn complex, from which Zn-assisted reductive elimina-
tion forms the new C(sp3)–C(sp3) bond. Zn-assisted reductive 
elimination was determined to be the turnover-limiting step in this 
reaction, and the calculated overall activation free energy is much 
lower than that of the direct reductive elimination. The Mayer 
bond orders, Laplacians of electron density and IRI analysis re-
vealed an observable Ni–Zn interaction during Zn-assisted reduc-
tive elimination; Hirshfield charge analysis revealed that the Z-
type dative bond between Zn and Ni significantly reduces the 

electron density on Ni atom which promotes reductive elimination. 
These findings proved to be general across two different Ni(0)-
catalyzed conjunctive cross-couplings with both aryl and benzyl 
coupling partners involving different families of alkene substrates 
with distinct directing groups. The calculated results presented 
herein contribute to a better understanding of the role for or-
ganozinc regents in Ni-mediated C(sp3)–C(sp3) bond formation 
beyond previously appreciated roles as Brønsted base, transmeta-
lation partner, or Lewis acid. Future efforts will focus on gather-
ing additional experimental evidence to probe the involvement of 
Ni–Zn bonding in various catalytic reactions and exploiting these 
interactions in novel reaction design. We anticipate that this theo-
retical framework will be practically valuable in guiding further 
experimental investigations.  
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