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e unique reactivity patterns of
nickel/JoSPOphos manifold in the nickel-catalyzed
enantioselective C–H cyclization of imidazoles†

Jian-Biao Liu, *a Xin Wang,a Antonis M. Messinis, b Xiao-Jun Liu, a

Rositha Kuniyil,b De-Zhan Chen *a and Lutz Ackermann *b

The 3d transitionmetal-catalyzed enantioselective C–H functionalization provides a sustainable strategy for

the construction of chiral molecules. A better understanding of the catalytic nature of the reactions and the

factors controlling the enantioselectivity is important for rational design of more efficient systems. Herein,

the mechanisms of Ni-catalyzed enantioselective C–H cyclization of imidazoles are investigated by density

functional theory (DFT) calculations. Both the p-allyl nickel(II)-promoted s-complex-assisted metathesis

(s-CAM) and the nickel(0)-catalyzed oxidative addition (OA) mechanisms are disfavored. In addition to

the typically proposed ligand-to-ligand hydrogen transfer (LLHT) mechanism, the reaction can also

proceed via an unconventional s-CAM mechanism that involves hydrogen transfer from the JoSPOphos

ligand to the alkene through P–H oxidative addition/migratory insertion, C(sp2)–H activation via s-CAM,

and C–C reductive elimination. Importantly, computational results based on this new mechanism can

indeed reproduce the experimentally observed enantioselectivities. Further, the catalytic activity of the

p-allyl nickel(II) complex can be rationalized by the regeneration of the active nickel(0) catalyst via

a stepwise hydrogen transfer, which was confirmed by experimental studies. The calculations reveal

several significant roles of the secondary phosphine oxide (SPO) unit in JoSPOphos during the reaction.

The improved mechanistic understanding will enable design of novel enantioselective C–H

transformations.
Introduction

The selective C–H functionalization has emerged as one of the
most practical and powerful tools in molecular syntheses.1

Although major progress has been realized using the second
and third row transition metals, recent developments have
enabled many promising transformations that employ earth-
abundant and less toxic 3d metals.2 In this context, nickel
catalysts exhibit several unique properties3 and have served as
an efficient alternative approach in a wide range of catalytic
processes in the past few years.2b However, despite nickel being
widely applied in numerous reactions, Ni-catalyzed enantiose-
lective C–H activations have been rarely reported.4 The reactivity
of nickel catalysts is highly sensitive to the substrates and
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ligands in most cases, resulting in narrow substrate scope and
limited choices of viable chiral ligands.

Imidazole derivatives are among the most signicant
heterocyclic structural moieties present in a broad variety of
biologically active compounds.5 The construction and modi-
cation of imidazole derivatives, especially synthesis of imid-
azole compounds bearing stereocenters, are consequently of
great interest and importance. In 2018, Ye and coworkers re-
ported the enantioselective C–H cyclization of imidazoles with
alkenes employing the Ni–Al bimetallic catalysis (Scheme 1a).6 A
screening of a variety of chiral ligands indicated that the bis(t-
butyl)phenyl-containing TADDOL-derived secondary phosphine
oxide (SPO) ligand TADDOL–SPO was the optimal one. The
TADDOL–SPO ligand enables the synthesis of polycyclic imid-
azoles with exclusive exo-selectivity and high enantiomeric
excesses. In a very recent example, we reported a complemen-
tary approach that enables endo-selective hydroarylation of
unactivated alkenes in the absence of organoaluminum
reagents (Scheme 1b).7 Essential to the success of this reaction
is the use of bidentate JoSPOphos ligand (L), whose applications
were previously restricted to rhodium(I)-catalyzed hydro-
functionalizations.8 This simple catalytic system allows the
synthesis of imidazole products containing chiral six-
membered ring with high enantioselectivities.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Ni-catalyzed intramolecular enantioselective C–H cycli-
zation of imidazoles.

Scheme 2 The plausible mechanisms of the Ni-catalyzed C(sp2)–H
activation of 1a and mechanistic studies in this work.
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Understanding the detailed mechanisms of Ni-catalyzed
C–H functionalizations could guide the design of catalysts
and the control of selectivity. However, the existing ligand
exchanges and the potential of off-cycle intermediates lead to
considerable complexities. To provide insights into the mech-
anism of the reaction in Scheme 1b, a well-dened h3–p-allyl
nickel(II) complex 3was isolated and tested for catalytic activity.7

This stable p-allyl nickel(II) complex was generated from pre-
catalyst Ni(cod)2 (cod ¼ 1,5-cyclooctadiene) and JoSPOphos via
classical Ni-mediated chain-walking mechanism.9 Interestingly,
complex 3 was found to be catalytically active in the enantio-
selective intramolecular alkylation of N-allylic benzimidazole
1a. Previous reports by Zimmerman and Montgomery have
shown that the p-allyl complex is actually an off-cycle inter-
mediate and its formation can drastically inhibit catalysis in the
N-heterocyclic carbene–nickel-catalyzed hydroarylation.10 The
experimentally observed reactivity of the p-allyl nickel(II)
complex reported by us remains elusive.

Although the mechanism and selectivity of transition-metal-
catalyzed hydroarylation of alkenes has been reported by several
computational studies,11 the precise mode of C(sp2)–H activa-
tion12 and the origins of enantioselectivity remain unclear for
the nickel/JoSPOphos system (Scheme 2). Herein, we report
a detailed mechanistic study on the titled reaction by means of
density functional theory (DFT) calculations. Our calculations
show that both the nickel(II)-promoted s-complex-assisted
metathesis (s-CAM)13 and the nickel(0)-catalyzed oxidative
addition (OA) mechanisms are disfavored. Besides the common
nickel(0)-catalyzed ligand-to-ligand hydrogen transfer (LLHT)
mechanism,14 an unconventional nickel(0)-catalyzed s-CAM
mechanism is found to be also viable. The experimentally
observed catalytic activity of p-allyl nickel(II) complex 3 can be
© 2021 The Author(s). Published by the Royal Society of Chemistry
rationalized by the regeneration of the nickel(0) complex via
a stepwise hydrogen transfer from cod-derived p-allyl ligand to
JoSPOphos, which subsequently promotes the nickel(0)/nick-
el(II) catalytic cycle. This newmechanistic scenario provides new
insights into the unique reactivity patterns of the nickel/
JoSPOphos catalytic system and new guidelines for future
design of other asymmetric C–H transformation.

Computational details

Geometry optimizations were performed in solvent (toluene) at
the B3LYP15-D3(BJ)16/6-31G(d,p)/LANL2DZ(Ni)17 level of theory
with the corresponding effective core potential (ECP) on Ni.
This computational method has been successfully applied to
investigate various Ni-catalyzed C–H functionalizations.18

Frequency calculations were performed at the same theoretical
level to verify the nature of the stationary points and to obtain
the thermal Gibbs free energy corrections at 368.15 K. A
correction to the harmonic oscillator approximation, as
proposed by Grimme,19 was applied during the entropy calcu-
lations with a frequency cut-off of 50 cm�1. Considering the
entropy in the solution phase is inadequately described due to
the suppression of translational entropy upon moving from the
gas phase to the solvent, the translational entropy in solution
was estimated by the method of Whitesides.20 All the entropy
corrections were nished by using the Goodvibes program.21

Intrinsic reaction coordinate (IRC) calculations were carried out
to conrm that each transition state connected the corre-
sponding reactant and product. To obtain more accurate elec-
tronic energies, single point calculations at B3LYP-D3(BJ)/def2-
TZVP22 were carried out in the solvent. The continuum solvation
model SMD23 was utilized to consider the bulk solvent effects.
The correction caused by the different standard states in the gas
phase and in solution was added to the free energies of all
species.

All the DFT calculations were conducted with the Gaussian
09 soware.24 The natural population analysis (NPA) and
localized orbital locator (LOL) analysis were performed by
GenNBO 5.0 (ref. 25) and Multiwfn 3.6 (ref. 26) respectively,
using the wavefunction obtained from B3LYP-D3(BJ)/6-
Chem. Sci., 2021, 12, 718–729 | 719
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Scheme 3 The four possible mechanisms of the Ni-catalyzed enantioselective C–H cyclization of imidazoles.
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31G(d,p)/LANL2DZ(Ni) level. The 3D diagrams of molecules
were prepared by CYLview.27

Results and discussion
The four possible catalytic cycles

On the basis of previous investigations7,11 and our calculations,
there are four plausible mechanisms of the Ni-catalyzed enan-
tioselective C–H cyclization of imidazoles. As shown in Scheme
3, the s-CAM mechanism, starting from the p-allyl nickel(II)
complex 3, involves C(sp2)–H cleavage via s-complex-assisted
metathesis, migratory insertion and the second s-complex-
assisted metathesis. The OA mechanism starts from the
nickel(0) complex 4 and proceeds via C(sp2)–H oxidative addi-
tion, migratory insertion and C–C reductive elimination to
afford the nal product and regenerate the active nickel(0)
catalyst. The LLHT mechanism consists of C(sp2)–H activation
via direct ligand-to-ligand hydrogen transfer from the imidazole
to the alkene and the subsequent reductive elimination. This
LLHTmechanism, originally proposed by Eisenstein and Perutz
720 | Chem. Sci., 2021, 12, 718–729
for hydrouoroarylation of alkynes with Ni catalysts,14 is the
more commonly proposed mechanism for Ni-catalyzed hydro-
arylation. Another unconventional s-CAM mechanism,
involving stepwise hydrogen transfer from JoSPOphos ligand to
the alkene via P–H oxidative addition/migratory insertion,
C(sp2)–H activation via s-complex-assisted metathesis and
reductive elimination, is proposed in this work.
Nickel(II)-catalyzed s-CAM mechanism

We rst investigated a catalytic cycle initiated by the p-allyl
nickel(II) complex 3. The free energy prole for the nickel(II)-
promoted hydroarylation is depicted in Fig. 1. All energies are
presented with respect to complex 4, which is formed by ligand
exchange of the precatalyst Ni(cod)2 with L. In complex 4, the
bidentantate JoSPOphos ligand coordinates with the metal via
the lone pair of the P(III) atom and the P(V)–H bond respectively.
This complex is 3.1 kcal mol�1 more stable than the corre-
sponding O-coordinated analog (see Scheme S1 and Table S1 in
the ESI† for more details). We also considered the tautomeric
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Free energy profile for nickel(II)-promoted hydroarylation via the s-CAM mechanism.

Fig. 2 Optimized structure of 4 with selected bond distances in Å and

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

7:
02

:4
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
equilibrium between the pentavalent phosphine oxide and the
trivalent phosphinous acid.28 However, the tautomeric conver-
sion is kinetically unfavorable for the JoSPOphos ligand (see
Scheme S1 and Fig. S1 in the ESI†). For complex 4, the P–H bond
becomes slightly longer by 0.04 Å aer the formation of the
agostic interaction. The agostic interaction between P–H with
nickel(0) is further conrmed by Bader's atoms in molecules
(AIM) analysis,29 which shows there exists a bond critical point
between Ni and H atoms (Fig. 2). To the best of our knowledge,
this kind of binding mode of JoSPOphos ligand has not been
explored previously.

Complex 4 then undergoes facile P–H oxidative addition
along with migratory insertion to form a nickel(II) intermediate,
from which the traditional chain walking involving consecutive
b-hydride elimination/migratory insertion occurs to yield the p-
allyl nickel(II) complex 3 (Fig. S2 and S3 in the ESI†). As
compared to the precatalyst Ni(cod)2, complex 3 is
25.2 kcal mol�1 more stable, explaining why it can thus be
isolated in the experiment.7

From complex 3, coordination of the substrate 1a via N atom
forms the four-coordinate complex 5. The subsequent s-
complex-assisted metathesis step with p-allyl as the base (TS1;
see Fig. 3 for the optimized structure) requires 31.8 kcal mol�1,
relative to 3. In the resulting deprotonated intermediate 6, the
© 2021 The Author(s). Published by the Royal Society of Chemistry
olen moiety of the substrate is coordinated with the metal
center to get prepared for the following cyclization. The olen
migratory insertion into the newly formed Ni–C bond takes
place via four-membered transition state TS2, with a much
higher barrier relative to 3.

To complete the catalytic cycle, protonation is required for
the cyclized intermediate 7 to liberate the nal product. The
corresponding C(sp3)–H bond cleavage occurs via s-CAM
corresponding AIM analysis.

Chem. Sci., 2021, 12, 718–729 | 721
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Fig. 3 Optimized structures of transition states TS1, TS2 and TS3 with selected bond distances in Å.
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transition state TS3, in which the proton is transferred from
cyclooctene (COE) to the cyclized moiety. However, the s-CAM
process is highly disfavored due to the signicantly higher
barrier (TS3, DG‡ ¼ 46.9 kcal mol�1 relative to 3). We also
considered the proton abstraction from an additional substrate
1a, but the corresponding transition state is even higher in
energy (see TS30 in Fig. S4†). Overall, our calculations highlight
that, while the step of s-CAM C(sp2)–H activation is operative,
this reaction pathway is kinetically unfavorable due to the
considerably higher barrier of the succeeding steps, especially
the second s-CAM. The experimentally observed catalytic
activity of nickel(II) complex 3 will be discussed later.
Nickel(0)-catalyzed OA mechanism

From complex 4, the substrate-ligand exchange with 1a can
form several different substrate-coordinated complexes via
either N- or alkene-coordination. As shown in Fig. 4, for the
mono-imidazole complexes, the formations of h2-alkene coor-
dination complex c1 and the N-coordinate complex c2 from 4
Fig. 4 The possible ligand-substrate exchanges and representative
substrate-coordinated complexes with energies in kcal mol�1.

722 | Chem. Sci., 2021, 12, 718–729
are endergonic by 2.3 and 7.2 kcal mol�1, respectively. Further
coordination of the substrates results in various bisligated
complexes, among which the Y-shape complex c3 is the most
energetically favorable one. All the possible substrate-
coordinated complexes are compared in Fig. S7 and Table S2
in the ESI.†

In the OA mechanism, dissociation of one substrate from
catalyst c3 occurs rst to generate intermediate 8, which is
endergonic by 17.7 kcal mol�1 (Fig. 5). The C(sp2)–H oxidative
addition then occurs via a three-membered transition state TS4,
which requires a relatively higher barrier of 33.1 kcal mol�1.
Subsequently, the resulting nickel hydride 9 undergoes
consecutive isomerization to generate the h2-alkene coordina-
tion complex 11. This complex (11) undergoes migratory
insertion via TS5 to form the nickelacycle intermediate 12. The
migratory insertion might also occur with intermediate 10, but
this alternative reaction pathway (TS50 in Fig. S8†) is less
favorable as compared to TS5, probably due to the absence of
agostic interaction. Intermediate 12 subsequently undergoes
C–C reductive elimination via TS6 to afford the product-
coordinated complex 13. Product liberation of complex 13
releases the endo-product and regenerates the active catalyst c3.
In the OA mechanism, the migratory insertion requires an
activation free energy of 36.7 kcal mol�1 with respect to c3,
which indicates this mechanism is infeasible under the exper-
imental conditions.
Nickel(0)-catalyzed LLHT mechanism

In the LLHT mechanism, the formation of the alkene-
coordinated complex c7 from c3 is 14.7 kcal mol�1 ender-
gonic (Fig. 6). In the three-coordinate complex c7, the C(sp2)–H
bond becomes closer to the metal center and the agostic
interaction between P–Hwith nickel(0) cannot be formed due to
the steric repulsions between SPO and the benzoimidazolyl
moiety in the substrate. Complex c7 then undergoes LLHT via
TS7,30,31 in which the oxidative addition of the C(sp2)–H bond is
coupled with migratory insertion. The preference for LLHT
mechanism for nickel catalyst can be attributed to the relatively
small atomic radius of nickel and weak Ni(II)–H bond. To
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Free energy profile for nickel(0)-promoted hydroarylation via the OA mechanism.

Fig. 6 Free energy profile for nickel(0)-promoted hydroarylation via
the LLHT mechanism.

Fig. 7 Optimized structure of the LLHT transition state TS7 with
selected bond distances in Å, the LOLmap, and the electronic energies
(E) and NPA charges (q) along the intrinsic reaction coordinates.
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further investigate electronic structures of the transition state
TS7, we performed additional NPA and LOL calculations. The
LOL map in Fig. 7 clearly reveals that, although the Ni–H
distance is relatively short at the transition state, the electron is
localized around the migrating hydrogen instead of the middle
regions between Ni and H atoms. The LOL picture is consistent
with the calculated NPA charge of the transferring charge of H;
the charge of H decreases signicantly at the rst-order saddle
© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 718–729 | 723
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Fig. 8 A comparison of the two competing LLHT transition states
TS7and TS70.
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point.32 During the LLHT process, the NPA charge of Ni grad-
ually increases, in agreement with the characteristic of oxidative
addition.

In intermediate 14, there exists a b-agostic interaction
between nickel(II) with the newly formed C(sp3)–H bond. Prior
to the following C–C reductive elimination, cleavage of the b-
agostic interaction is required. From 14 to 15, the agostic
interaction is transferred from C–H bond toward P–H bond,
which is exergonic by 6.5 kcal mol�1. Intermediate 15 then
undergoes irreversible reductive elimination via TS8 to form the
C–C bond, generating the stable product-coordinated complex
16. The reductive elimination barrier is only 1.0 kcal mol�1

higher than that of LLHT (TS8 versus TS7). The rate-determining
reductive elimination step is in good agreement with the
Fig. 9 Free energy profile for nickel(0)-promoted hydroarylation via the

724 | Chem. Sci., 2021, 12, 718–729
experimentally-observed kinetic isotope effect (KIE) of kH/kD z
1.1. Finally, the catalytic cycle was completed by ligand
exchange between complex 16 and the substrate to liberate the
desired product 2a and regenerate c3. Compared to the results
of the OA pathway, the nickel(0)-promoted hydroarylation via
the LLHT mechanism is much more favorable, which is
consistent with previous results reported by Zhang on the Ni0/N-
heterocyclic carbene-catalyzed C–H cyclization of pyridines with
alkenes.11c

The reaction pathways for the formation of the other enan-
tiomer of product are provided in Fig. S9 and S10.† Our calcu-
lations reveal that the LLHT transition state TS70 leading to the
(S)-product is 4.1 kcal mol�1 higher in energy than TS7 leading
to the (R)-product (Fig. 8). Interestingly, in the pathway of the
formation of (S)-product, the reductive elimination (TS80 in
Fig. S9†) becomes more facile and the LLHT is the rate-
determining step. Finally, the overall barrier difference
between the two competing pathways is 3.1 kcal mol�1, which
results in a calculated enantiomeric ratio of 99 : 1 at 95 �C. This
result is consistent with the experimentally observed ratio of
96 : 4.
A new type of s-CAM mechanism

In the new s-CAM mechanism, the s-coordinated complex c1
rst undergoes stepwise hydrogen transfer from the JoSPOphos
to the alkene via the P–H oxidative addition/migratory
s-CAM mechanism.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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insertion, generating the agostic intermediate 18 (Fig. 9). The c1
/ 17/ 18 transformation is very facile, with a fairly low energy
barrier. Interestingly, this process is rather similar to the
migration of hydrogen to a cod ligand during the chain walking
process in Fig. S2,† which indicates that this type of stepwise
hydrogen transfer may be universal in the nickel(0)/JoSPOphos-
catalyzed reactions that involve alkene or alkyne substrates.
Rotation of the newly formed Ni–C bond in 18 results in the
three-coordinate complex 19, which then undergoes s-CAM via
TS11 to generate the nickelacycle intermediate 15. During this
process, the hydrogen transfers from C(sp2)–H to the P(V) atom
of JoSPOphos. Although the behavior of hydrogen transfer in s-
CAM transition state TS11 is similar to that in the LLHT tran-
sition state TS7, the changes in the formal oxidation state of Ni
are obviously different. The metal is oxidized from Ni(0) to Ni(II)
aer the LLHT, while the formal oxidation state of Ni remains
unchanged aer the s-CAM. To further illustrate this differ-
ence, we performed LOL and NPA calculations on TS11. As
shown in Fig. 10, the LOL map clearly demonstrates the char-
acteristic of the forming Ni–C and P–H bonds. In contrast to the
results of LLHT (Fig. 7), the NPA charge of Ni remains almost
constant during the s-CAM, while the charge of the transferring
H gradually decreases along the intrinsic reaction coordinates
and becomes negative in intermediate 15. From intermediate
15, the subsequent elementary steps are the same with those in
the LLHT mechanism. When comparing the two different
modes of C–H activation in Fig. 6 and 9, the energy difference
between the two transition states (TS7 versus TS11) is only
0.4 kcal mol�1, indicating the LLHT mechanism and the new s-
CAM mechanism both being favorable under the experimental
conditions.
Fig. 10 Optimized structure of TS11with selected bond distances in Å,
the LOLmap and the electronic energies (E) and NPA charges (q) along
the intrinsic reaction coordinates.

© 2021 The Author(s). Published by the Royal Society of Chemistry
On the basis of the above results of nickel(0)-catalyzed
hydroarylation via the new s-CAM mechanism, the coordina-
tion of alkene with nickel(0) through the Re- or Si-face and the
subsequent migratory insertion of alkene into the Ni–H bond
lead to the overall enantioselectivity. The insertion by the Re- or
Si-face and the following s-CAM and reductive elimination will
lead to nal (R)- or (S)-product, respectively (Fig. 11a and b). The
free energy prole for the competing pathway that results in the
(S)-product is given in Fig. S11.† Our calculated results reveal
that the stepwise hydrogen transfer during the formation of (S)-
product is also very facile. Finally, the enantiomeric ratio is
determined by the rate-determining reductive elimination. The
reductive elimination transition state TS800 leading to the (S)-
product is 2.3 kcal mol�1 less stable than TS8 leading to the (R)-
product (Fig. 11b). This activation energy difference corre-
sponds to a calculated enantiomeric ratio of 96 : 4 at 95 �C. This
result agrees indeed well with the experimentally observed ratio
of 96 : 4.7

In experiment, introducing different substituents on the two
P atoms of JoSPOphos were found to affect the enantiomeric
ratio, which highlights the importance of the interactions
between the ligand and the substrate. To further understand
the origins of the enantioselectivity, we examined the optimized
structures of the two key reductive elimination transition states
(Fig. 11c). A remarkable structural difference between TS8 and
TS800 represents the orientation of dimethylene group in the
substrates. In TS8, the dimethylene group points away from
JoSPOphos, thus small steric repulsions are expected between
the ligand and the substrate. In contrast, in the unfavorable
TS800, the dimethylene motif points towards the ligand, result-
ing in relatively stronger steric repulsions between methylene
group of the substrate and the bulky phenyl group in the ligand,
as manifested by the shorter H/H distance (2.20 Å). Therefore,
the more signicant ligand-substrate steric repulsions in TS800

contribute to its relatively higher energy, eventually leading to
the observed enantioselectivity.
Overall mechanism of the nickel-catalyzed hydroarylation

Our calculations reveal that themost favorable pathway involves
the nickel(0) catalyst, while the nickel(II)-promoted reaction is
not operative due to the signicantly higher barrier of the last s-
CAM step (Fig. 1). This result prompted us to perform further
experimental mechanistic investigations into the observed
catalytic activity of the p-allyl nickel(II) complex 3. To this end,
careful gas chromatographic GC-FID analysis of the solution
resulting from the stoichiometric reaction between complexes 3
and 1a demonstrated the formation of 1,3-cyclooctadiene (1,3-
cod) at the end of catalysis (Fig. S12†). On the basis of this
experimental observation, a mechanism of the regeneration of
nickel(0) catalyst c3 from nickel(II) complex 3 is proposed and
shown in Fig. 12. The p-allyl nickel(II) complex 3 rst isomerizes
to the unstable agostic intermediate 20 that subsequently
undergoes facile b-hydride elimination/reductive elimination to
form the 1,3-cod-coordinated nickel(0) complex 22. From the
thus-formed complex 22, ligand exchange with the substrate 1a
regenerates the nickel(0) catalyst.
Chem. Sci., 2021, 12, 718–729 | 725
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Fig. 11 (a) Migratory insertion by the Re- or Si-face of the substrate; (b) the two competing reductive elimination transition states; (c) the
optimized structures of TS8 and TS800 with selected bond distances in Å.

Fig. 12 Free energy profile for the regeneration of the nickel(0)
catalyst from 3.
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On the basis of the above mechanistic studies, the overall
mechanism of Ni-catalyzed hydroarylation is summarized in
Scheme 4. From the precatalyst Ni(cod)2, the ligand exchange
generates the agostic complex 4. Further ligand-substrate
exchange delivers the bisligated complex c3. From the catalyst
c3, there exist two favorable mechanistic pathways to generate
the nickelacycle intermediate B. In Path a, intermediate B is
generated by the widely proposed LLHT mechanism. In Path b,
facile P–H oxidative addition and migratory insertion occur to
726 | Chem. Sci., 2021, 12, 718–729
form the agostic nickel(II) intermediate A. Subsequently, a new
type of s-CAM occurs to generate intermediate B. Finally, the
rate-determining C–C reductive elimination proceeds irrevers-
ibly to yield the nal hydroarylation product.

From complex 4, a competing cod-mediated pathway can
occur (Path c), ultimately resulting in the formation of the off-
cycle p-allyl nickel(II) complex 3. The formation of 3 occurs via
traditional chain walking mechanism, and is highly exergonic.
Our calculations reveal that the p-allyl complex 3 is not the
active catalyst. Through a sequential b-hydride elimination/
reductive elimination, the catalyst resting state c3 is regen-
erated to initiate the product-forming pathway. Experimental
mechanistic investigations provide additional support for this
proposed mechanistic rationale. Furthermore, the overall
mechanism indicates that increase in the amount of free cod
ligand will facilitate the formation of off-cycle resting state 3
and impede reactivity of nickel(0) catalyst, which is consistent
with the experimental observation that addition of free cod
resulted in a deceleration of catalysis.

Concerning the reactivity of nickel catalysts, the relatively
lower reduction potential and electronegativity leads to facile
oxidative addition of nickel(0). Our computational results
further disclose several unique reactivity patterns of the
combination of nickel with JoSPOphos during the C–H activa-
tion with hydroarylation of alkenes (Scheme 5). The SPO can
coordinate to nickel via an agostic interaction between P–H
bond and the metal center, which is a somewhat more stable
than the commonly proposed O-coordination. A facile hydrogen
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc04578k


Scheme 4 Overall mechanism of the nickel-catalyzed hydroarylation.

Scheme 5 Summary of the reactivity of nickel/JoSPOphos catalytic
system.
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transfer between the SPO and the alkene through either a two-
step P–H oxidative addition and migratory insertion or
a concerted reverse LLHT (Fig. S5†) is observed for the nickel/
JoSPOphos catalysis manifold. This reactivity mode is largely
due to the relatively weak P–H bond and a facile oxidative
addition at nickel(0). This manifold is expected to be facile for
alkyne substrates likewise. Interestingly, the anion of SPO can
function as a hydrogen acceptor, thus promoting the C(sp2)–H
activation via an unconventional s-CAM mechanism.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Conclusions

In summary, the reaction mechanisms and origins of enantio-
selectivity of Ni-catalyzed intramolecular C–H cyclization of
imidazoles were investigated by using DFT calculations. The
calculations establish that the resting state of the catalyst is the
nickel(0) complex rather than a p-allyl nickel(II) complex. In
addition to the typically accepted LLHT/reductive elimination
pathway, an unexpected nickel(0)/nickel(II) catalytic cycle
comprising P–H oxidative addition, migratory insertion, C(sp2)–
H activation via s-CAM, and C–C reductive elimination is also
favorable. Importantly, our computational results based on this
new type of s-CAM mechanism can reproduce rather well the
experimentally observed enantioselectivity. In this new mecha-
nism, the enantiomeric ratio is ultimately determined by the
rate-determining reductive elimination steps. The different
steric repulsions between methylene of the substrate and the
methyl and phenyl groups of JoSPOphos ligand are responsible
for the selectivity. Our calculations also show that the catalytic
cycle initiated by the p-allyl nickel(II) complex is disfavored. The
nickel(II) complex can be converted into the on-cycle nickel(0)
complex via a sequential b-hydride elimination/reductive elim-
ination, which was conrmed by experimental studies.

The combined computational and experimental results
provide a deeper understanding of the Ni-catalyzed enantiose-
lective C–H cyclization, including the signicant roles of the
SPO unit in JoSPOphos. The SPO facilitates the coordination
with the metal center via agostic interaction and the occurrence
of hydrogen transfer and s-CAM steps over the course of the
reaction. We anticipate that this improved understanding will
help to expand the scope of application of the nickel/JoSPOphos
Chem. Sci., 2021, 12, 718–729 | 727
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manifold, and provide further insights for the development of
novel enantioselective C–H transformations.
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