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Theoretical mechanistic study of metallaphotoredox
catalysis: C–N cross-coupling via Ni(II)-mediated
σ-bond metathesis†

Run-Han Li, a Bo Zhu, a Shuang Wang,a Yun Geng, a Li-Kai Yan, a

Zhong-Min Su, a Li-Shuang Yao,b Rong-Lin Zhong *c and Wei Guan *a,b

The C–N cross-coupling reaction has been achieved by photoredox-mediated iridium/nickel dual cataly-

sis, but its mechanism is still controversial in these reactions. A theoretical mechanistic study of the highly

chemoselective C–N cross-coupling of pyrrolidine with 4-bromobenzotrifluoride has been performed

using density functional theory (DFT) calculations. The oxidation state modulation mechanisms initiated

by reductive quenching and oxidative quenching are unfavourable due to the mismatched redox

potentials and slow electron transfer rates. In contrast, a radical mechanism merging reductive quenching

(IrIII–*IrIII–IrII–IrIII) and nickel catalytic cycles (NiII–NiIII–NiII–NiII) is favourable. It consists of four major

processes: exogenous base triggered successive single electron transfer (SET) and hydrogen atom transfer

(HAT) to generate a nitrogen-centred radical, radical capture by nickel(II) dibromide, SET to regenerate

iridium(III), and the rate-determining σ-bond metathesis to achieve the C–N cross-coupling. Furthermore,

the suppression effect caused by α-substitution of pyrrolidine on the reaction is dominantly attributed to

the steric effect rather than the electronic effect. Unlike the C–N cross-coupling, the concerted σ-bond
metathesis involving nickel(II) is inapplicable for the C–O and C–S cross-couplings due to the high energy

barriers. This study is expected to provide new mechanistic insights into metallaphotoredox-catalysed

C–N cross-coupling.

Introduction

Transition metal-catalysed cross-coupling reactions are cur-
rently important methods for constructing carbon–carbon (C–
C) and carbon–heteroatom (C–X) bonds.1 In particular, the for-
mation of the C–N bond to access arylamines is of great sig-
nificance, because these compounds widely exist in natural
products, drugs, pharmaceuticals, organic materials and so
on.2 At present, copper has been widely utilized in C–N cross-
coupling reactions because of its low cost, but it often requires

high reaction temperatures and high catalyst loading.3 In con-
trast, palladium, as the second most commonly used metal,
can overcome the above disadvantages of copper due to its
generality, practicality and relatively low catalyst loading.4

However, the high cost of palladium is a major drawback. In
this regard, it is quite necessary to develop a more economical
and efficient C–N bond-based synthesis to avoid the problems
in current coupling reactions. It is well known that photo-cata-
lysed reactions have been widely applied in the area of syn-
thetic organic chemistry because many reactions occur under
mild conditions with the assistance of photocatalysts.5

Recently, the formation of C–C and C–X bonds using iridium
or ruthenium polypyridyl complexes6 and organic dyes7 as
photoredox catalysts has been reported. Meanwhile, the intri-
guing synergy of photoredox-mediated bimetallic catalytic
systems has also been widely investigated and rapidly attracted
attention in the organic synthesis fields. Macmillan,
Molander, Yoon and their co-workers have developed various
cross-coupling reactions in these fields by the synergistic strat-
egy of photocatalysts and transition metal catalysts.8

Iridium(III) polypyridyl complexes combining nickel(II)
halides are the most widely used bimetallic synergistic cata-
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lysts. In 2014, Molander and co-workers reported the organo-
boron cross-coupling of benzyltrifluoroborates with aryl
bromides by Ir/Ni dual catalysis under mild conditions.8a They
proposed a single-electron transfer (SET) mechanism, which is
important to activate the organoboron reagents to a higher
reactivity. In addition, Ir/Ni dual catalysis has been employed
for a series of C–C cross-coupling reactions.8b,9 Inspired by
this strategy, MacMillan’s group also developed the C–O cross-
coupling reaction between alcohols and aryl bromides.10

Besides, Johannes’s group developed C–S and C–N cross-coup-
ling reactions with Ir/Ni dual catalysis.11 Recently, a series of
metallaphotoredox-catalysed C–C and C–X couplings have
been studied theoretically.12 However, the mechanism of Ir/Ni
dual catalysis is still intricate and unclear with regard to many
mechanistic subtleties. In general, the proposed mechanisms
of cross-coupling reactions involving photocatalysts can be
divided into oxidation state modulation mechanism and
radical mechanism (Scheme 1).8c In the oxidation state modu-
lation mechanism, a photocatalyst (PC) would be excited by
light to generate *PC, which can directly reduce or oxidise a
transition metal catalyst (TM) to TMred/ox through a SET
process. The active TMred/ox triggers the subsequent cross-
coupling reactions of the substrates (Sub1 and Sub2)
(Scheme 1a). In the radical mechanism, the generated *PC
would activate Sub1 to form the corresponding radical (Sub1•)
and PCred/ox. Then Sub1• is trapped by TMred/ox, which is
reduced or oxidised by PCred/ox through a SET process, to
deliver products (P) and complete the catalytic cycle
(Scheme 1b). In our previous theoretical studies, the oxidation
state modulation mechanism consisting of IrIII–*IrIII–IrIV–IrIII

oxidative quenching and NiII–NiI–NiIII–NiI–NiII catalytic cycles
is favourable for C–O and C–S cross-couplings.12a,b Recently,
MacMillan et al. reported the photoredox-mediated Ir/Ni dual-
catalysed aryl amination reaction of pyrrolidine with 4-bromo-
benzotrifluoride (Scheme 2).13 They proposed a different oxi-

dation state modulation mechanism involving the Ni(0)
complex formed by the reduction of Ni(II) salt by a mild sacrifi-
cial reagent. However, there are many uncertainties about the
species of reductive reagents due to the complexity of the
actual reaction environment. According to Ma and co-workers’
theoretical investigation,14 the photocatalyst and 1,4-diazobicy-
clo[2.2.2] octane (DABCO) play important roles for generating
the active nickel(0) species. The reaction mechanism involving
Ni(0) active species reproduces the experimental proposal.
However, the photoexcited *Ir(III) may be quenched by several
species such as the transition metal catalyst Ni(II) complex,
base DABCO, or even substrate pyrrolidine. The reaction
mechanisms become very complicated when all of these
quenching possibilities for *Ir(III) are considered. It is note-
worthy that an appropriate amount of base is an indispensable
condition in the reaction, which may accelerate hydrogen atom
transfer (HAT) and participate in the formation process of
amino radicals.9a The insertion of amino radicals to ground-
state Ni(II) species is expected to afford Ni(III)-amide com-
plexes, thereby enabling the favourable Ni(III) C–N reductive
elimination. On the other hand, NiII(bpy)Cl2 can completely
quench photoexcited *Ir(III), which is confirmed by our pre-
vious emission quenching experiments.12a Hence, a compre-
hensive study with the consideration of *Ir(III) quenching
mechanisms, role of DABCO, amino radical formation and
subsequent C–N cross-coupling is worthwhile.

In the present work, we aim to reveal the mechanism of the
C–N cross-coupling reaction, to clarify the nickel catalytic
cycles and to understand the role of the base. Meanwhile, we
also want to explore the differences among the C–N with the
C–O and C–S cross-coupling reactions by Ir/Ni dual catalysis. A
radical mechanism consisting of Ir-mediated reductive
quenching, DABCO-mediated HAT and nickel-mediated C–N
bond formation is the most favourable pathway for C–N cross-
coupling, which is different from the C–O and C–S cross-
couplings. These findings provide new perspectives for con-
structing the C–N bond and a comprehensive understanding
of C–N cross-coupling reactions by photoredox-mediated dual
catalysis.

Scheme 1 Photoredox-mediated dual catalytic cycles: (a) oxidation
state modulation mechanism. (b) Radical mechanism.

Scheme 2 Aryl amination by IrIII/NiII metallaphotoredox catalysis.
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Computational models and details
Computational methods

All of the calculations were performed with the (U)M06 func-
tional,15 referring to the benchmark calculations in our pre-
vious studies.12a,b,16 A pruned numerical integration grid
(99 590) was used via the keyword Int = Ultrafine. The 6-31++G
(d,p) basis set was used for H atom involved in the HAT process.
The LanL2DZ basis sets17 were used for the Ni, Ir atoms, while
6-31G(d) basis sets were employed for other main-group atoms.
Frequencies were calculated at the same theoretical level to
verify the stationary points to be equilibria or transition states.
Intrinsic reaction coordinate (IRC) calculations were carried out
to ensure the correct transition states connecting reactants and
products.18 A better basis set system was employed to evaluate
the single-point energy, and combined it with the gas phase
Gibbs free energy corrected by the thermodynamic energy19 to
assess the free energy at 298.15 K and 1 atm in this work. The
SMD solvent model20 with the parameters for N,N-dimethyl-
acetamide (DMA) was used for the solution phase single-point
energy calculations with the SDD basis sets21 for Ni, Ir atoms
and 6-311++G(d, p) basis sets for others. All of the above calcu-
lations were performed with Gaussian 09 program.22 The 3D
molecular structures were printed using CYLview program.23

In order to describe the SET processes, the corresponding
Gibbs activation energy (ΔG°‡) and the electron transfer rate
constant (k) were obtained based on Marcus–Hush theory,24

which can be expressed as:

ΔG°‡ ¼ ðΔGþ λÞ2
4λ

ð1Þ

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4π3

h2λkBT

s
VDAj j2exp �ðΔGþ λÞ2

4λkBT

� �
ð2Þ

where λ is the reorganization energy, ΔG is the Gibbs free
energy change for the electron transfer reaction, kB is the
Boltzmann constant, h is Planck’s constant, VDA is the elec-
tronic coupling (charge-transfer integral) between the donor
and acceptor, and T is the temperature (T = 298.15 K in the
present calculations); see the ESI for details.†

Model reaction

As shown in Scheme 2, the C–N cross-coupling of aryl bromide
and pyrrolidine by IrIII/NiII metallaphotoredox catalysis was
selected as the model reaction.13 In the present calculations,
we adopted pyrrolidine (RNH) and 4-bromobenzotrifluoride
(ArBr) as substrates, NiBr2·glyme as the transition metal cata-
lyst, DABCO as the exogenous base, and IrIII[dF(CF3)
ppy]2(dtbbpy)PF6 (Ir(III)) as the photocatalyst, respectively. The
absorption spectra of photocatalyst Ir(III) were simulated at the
SMD(acetonitrile)/(U)M06/[6-31G(d)/LanL2DZ(Ir)] level (see
Fig. S1, S2 and Table S1†). The experimental redox potentials
of iridium complexes were well reproduced by the present cal-
culations (Table S2†). In addition, the Ni(RNH)2Br2 complex
(RNH as the ligand) was regarded as the active species of the
transition metal catalytic cycle14 and the triplet Ni(RNH)2Br2

(Ni(II)T) is more stable than the singlet (Ni(II)S) by 14.7 kcal
mol−1 (Fig. S3†).

Results and discussion
Oxidation state modulation mechanism initiated by reductive
quenching

Inspired by the experimentally proposed mechanism,13 we first
inspected a dual catalytic cycle merging IrIII–*IrIII–IrII–IrIII and
Ni0–NiII–NiIII–NiI–Ni0, as shown in Fig. 1. The reaction is
initiated by Ni0(RNH)2(ArBr), where two RNH and one ArBr as
ligands simultaneously coordinate with the nickel centre. The
first elementary step is the oxidative addition of the C–Br bond
of ArBr to the nickel(0) centre. The triplet and singlet surfaces
cross in this step because there are similar structures of station-
ary points in both energy surfaces. The spin inversion alters the
favourable reaction pathway through the minimum energy
crossing point (MECP). Although the singlet Ni0(RNH)2(ArBr)
(denoted as Ni(0)S) lies lower than the triplet (denoted as
Ni(0)T) by 13.4 kcal mol−1, the subsequent singlet surface lies
higher than the triplet surface (Fig. S4†). In the favourable
pathway, the C–Br bond is cleaved via the singlet transition
state TSa1 and MECP to afford a triplet nickel(II) aryl bromide
intermediate a2 with a moderate ΔG°‡ value of 10.8 kcal mol−1

and a Gibbs free energy change (ΔG°) of −30.2 kcal mol−1.
Then, the approach of DABCO toward a2 generates a stable
intermediate a3 (ΔG° = −3.7 kcal mol−1), where the H atom
of the RNH ligand of a2 binds with the N atom of DABCO
through near linear N⋯H–N hydrogen-bonding interaction.
Subsequently, a σ-bond metathesis between Ni–Br and H–N
(RNH) bonds occurs via a four-centred (Ni–N–H–Br) transition
state TSa2 to afford a nickel(II) aryl amino intermediate a4. The
ΔG°‡ and ΔG° values of this step are 22.3 and 21.3 kcal mol−1,
respectively. The photoexcited *Ir(III) can then facilitate the oxi-
dation of a4 to deliver the nickel(III) aryl amino bromide inter-
mediate a5 and reduced Ir(II) species. This SET process is exoer-
gic of 34.2 kcal mol−1. The C–N reductive elimination occurs
through the transition state TSa3 to provide the target product P
and a three-coordinate Ni(I) bromide intermediate a6 with a
moderate ΔG°‡ value of 14.5 kcal mol−1 and a large negative
ΔG° value of −32.4 kcal mol−1. Finally, Ni(0)S and Ir(III) are
expected to be regenerated through the second SET process
between Ir(II) and a6. Unlike the first SET, however, the second
SET process is endergonic by 11.6 kcal mol−1. Furthermore,
the calculated redox potentials have also shown that Ir(II)
(E1/2[Ir

III/IrII] = −1.50 V vs. SCE in DMA) is not able to reduce
Ni(I) (E1/2[Ni

I/Ni0] = −1.75 V vs. SCE in DMA) to form the Ni(0)
complex. Thus, the endoergic demand of the second SET and
the mismatched redox potentials may exclude such oxidation
state modulation mechanism initiated by reductive quenching.

Oxidation state modulation mechanism initiated by oxidative
quenching

Inspired by the theoretical mechanistic studies of iridium/
nickel metallaphotoredox-catalysed C–O and C–S cross-coup-
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lings, wherein the catalytic cycles merging IrIII–*IrIII–IrIV–IrIII

and NiII–NiI–NiIII–NiI–NiII were reported,12 we further ques-
tioned whether such oxidation state modulation mechanism
initiated by oxidative quenching is also applicable to the
present C–N cross-coupling. As shown in Fig. 2, the photo-
excited *Ir(III) is oxidatively quenched by Ni(II)T via the SET
process to afford the ground-state Ir(IV) and an active nickel(I)
bromide species b1. This oxidative quenching step is exoergic
of 7.2 kcal mol−1. After hydrogen-bonding interaction of
DABCO with b1, an oxidative addition of the C–Br bond of
ArBr to the nickel(I) centre of b2 occurs via the transition state
TSb1 to afford a nickel(III) aryl dibromide intermediate b3. The
ΔG°‡ and ΔG° of this step are 20.5 and −2.6 kcal mol−1,
respectively. In contrast, an alternative pathway involving the
proton transfer from b2 was also evaluated to require a much
larger ΔG°‡ value of 30.3 kcal mol−1 than the present one
(Fig. S5†). Subsequently, the DABCO moiety of b3 can abstract
one H atom of the RNH moiety as a proton via the transition
state TSb2 to afford the nickel(III) intermediate b4. The
DABCO-assisted proton transfer (DABCO-PT) step needs to
overcome a small ΔG°‡ value of 10.2 kcal mol−1 and a positive
ΔG° value of 10.1 kcal mol−1. Then, C–N reductive elimination
followed by ligand exchange occurs through the transition
state TSb3 to form the nickel(I) intermediate b5 and the
desired product P. This reductive elimination from the nickel
(III) complex requires a ΔG°‡ value of 15.1 kcal mol−1 relative to

b3. Finally, b5 reacts with Ir(IV) through an exergonic SET
process (ΔG° = −38.9 kcal mol−1) to regenerate Ni(II)T and
Ir(III). Thus, the above results show that the rate-determining
step is oxidative addition with a ΔG°‡ value of 20.5 kcal mol−1,
which indicates that the oxidation state modulation mecha-
nism initiated by oxidative quenching is a competitive pathway
for the present C–N cross-coupling.

Radical mechanism initiated by reductive quenching

Formation of the nitrogen-centred radical derived from pyr-
rolidine. In addition to the nickel(II) complexes, DABCO can
reductively quench photoexcited *Ir(III) to deliver a radical
ion-pair [DABCO•+][PF6

−] (DABCO•+) and reduced Ir(II)
species with a ΔG° value of −11.6 kcal mol−1, as shown in
Fig. 3. This SET step is also supported by the matched redox
potentials (E1/2[*Ir

III/IrII] = 1.05 V vs. SCE in DMA and
E1/2[DABCO

•+/DABCO] = 0.53 V vs. SCE in DMA).
Furthermore, the activation barrier of this SET step is only
3.2 kcal mol−1 based on the Marcus–Hush theory.24

Subsequently, the nitrogen-centred radical coupling partner
RN• is generated through a hydrogen atom transfer (HAT)
from RNH to DABCO•+. The HAT process needs a very small
activation barrier of 1.3 kcal mol−1. In contrast, two other
possibilities for the generation of α- and β-carbon-centred
radicals by HAT were also evaluated to be less favourable
than the present one (Fig. S6†).

Fig. 1 Gibbs energy profiles (ΔG°298.15) of the oxidation state modulation mechanism merging IrIII–*IrIII–IrII–IrIII reductive quenching and Ni0–NiII–
NiIII–NiI–Ni0 catalytic cycles.
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C–N cross-coupling. The above SET-mediated catalysis con-
verts RNH to the reactive radical RN• as a nucleophilic coup-
ling partner that subsequently is involved in the nickel cata-
lysed cycle. As depicted in Fig. 4, the active radical RN• is cap-

tured by Ni(II)T to afford a nickel(III) amino dibromide inter-
mediate c1 and dissociate an ion pair [DABCOH]+[PF6]

− (A)
with a small ΔG° value of −1.0 kcal mol−1. Then, the single
electron reduction of c1 by Ir(II) delivers a stable nickel(II)
amino bromide intermediate c2 and regenerates the photo-
catalyst Ir(III) with a large energy downhill of 31.6 kcal mol−1.
Note that the ground state for c2 is the triplet state that lies
below the singlet state by 16.3 kcal mol−1. Starting from triplet
c2, two possibilities have been investigated: one is the con-
certed σ-bond metathesis to achieve the C–N cross-coupling
and the other is the stepwise oxidative addition and reductive
elimination to form the target C–N bond. The former σ-bond
metathesis pathway (c2 → TSc2 → c3) occurs more favourably
than the latter (c2 → TSc3 → c4 → TSc4 → c3), and the acti-
vation barriers of these two pathways are 18.1 and 27.1 kcal
mol−1, respectively. In the c2 → TSc2 → c3 transformation, a σ-
bond metathesis between Ni–N and Br–C(Ar) bonds occurs via
the transition state TSc2 to yield a nickel(II) dibromide
complex c3. In the four-membered-ring (Ni–N–C–Br) TSc2, the
Ni–N and C–Br distances are elongated to 2.00 Å and 2.04 Å
from 1.83 Å in c2 and 1.90 Å in ArBr, whereas the Ni–Br and
C–N distances are reduced to 2.65 Å and 2.14 Å, respectively.
These geometrical changes indicate that the C–Br bond clea-
vage and the C–N bond formation occur simultaneously. In

Fig. 2 Gibbs energy profile (ΔG°298.15) of the oxidation state modulation mechanism merging IrIII–*IrIII–IrIV–IrIII oxidative quenching and NiII–NiI–
NiIII–NiI–NiII catalytic cycles.

Fig. 3 (a) ΔG°‡ and ΔG° of reductive quenching of *Ir(III) triggered by
DABCO; (b) ΔG°‡, ΔG°, and optimized structures of the hydrogen atom
transfer process (selected bond distances are given in angstroms with
black non-italic font and spin densities are given in blue italic font).
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the c2 → TSc3 → c4 → TSc4 → c3 transformation, the
unfavourable oxidative addition of ArBr to the nickel(II) centre
of c2 occurs through the transition state TSc3 to afford the
unstable six-coordinate nickel(IV) intermediate c4 with a large
ΔG°‡ value of 27.1 kcal mol−1 and a positive ΔG° value of
16.1 kcal mol−1, although the subsequent C–N reductive elim-
ination requires a very small energy barrier of 1.7 kcal mol−1.
Finally, the desired aniline product is spontaneously disso-
ciated from c3 and the Ni(II)T is regenerated. This product dis-
sociation is exergonic by 5.1 kcal mol−1.

Quenching mechanism of photoexcited *Ir(III)

Based on the discussion of the above three mechanisms, the
oxidation state modulation mechanism initiated by oxidative
quenching and the radical mechanism initiated by reductive
quenching are competitive, but the latter is more favourable.
The difference between these two mechanisms originates from
the quenching mechanism of photoexcited *Ir(III), one refers
to SET3 in Fig. 2 (*IrIII + NiII → IrIV + NiI), the other refers to
SET5 in Fig. 3 (*IrIII + DABCO → IrII + DABCO•+). In order to
better understand the *Ir(III) quenching mechanism, further
kinetic exploration of SET3 and SET5 processes has been per-
formed. To choose a reasonable model, one hundred donor–
acceptor molecular clusters were sampled randomly using
Molclus program,25 and then optimized with the UFF force

field.26 Finally, the conformers with ≥5% probability in the
Boltzmann distribution were screened out for optimization at
the (U)M06/[6-31G(d)/LanL2DZ(Ni,Ir)] level (Fig. S7†). The
selected most stable dimer configurations Ir(III)/Ni(II) and
DABCO/Ir(III) were employed to further evaluate the electron
transfer rate related parameters of SET3 and SET5 by Marcus–
Hush theory, as listed in Table 1. The SET3 process involved in
the oxidative quenching cycle occurs with an energy barrier of
0.20 eV and the electron transfer rate of 5.95 × 108 s−1. In con-
trast, the SET5 process involved in the reductive quenching
cycle occurs with an energy barrier of 0.14 eV and the electron
transfer rate of 2.60 × 1010 s−1. Therefore, the reductive
quenching of photoexcited *Ir(III) to Ir(II) is faster by DABCO

Fig. 4 Gibbs energy profiles (ΔG°298.15) of the radical mechanism merging IrIII–*IrIII–IrII–IrIII reductive quenching and NiII–NiIII–NiII–NiII catalytic
cycles.

Table 1 Kinetic calculation of the electron transfer rate related para-
meters for the SET3 and the SET5

ΔGr (eV) ΔG°‡ (eV) λ (eV) V (eV) kSET (s
−1)

SET3 −0.31 0.20 1.35 −0.01 5.95 × 108

SET5 −0.40 0.14 1.23 −0.02 2.60 × 1010

λi, the inner reorganization energy; λ0, the solvent reorganization
energy; ΔGr, the reaction energy; ΔG°‡, the Gibbs activation energy;
λ = λi + λo; V, electron coupling value; kSET, the electron transfer rate
constant using the Marcus–Hush theory.
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than Ni(II)T, which is consistent with the previous experimental
proposals and theoretical calculations.14,27

Tolerance of σ-bond metathesis

Substituent effect of pyrrolidine. It can be concluded from
the above results that the radical mechanism merging
IrIII–*IrIII–IrII–IrIII reductive quenching and NiII–NiIII–NiII–NiII

catalytic cycles is favourable. The rate-determining step is the
σ-bond metathesis with an energy barrier of 18.1 kcal mol−1.
According to the experimental results, α-substitution on the
amine substrate provides a lower yield than unsubstituted
RNH (e.g., 2-methylpyrrolidine (RNH–CH3) 60% yield vs. RNH
96% yield).13 In order to further verify the rationality of the
radical mechanism, the substituent effect of pyrrolidine on the
σ-bond metathesis was evaluated. The four-centre σ-bond
metathesis using RNH–CH3 as the substrate needs an energy
barrier of 23.5 kcal mol−1, which is larger than that using RNH
by 5.4 kcal mol−1 (Fig. S8†). The reasons of this difference
have been analysed from two perspectives, the electronic effect
and steric effect. First, we investigated the electronic processes
of σ-bond metathesis with frontier orbital and NBO population
analyses.28 Fig. 5a illustrates the highest occupied molecular
orbitals (HOMOs) of some selected points on the intrinsic
reaction coordinate (IRC) path of c2 → TSc2 → c3. The 3dNi,
2pRN, πAr and 4pBr orbitals are mainly involved in this trans-
formation. As shown in Fig. 5b, the gradual elongation of Ni–N
bond decreases the Ni atomic population (especially the Ni 3d
orbital) but increases the atomic population of the N 2p
orbital in the RN moiety. Subsequently, the gradually

approaching between the RN and Ar moieties decreases the
atomic population of RN but increases that of the Ar π orbital.
Meanwhile, when Br moves away from Ar to Ni, the atomic
population of the Ar moiety decreases, whereas that of Br
moiety monotonically increases. The NBO population analysis
reveals an annular charge transfer (3dNi → 2pRN → πAr → 4pBr).
Similar charge transfer characteristics can be found in the
σ-bond metathesis of c2-CH3 → TSc2-CH3 → c3-CH3, as shown
in Fig. 5c and d. Thus, the electronic effect caused by the
methyl substitution of α-hydrogen cannot be responsible for
the energy barrier difference.

Subsequently, the steric effect was investigated. We calcu-
lated the buried volumes29 (%VBur) of two different complexes
c2 and c2-CH3 within a radius of around 3.5 Å, which confirms
the significant differences in steric hindrance, as shown in
Fig. 6. First, we define the z-axis as perpendicular to the plane
formed by nickel and the two pyrrolidine ligands. Meanwhile,
ArBr moieties in the c2 and c2-CH3 were removed in order to
analyse the steric effect. The steric maps indicated that the Ni
centre of c2 (%VBur = 68.7) is less sterically congested than that
of c2-CH3 (%VBur = 74.5). Similar results can be found from
the buried volume calculation along the ligand direction with
nickel as the centre (Fig. S9†). Furthermore, we also used the
activation strain model30 to analyse the effect of steric hin-
drance on the energy barrier of σ-bond metathesis (Fig. S10†).
It can be suggested that the increased distortion energy of c2
and ArBr moieties caused by methyl substitution plays a major
role in the higher energy barrier. Therefore, such steric repul-
sion clearly suppresses the rate-determining σ-bond meta-

Fig. 5 (a) HOMOs of some selected points on the IRC path of c2 → TSc2 → c3. (b) Changes in atomic population (in e) on the IRC path of
c2 → TSc2 → c3. (c) HOMOs of some selected points on the IRC path of c2-CH3 → TSc2-CH3 → c3-CH3. (d) Changes in atomic population (in e) on
the IRC path of c2-CH3 → TSc2-CH3 → c3-CH3.
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thesis, thereby decreasing the reaction rate. These results
reproduce well the experimental results that amines lacking
α-hydrogens cannot provide a good reaction yield.13

Applicability of σ-bond metathesis to C–O and C–S cross-
couplings. In order to examine the applicability of σ-bond
metathesis involving nickel(II), comparisons between σ-bond
metathesis and oxidative addition steps have been performed
on the C–N, C–O and C–S cross-coupling reactions, where ArBr
was employed as a constant substrate, and the second sub-
strate was chosen from RNH, benzyl alcohol (ROH) and
4-methoxybenzyl thiol (RSH), respectively. As shown in Fig. 7,
the concerted σ-bond metathesis is more favourable than the
stepwise oxidative addition and reductive elimination to
achieve the C–N, C–O and C–S cross-couplings. When the
nitrogen-centred radical coupling partner RN• in the c2 →
TSc2 → c3 transformation is replaced with RO• and RS•, the

energy barriers of σ-bond metathesis are significantly
increased by 10.2 and 14.2 kcal mol−1, respectively (Fig. 7a, c
and d). This suggests that the σ-bond metathesis involving
nickel(II) is inapplicable for the C–O and C–S cross-couplings.
In fact, our previous calculations indicate that the oxidation
state modulation mechanism consisting of IrIII–*IrIII–IrIV–IrIII

oxidative quenching and NiII–NiI–NiIII–NiI–NiII catalytic cycles
is favourable for C–O and C–S cross-couplings.12

In addition, when two RNH in the c2 → TSc2 → c3 trans-
formation are replaced with the 2,2′-bipyridyl (bpy) ligand, the
energy barrier of σ-bond metathesis is slightly increased by
1.7 kcal mol−1 (Fig. 7a and b). This result can help us under-
stand why the aryl amination using ligand-free nickel(II) salts
and photoredox catalysis is advantageous.13

Conclusions

The mechanistic details of the photoredox-mediated IrIII/NiII

dual-catalysed aryl amination have been theoretically dis-
closed. A radical mechanism merging IrIII–*IrIII–IrII–IrIII reduc-
tive quenching and NiII–NiIII–NiII–NiII catalytic cycles has been
proposed (Scheme 3). The reaction starts with a thermo-
dynamically and kinetically favourable single electron transfer
process, where photoexcited *Ir(III) is reductively quenched by
DABCO to generate the ground-state Ir(II) and DABCO•+. The
free radical cation reacts with pyrrolidine to successively gene-
rate the nitrogen-centred radical coupling partner through
hydrogen atom transfer. Then, the nucleophilic radical is cap-
tured by the Ni(II) dibromide complex to afford a nickel(III)
amino intermediate. The high-oxidation-state Ni(III) can
oxidise Ir(II) through the second exergonic single electron
transfer providing the Ni(II) amino complex and regenerating
photocatalyst Ir(III). Finally, the rate-determining σ-bond meta-
thesis occurs with an energy barrier of 18.1 kcal mol−1 to
deliver the desired aniline product and regenerate the tran-
sition metal catalyst Ni(II) instead of the high-energy stepwise
mechanism involving a Ni(IV) intermediate. Interestingly, the
electronic processes of σ-bond metathesis exhibit the charac-
teristics of an annular charge transfer (3dNi → 2pRN → πAr →
4pBr). The buried volume calculations and the activation strain
analyses indicate that α-substitution on the amine substrate
could increase steric hindrance and distortion energy to sup-
press the σ-bond metathesis, and then may decrease the reac-

Fig. 6 Steric crowding maps perpendicular to the Ni–N–N plane
together with the buried volume for c2 and c2-CH3.

Fig. 7 Gibbs energy profiles (ΔG°298.15) of the rate-determining σ-bond
metathesis (solid line) and oxidative addition (dashed line) in the radical
mechanism using different ligands and substrates. (a) Pyrrolidine as the
ligand and one of the substrates (consistent with Fig. 2). (b) bpy as the
ligand and pyrrolidine as one of the substrates. (c) Pyrrolidine as the
ligand and benzyl alcohol as one of the substrates. (d) Pyrrolidine as the
ligand and 4-methoxybenzyl thiol as one of the substrates.

Scheme 3 Full catalytic cycles of photoredox-mediated IrIII/NiII dual-
catalysed aryl amination.
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tion yield. Furthermore, the σ-bond metathesis involving Ni(II)
is applicable for the C–N cross-coupling rather than C–O and
C–S cross-couplings. These perspectives might stimulate new
strategies for metallaphotoredox-catalysed cross-coupling reac-
tions in experiments.
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