
Theoretical Mechanistic Study of Nickel(0)/Lewis Acid Catalyzed
Polyfluoroarylcyanation of Alkynes: Origin of Selectivity for C−CN
Bond Activation
Hang Ren,†,§ Gui-Fang Du,†,§ Bo Zhu,† Guo-Chun Yang,† Li-Shuang Yao,‡ Wei Guan,*,†,‡

and Zhong-Min Su†

†Faculty of Chemistry, National & Local United Engineering Lab for Power Battery, Key Laboratory for UV-Emitting Materials and
Technology of Ministry of Education, Northeast Normal University, Changchun 130024, P. R. China
‡State Key Laboratory of Applied Optics, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of
Sciences, Changchun 130033, P. R. China

*S Supporting Information

ABSTRACT: The cooperative mechanism of Ni(0)/Lewis acid
catalyzed carbocyanation of alkyne with 2,3,5,6-tetrafluorobenzonitrile
was investigated using the DFT method. Our calculations indicate that
the most feasible catalytic cycle consists of the oxidative addition of a
C−CN bond to the Ni(0) center, alkyne insertion into the C(aryl)−
Ni(II) bond, and reductive elimination. Notably, the Lewis acid (LA)
interacting with the cyano nitrogen atom of the substrate can have a
significant effect on activating the C−CN bond while suppressing C−
H and C−F bond activations. The origin of lower C−CN activation
barrier in the presence of LA can be attributed to the remarkably
enhanced charge transfer (CT) amount from the Nicat 3d orbital to C-
CN σ* + π* antibonding molecular orbital and the little decrease of
interaction energy between Ni-catalyst and substrate. In the C−F and C−H bond activations in the presence of LA, on the
contrary, the significant decrease of interaction energy between Ni-catalyst and substrate and almost no change of charge
transfer amounts are the origin of the larger bond activation barrier. Thus, LA is essential to make the C−CN bond weaker than
other bonds, which agrees well with the experimental observation. Electronic processes as well as interaction energy analyses are
discussed in detail.

■ INTRODUCTION

The selective activation of carbon−carbon (C−C) σ-bonds
and subsequent functionalization into more valuable commod-
ity and specialty chemicals have attracted more and more
attention in synthesis and catalytic reactions.1 In contrast to
the more advanced field of C−H bond activation from the
aspects of various transition metals (TMs),2 however, the
development of inert C−C bond activation by the TMs still
remains inadequate.3 The situation should be attributed to
their thermodynamic stability and kinetic inertia. In general, it
is highly endothermic that a strong C−C bond activation
(about 90 kcal/mol) leads to two comparatively weak metal−
carbon bonds (30−60 kcal/mol).4 In addition, the C−C bond
activation is hindered by low orbital overlap between the TM
dπ orbital and the unoccupied C−C antibonding orbital
because of their constrained directionality.1e On many
occasions, the more exposed C−H bonds will be preferred
to be activated than C−C bonds. Thus, it is rather challenging
to selectively activate C−C bonds in competition with
surrounding C−H bonds of the substrate.5 Hence, to
overcome these intrinsic difficulties, chemists have endeavored
to devise various strategies, the relief of strain,6 achievement of

aromaticity,7 and irreversible elimination of functional groups,8

to achieve TM-mediated C−C bonds cleavage in recent years.
However, the low selectivity is still the top challenge in this
field. In this regard, a directing group, such as cyano,9

pyridyl,10 and quinolinyl11 group, was usually employed to
activate the C−C bond with high selectivity. In particular, the
selective activation of C−CN bonds is of great significance,
because the most extensively recognized industrial application
is the DuPont’s adiponitrile synthesis.12 Meanwhile, nitrile
groups are important blocks in organic synthesis that can be
found in pharmaceuticals, pesticides, and organic materials.13

In a series of works, Jones and co-workers have made
significant contributions in highly selective C−CN bond
activation in the presence of C−H bonds.14 They concluded
that C−H bond activation is favored kinetically, while C−CN
bond activation is favored thermodynamically in the photo-
chemical reaction catalyzed by rhodium.14d Besides, they found
σ-donating ligands14e and nonpolar solvents14c would be
favorable for C−CN bond activation, but no reasonable
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interpretation of high C−CN bond selectivity could be
ascertained. Furthermore, the nitrile substrate scope of the
selective C−CN bond activation by a TM catalyst was limited
to the aryl and allyl cyanides. Thus, the further development of
this field is restricted to a great extent and a new synthetic
strategy is urgent to explore.
It is noteworthy that the cooperative catalysis strategy of the

TM complex with the Lewis acid (LA) exhibits the highly
powerful potential to activate the C−CN bonds in organic
synthesis.15 A pioneering work that C−CN bond activation
reaction of allyl cyanide was achieved using Ni(dippe)/BPh3
cooperative catalysis has been reported by Jones and co-
workers in 2004.16 It should be noted that their stoichiometric
studies demonstrated that C−CN bond activation is faster than
C−H bond in the presence of LA. Subsequently, Nakao and
co-workers achieved the carbocyanation of inert alkynes and
alkenes via C−CN bond cleavage in a selective manner
without a directing moiety by Ni(0)/LA cooperative catalysis;
meanwhile, the substrate tolerance is generally excellent.17

Matsubara and co-workers accomplished a Ni(0)/MAD
cooperatively catalyzed decyanative [4 + 2] intermolecular
cycloaddition reaction of o-arylcarboxybenzonitriles and
alkynes involving the cleavage of both C−CN and C−O
bonds.18 Recently, as shown in Scheme 1a, Nakao, Hiyama,

and co-workers successfully achieved polyfluoroarylcyanation
of alkynes using Ni(0)/LA cooperative catalysis to produce a
variety of fluorinated organic compounds, which would be
accessible to liquid crystals and organic light-emitting diodes.19

It is notable that the C−CN bond is preferred to be activated
by Ni(0)/LA over the C−H and C−F bonds and the yield of
product is little or none in the absence of LA. A plausible
mechanism involving oxidative addition of a C−CN bond,
insertion of alkyne into the Ni−ArF bond, and reductive
elimination was proposed. Nevertheless, the mechanistic
details and the origin of selectivity for the C−CN bond
activation remain ambiguous. In addition, those works
mentioned above indicate that LA can significantly improve
selectivity of C−CN bond activation, accelerate the reaction
rate, or even trigger a difficult reaction. However, it is not easy
to observe the reactive intermediates and clarify the reaction
mechanisms experimentally. On the contrary, theoretical
calculations have become useful protocols to provide mean-
ingful information to understand the mechanisms and reaction

selectivity.20 A recent theoretical investigation disclosed that
the strong electron-withdrawing property of LA can not only
strengthen the charge transfer from the metal to the C-CN σ*
+ π* antibonding molecular orbital to promote the C−CN
bond cleavage21a,b but also accelerate alkyne migratory
insertion.21c However, the knowledge of cooperative catalysis
of the TM/LA system remains inadequate, especially the origin
of selective activation of different carbon-bond types. Such
knowledge would provide meaningful information to under-
stand the role of LA and further develop such TM/LA
cooperative catalytic system for the inert C−C σ-bond
activation reactions. Hence, it is of considerable importance
to provide more thorough theoretical investigation of this
cooperative catalysis of TM/LA.
In the present work, we theoretically investigated the full

catalytic cycle of the Ni(0)/LA-catalyzed carbocyanation of
alkyne with 2,3,5,6-tetrafluorobenzonitrile by density func-
tional theory (DFT). Our purposes here are to disclose the
mechanism of this catalytic reaction, clarify the origin of high
selectivity of C−CN bond activation over C−H and C−F
bonds, and elucidate the promoting effect of LA on this
reaction.

■ COMPUTATIONAL DETAILS AND MODELS
According to the benchmark calculations in our previous study,21a,c,22

the M06 hybrid functional23 was chosen here to perform geometry
optimizations without symmetry constraints in the gas phase because
of the little effect of solvation on the activation energy (Table S1,
Supporting Information). Two kinds of basis set systems were
employed here. In basis set system I (BSI), the LANL2DZ was
employed for the Ni atom with effective core potentials (ECPs) for its
core electrons.24 The 6-31++G(d,p) and 6-31+G(d) were employed
for H and F of polyfluoroarene, respectively. The 6-31G(d) basis set
was employed for other main-group elements. The vibrational
frequency was calculated for each stationary point to confirm whether
it is a saddle point or minima. Intrinsic reaction coordinate (IRC)25

calculation was conducted to ensure the transition state led to the
correct reactant or product. Thermal corrections and entropy
contributions of vibrational movements to the Gibbs energy change
were evaluated at 373.15 K and 1 atm, in which the translational
entropy was corrected to treat the standard state;26 see page S2 in the
Supporting Information. Furthermore, the Gibbs free energy in this
work was calculated by adding the correction of Gibbs free energy in
gas phase with the single-point energy in solution phase using a better
basis set system (BSII).27 In BSII, the Stuttgart−Dresden−Bonn
(SDD) was employed for Ni with ECPs for the core electrons.28 The
6-311++G(2d,2p) basis set was used to describe H of polyfluoroar-
ene, whereas the 6-311+G(2d,p) basis set was employed for other
elements. The solvent effect of diethyl ether was evaluated by the
conductor-like polarizable continuum model (CPCM).29 All calcu-
lations were carried out with the Gaussian 09 program.30 The 3D
molecular structures were generated using the CYLview program.31

In the present calculations, the polyfluoroarylcyanation of but-2-
yne (AL) with 2,3,5,6-tetrafluorobenzonitrile (S) catalyzed by
Ni(0)(L)/LA was chosen as the model reaction, where BPh3 was
adopted as LA. In addition, considering the computational efficiency,
the exact ligand bis(2-diphenylphosphinophenyl) (DPEphos) was
simplified to a model bidentate phosphorus-containing ligand (L =
C8H16OP2), as shown in Scheme 1b.

■ RESULTS AND DISCUSSION

For clarity, the following discussions are divided into two
sections: the most favorable catalytic cycle of Ni(L)/LA-
catalyzed carbocyanation of S with alkyne and the key role of
LA.

Scheme 1. (a) Experimentally Reported Ni(0)/LA-
Catalyzed Polyfluoroarylcyanation of Alkynes. (b) The
Exact Ligand (DPEphos) and the Model Ligand (L)
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The Most Favorable Catalytic Cycle. Oxidative
Addition. As shown in Figure 1, the first key elementary step
is oxidative addition of S-LA to the nickel(0) center in the
present reaction. Note that there are four σ-bonds in S-LA (a−
d; see the top inset in Figure 1); it is essential to investigate
regioselectivity of the four σ-bonds which controls the product
selectivity. Then, the regioselectivity was explored in detail
from the kinetic point of view. First, we elucidated what the
original precomplex is. Molecular electrostatic potential of S
and various structure optimizations show that only the cyano
nitrogen atom could interact with the electron-deficient LA
(Figure S1, Supporting Information), which is in line with the
experimental observation.19 Then, five kinds of adducts were
considered, where Ni(L) coordinates with the C1N triple
bond (1a-LA), C2C3 double bond (1b-LA), C3C4
double bond (1c-LA), C4C5 double bond (2c-LA), and
C5−H single bond (1d-LA) in the phenyl ring of S-LA based
on the lowest unoccupied molecular orbitals (LUMO) of S
and S-LA (Figure S2 and Scheme S1, Supporting Informa-
tion). Consequently, 1a-LA would be the initial precomplex,
which is more stable than 1b-LA, 1c-LA, 2c-LA, and 1d-LA by
about 4.6, 11.8, 10.5, and 23.0 kcal/mol, respectively. This is
not surprising because the LUMO of S-LA delocalizes mostly
over the C-CN moiety, thus indicating Ni(L) can prefer to
coordinate with a C−CN bond (Table S2, Supporting
Information). Subsequently, from 1a-LA, four kinds of
transition states for bond activation (a−d) were located
(Figure 1): (a) TS2a-LA for the C1−C2 bond activation, (b)
TS1b-LA for the C3−F1 bond activation, (c) TS1c-LA for the
C4−F2 bond activation, and (d) TS2d-LA for the C5−H
bond activation. Furthermore, the triplet potential surface lies
much higher than the singlet one on the basis of the Gibbs
energy calculated on the potential energy surface (Table S3,
Supporting Information).
As shown in Figure 1, prior to the oxidative addition, the

Ni(0) center migrates to C1 of the aryl group from the CN
bond to afford an intermediate 2a-LA through the transition
state TS1a-LA, where the Ni−C1 bond is in a rocking motion
with a Gibbs activation energy (ΔG°⧧) of 17.4 kcal/mol.
Starting from 2a-LA, the C−CN oxidative addition occurs via
the concerted three-membered-ring transition state TS2a-LA,

in which the C1−C2 distance (1.52 Å) is longer than that in
2a-LA (1.48 Å), indicating that the cleavage of the C1−C2
bond is in progress. As a result, an intermediate 3a-LA can be
obtained with a four-coordinated planar structure, in line with
the general understanding of the d8 TM complex.32 In 3a-LA,
the distance of C1−C2 elongates to 2.46 Å, indicating that the
C1−C2 bond has been broken completely. The Gibbs
activation energy and the Gibbs free energy change (ΔG°)
of this process are 17.4 and −10.8 kcal/mol relative to 1a-LA,
respectively (black line, Figure 1).
Alternatively, 1a-LA can isomerize to 1b-LA via migration of

the Ni(0) center to the C2C3 bond of the aryl group with
slightly ΔG° of 4.6 kcal/mol; the similar migration process has
been reported by Jones.33 From 1b-LA, the C3−F1 bond can
be activated via a similar three-membered-ring transition state
TS1b-LA to afford 2b-LA with a larger ΔG°⧧ value of 33.1
kcal/mol and a ΔG° value of −12.9 kcal/mol (red line, Figure
1). In the C4−F2 bond activation, 1b-LA first isomerizes to
complex 2c-LA via migration of the Ni(0) center to the C4
C5 bond of the aryl group. This isomerization is endothermic
by 5.9 kcal/mol. The following cleavage of the C4−F2 bond
occurs through rather high-energy transition state TS1c-LA to
afford an intermediate 3c-LA (ΔG°⧧ = 43.0 kcal/mol and ΔG°
= −3.6 kcal/mol relative to 1a-LA, blue line, Figure 1). The
free energy profile of C5−H bond activation is shown in the
green line of Figure 1; the formation of corresponding product
2d-LA occurs through Ni migration and then C−H oxidation
addition steps. TS1d-LA and TS2d-LA are the transition states
for these two steps with the ΔG°⧧ values of 28.8 and 21.9 kcal/
mol, respectively. Overall, the energy barrier of C−CN bond
activation is the smallest, which is in agreement with
experiment observation that only the C−CN bond was
selectively activated by Ni(L)/LA synergistic catalytic systems.
In addition, we have reproduced successfully the competition
reaction between S and benzonitrile catalyzed by Ni(L)/LA in
the reaction mixture (Figure S3, Supporting Information).19

Alkyne Insertion and Reductive Elimination. The next
process is alkyne insertion, in which AL first coordinates with
the Ni(II) center of 3a-LA to provide an intermediate 4a-LA
with a ΔG°⧧ value of 8.2 kcal/mol, as shown in Figure 2 and
Figure S4 (Supporting Information). Consequently, one “arm”

Figure 1. Energy profiles (ΔG°373.15) for oxidative addition catalyzed by Ni(L)/LA.
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of the bidentate chelate phosphine ligand L dissociates from
Ni(II) in 4a-LA to provide a vacant site for alkyne
coordination. The corresponding distances of Ni−P1 and
Ni−P2 in 4a-LA are 2.19 and 3.52 Å, respectively; see Figure 3
for the geometry changes. Subsequently, two reaction courses
have been considered: one is insertion into the Ni−C(aryl)
bond and another is that into the Ni−CN bond. We first
examined the AL insertion into the Ni−C(aryl) bond (4a-LA
→ TS3a-LA → 5a-LA, black line of Figure 2). In TS3a-LA, a
four-membered Ni-C6-C7-C2 ring is formed, where the
distances of Ni−C2, Ni−C6, and C2−C7 change to 1.95,
1.93, and 2.02 Å from 1.93, 2.28, and 2.80 Å in 4a-LA,
respectively, indicating AL is inserting into the Ni−C(aryl)
bond. In the resulting complex 5a-LA, the corresponding
distances of Ni−C2, Ni−C6, and C2−C7 are 2.24, 1.89, and
1.51 Å, respectively. The ΔG°⧧ and ΔG° values are 19.6 and

6.6 kcal/mol relative to 3a-LA in this process, respectively. In
addition, we explored the possibility of AL insertion into the
Ni−CN bond (4a-LA → TS3a-LAiso → 5a-LAiso, blue line of
Figure 2). Similarly, via a four-membered-ring transition state
TS3a-LAiso, AL is inserted into the Ni−CN bond to afford 5a-
LAiso. This step needs a larger ΔG°⧧ value of 28.3 kcal/mol
and is endothermic by 23.7 kcal/mol.
According to the above results, it can be found that the

energy barrier of alkyne insertion into the Ni−CN bond is
higher than that of alkyne insertion into the Ni−C(aryl) bond
by 8.7 kcal/mol. Furthermore, it is noted that corresponding
product 5a-LA is thermodynamically favored over 5a-LAiso by
17.1 kcal/mol. Thus, both the smaller energy barrier and the
more stable product manifest kinetic and thermodynamic
preference of AL insertion into the Ni−C(aryl) bond.
The final step of the catalytic cycle is the reductive

elimination. As shown in Figure 3, starting from 5a-LA, a
more stable complex 6a-LA is afforded with the P2
recoordination with the Ni center (dNi−P2 = 2.24 Å), which
is easy to occur and largely exothermic by 19.8 kcal/mol. Then,
through the transition state TS4a, where the distance of C1−
C6 is shortened from 2.39 Å in 6a-LA to 1.66 Å to afford the
η2-Ni(0) complex 7a-LA. In 7a-LA, the C1−C6 bond is 1.42
Å, suggesting it was completely formed. This step requires the
ΔG°⧧ and ΔG° values of 11.4 and −2.8 kcal/mol, respectively.
At last, the product P releases from the complex 7a-LA,
followed by the coordination of S to regenerate 1a-LA,
completing the catalytic cycle.
On the basis of the discussion mentioned above, we can

conclude that the most favorable catalytic cycle consists of
three major processes: oxidative addition of the C−CN bond,
alkyne insertion into the Ni−C(aryl) bond, and reductive
elimination. The rate-determining step is the alkyne insertion
with the energy barrier of 19.6 kcal/mol, which can be
overcome under the experimental conditions (100 °C). The
total ΔG° value of the overall cycle is −24.7 kcal/mol.

Figure 2. Energy profiles (ΔG°373.15) of alkyne insertion.

Figure 3. Optimized structures of the full catalytic cycle and selected geometrical parameters (bond length in Angstrom unit). Hydrogen atoms are
omitted for clarity.
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Furthermore, in order to verify the rationality of the model
simplification, we employed the exact Ni(DPEphos)/BPh3
cocatalysts to evaluate the key selectivity-determining and rate-
determining transition states (Table S4, Supporting Informa-
tion).
The Role of the Lewis Acid. In the present reaction, LA

could significantly promote the selective C−CN bond
activation. To reveal the origin, we have fully evaluated the
oxidative additions of each bond in the absence of LA (Figure
S5, Supporting Information). Interestingly, the regioselectivity
of the oxidative additions by Ni(L)/LA is found to be different
from that by Ni(L), as shown in Figure 4. In the former case,

the C−CN bond is cleaved with the smallest ΔG°⧧ value (17.4
kcal/mol) in competition with the C−F and C−H bonds. In
the latter case, the C−H bond activation is slightly lower than
that of the C−CN bond by 0.8 kcal/mol in the absence of LA
with Ni(L) catalyst. Using the exact DPEphos ligand, the
energy barrier gap between C−CN and C−H activation
increases to 2.1 kcal/mol (Figure S6). Thus, the C−H bond
cleavage would be favorable than the C−CN bond in the
absence of LA in terms of kinetics. In addition, the C−H bond
activation process without LA is highly endothermic by 11.7
kcal/mol to afford an active Ni(II) hydride intermediate 2d,
which might hinder the expected alkyne insertion from stable
3a and lead to no desired product by C−CN bond
activation.34 By contrast, it can be seen that the presence of
LA can reduce the energy barrier of C−CN bond activation,
whereas it enlarges that of C−F and C−H bond activations. In
other words, LA can promote C−CN bond activation and
meanwhile suppress C−H and C−F bond activations to
selectively achieve the present reaction.
It is of considerable importance to provide a clear

explanation for this interesting consequence. First, we
evaluated the bond dissociation energy (BDE, in kcal/mol)
of substrates S and S-LA from the perspective of thermody-
namics. It can be determined that the BDE changes in the
order a (136.2) > b (125.8) ≈ c (125.2) > d (122.5) for S and
b (125.8) ≈ c (125.0) > d (122.8) > a (112.7) for S-LA. It
seems that one LA interacting with the cyano nitrogen atom of
S significantly weakens the C−CN bond (a).
Previous studies indicate that the substantial charge transfer

(CT) from the 3dπ orbital of Ni(0) to the low-lying empty σ*
+ π* antibonding orbital of the substrate promotes the bond

activation.21a,b In this regard, we carried out the charge
decomposition analysis (CDA) for bond activation (a−d) with
Multiwfn3.3.8.35 Corresponding TSs with and without LA are
divided into two fragments as S/S-LA and Ni(L) moieties,
respectively. For the C−CN bond (a) activation, the total CT
from the Ni 3d to the σ* + π* C-CN orbital in TS1a and TS2a
is 0.2093e, while that is 0.6349e in TS1a-LA and TS2a-LA, as
shown in Figure 5 (see Figure S7 in the Supporting

Information for more details). The changes of natural
population analysis (NPA) are consistent with the CT
discussed above (Figure S8, Supporting Information). Thus,
the strong electron-withdrawing property of LA considerably
stabilizes the unoccupied σ* + π* C-CN antibonding orbital,
accordingly enlarges such CT, and finally accelerates the C−
CN bond activation.
By contrast, the similar CT in the other bond (b, c, and d)

activations remains almost no change with and without LA.
These CT results seem that LA has a great impact on the C−
CN bond activation rather than the C−F and C−H bond
activations. But is this the only origin for selective C−CN bond
activation?
We first employed the activation strain model36 to analyze

the LA effect. As shown in Table 1, the energies of selected key

TSs (TS2a, TS1b, TS1c, TS1d, TS2a-LA, TS1b-LA, TS1c-
LA, TS1d-LA) have been divided into two parts: one is the
distortion energy (ΔEdist); the other is the interaction energy
(ΔEint). Note that the interaction terms are too large in
original precomplex 1a and 1a-LA, so ΔEint becomes positive
in the corresponding TSs. Despite that there are some changes
in ΔEdist values, the ΔEint plays a dominant role. Thus, the
following discussions mainly focused on the ΔEint between S/
S-LA and Ni(L) moieties. The ΔEint of TS2a, TS1b, TS1c,
and TS1d relative to 1a are 31.7, 20.4, 24.1 and 45.4,
respectively, while those of TS2a-LA, TS1b-LA, TS1c-LA, and

Figure 4. Gibbs activation energy for oxidative addition with/without
LA.

Figure 5. (a) Schematic picture of the MO of two moieties. (b) The
amount of charge transfer in oxidative addition process with/without
LA.

Table 1. Table 1. Distortion/Interaction Analysis (in kcal/
mol) of Selected TSs Involving Various Bond Activations

TS2a TS1b TS1c TS1d

ΔEint 31.7 20.4 24.1 45.4
ΔEdist −10.8 7.2 11.2 −23.3
ΔE⧧ 20.9 27.6 35.3 22.1

TS2a-LA TS1b-LA TS1c-LA TS1d-LA

ΔEint 37.9 47.8 53.9 73.6
ΔEdist −18.3 −13.5 −6.4 −39.7
ΔE⧧ 19.6 34.3 47.5 33.9
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TS1d-LA relative to 1a-LA are 37.9, 47.8, 53.9, and 73.6,
respectively. It can be suggested from the more positive ΔEint
values that the LA has a stronger stabilizing effect on the
precomplex 1a compared with the corresponding transition
states of the oxidative additions. In this regard, the generation
of the stable precomplex (1a-LA) would increase the ΔG°⧧
values of the oxidative additions and accordingly inhibit the
corresponding bond activations. As shown in Figure 6,

however, LA changes the order of the relative sequence of
ΔEint values because of the little decrease of interaction energy
between Ni-catalyst and substrate (ΔΔEint values). In the
absence of LA, ΔEint value of TS1b is the smallest, whereas
that of TS2a-LA becomes the smallest one. In a word, the
present selective C−CN bond activation can be responsible by
both the smaller increased ΔEint between substrate and catalyst
and the larger CT from the Ni 3d to the σ* + π* C-CN orbital.

■ CONCLUSIONS

Ni(0)/LA-catalyzed polyfluoroarylcyanation of alkynes was
theoretically investigated with the DFT method. The overall
catalytic cycle consists of three elementary steps: oxidative
addition of a C−CN bond to the Ni(0) center, alkyne
insertion into the Ni−C(aryl) bond, and reductive elimination.
Alkyne insertion is the rate-determining step with the free
energy barrier of 19.6 kcal/mol, which can be overcome under
experimental conditions (100 °C).
The interesting regioselectivity in oxidative addition and the

role of Lewis acid have also been studied. On one hand, LA
enhances the charge transfer amount from the Ni(L) 3dπ
orbital to the unoccupied σ* + π* C-CN antibonding orbital,
whereas it has no effect on C−H and C−F bonds. On the
other hand, in the presence of LA, the generation of a more
stable precomplex (1a-LA) inhibits the corresponding bond
activations. The considerably large interaction energy decrease
between Ni-catalyst and substrate in C−F and C−H bond
activations is the origin of the larger bond activation barrier. It
should be pointed out that the larger charge transfer amount
and little interaction energy decrease make C−CN bond
activation easier. The calculated result can match well with the
experimental observation that the presence of LA plays a
positive role in accelerating the reactions.
Such conclusions shed new light for understanding the

selectivity of C−CN bond activation and would provide
inspiration for experimental chemists to further design TMs/
LA synergistic catalytic systems.
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