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ABSTRACT: Two nonstrained C−C σ-bonds are cleaved in a
novel nickel(0)/LA-catalyzed decyanative [4 + 2] cyclo-
addition of o-arylcarboxybenzonitrile with alkyne, where LA
represents a Lewis acid such as methylaluminum bis(2,6-di-
tert-butyl-4-methylphenoxide). The catalytic cycle of this
reaction is systematically investigated here by DFT method
to clarify the reasons two nonstrained C−C σ-bonds are
successfully cleaved in this reaction. DFT calculations indicate
that this reaction occurs via the oxidative addition of the C−CN σ-bond of o-arylcarboxybenzonitrile to the Ni(0) center, alkyne
insertion into the Ni(II)−aryl bond, C−C coupling between the vinyl carbon and the carboxyl carbon atoms, and β-aryl
elimination followed by reductive elimination. One LA interacts with the cyano nitrogen atom of o-arylcarboxybenzonitrile to
accelerate the oxidative addition by stabilizing the unoccupied σ* + π* C−CN antibonding orbital. One more LA interacts with
the carbonyl oxygen of o-arylcarboxybenzonitrile. This LA enhances the electrophilic nature of the carbonyl carbon to accelerate
the C−C coupling, because this step occurs through the nucleophilic attack of the vinyl carbon at the carbonyl carbon atom. The
second C−C σ-bond activation occurs via β-aryl elimination, the transition state of which is stabilized by the interaction between
LA and the carbonyl oxygen atom. These results lead to the clear conclusion that the presence of two LA molecules is crucial to
achieve the dual C−C σ-bond cleavages. The reasons LA accelerates the oxidative addition of the C−CN σ-bond to the nickel(0)
center and the C−C coupling followed by the β-aryl elimination are discussed in detail.
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■ INTRODUCTION

The selective activation of nonstrained inert C−C σ-bonds has
attracted much attention because of its powerful and wide
application to organic syntheses and catalytic reactions.1 This
process is not only helpful for the construction of complex
molecular skeletons from simple starting materials but also
satisfies atom economy.2 However, the process still faces
tremendous challenges due to the inertness of the nonstrained
C−C σ-bond, considering that the C−C σ-bond cleavage is more
difficult than C−H σ-bond cleavage because both sp3 orbitals of
two carbon atoms extend well toward each other in the C−C σ-
bond and thereby an incoming metal center cannot interact well
with these sp3 orbitals.3 In the past decade, a great deal of effort
has been made to develop transition-metal-mediated C−C σ-
bond cleavage by utilizing the release of ring-strain energy of the
highly strained substrate,4 aromatization by C−C σ-bond
cleavage,5 stabilization by cyclometalation,6 and irreversible
elimination of functional group(s) such as carboxyl(s),7

carbonyl(s),8 and cyano(s).9

A novel strategy making use of synergistic effects by metal−
metal,10 metal−organic,11 and organic−organic12 combined

catalysts is now receiving new attention. An efficient cooperation
of the transition-metal (TM) complex with the Lewis acid (LA)
is expected to be a powerful tool in C−C σ-bond cleavage.13 In a
series of recent works, it was noted that C−CN σ-bond activation
is promoted well by TM/LA cooperative catalysis.14−17 Jones
and co-workers investigated the kinetics and thermodynamics of
competitive C−CN and C−H σ-bond activation reactions in the
interconversion of aryl cyanide by Ni(dippe) (dppe =
diphenylphosphinoethane) and found that the C−CN σ-bond
cleavage of aryl cyanide can be achieved rapidly and exclusively at
low temperature in the presence of a LA such as BPh3.

14 Nakao,
Hiyama, and co-workers made outstanding contributions to the
application of similar TM/LA cooperative catalysts to the
organic syntheses of various organic nitriles.15 They successively
reported that Ni0/LA cooperative catalysts are highly effective for
the carbocyanation of unactivated alkynes and alkenes via C(sp,
sp2, and sp3)−CN σ-bond cleavage. Jacobsen et al. accomplished
asymmetric intramolecular arylcyanation of alkenes using chiral
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Ni0 complexes in the presence of BPh3.
16 Nakao, Hiyama,

Ogoshi, and co-workers also reported similar reactions catalyzed
by a nickel(0) complex and AlMe2Cl instead of BPh3.

15c In all of
the aforementioned works, LA significantly improves the yield of
the product, accelerates the reaction rate, and/or even makes a
very difficult reaction possible.
Matsubara, Kurahashi, and co-workers recently developed an

unprecedented intermolecular cycloaddition reaction using a
Ni0/MAD catalytic system (MAD =methylaluminum bis(2,6-di-
tert-butyl-4-methylphenoxide)), where o-arylcarboxybenzoni-
trile and o-cyanophenylbenzamide react with alkynes to afford
coumarins and quinolones, respectively18,19 (see Scheme 1). It

should be noted that this reaction occurs via the cleavage of two
nonstrained C−C σ-bonds and that a Lewis acid such as MAD
must be added to the reaction system in an amount of 3 molar
equiv to the Ni(0) complex. Although theoretical and
experimental studies of the C−CN σ-bond cleavage have been
carried out for a number of low-valent TM complexes containing
Fe,20 Co,21 Ni,22 Cu,23 Mo,24 Ru,25 Rh,26 Pd,27 and Pt,27 the
mechanistic details and the origins of cooperative and synergistic
functions of the TM/LA catalytic system are not clear at all. Also,
the role of LA has not been theoretically investigated in TM-
catalyzed C−C σ-bond activation, while the role of LA was
theoretically discussed in C−H σ-bond activation28 and Diels−
Alder reactions.29 Hence, it is necessary to provide theoretical
knowledge of this TM/LA cooperative catalysis for C−C σ-bond
cleavage. Such knowledge is indispensable to obtain a good
understanding and further develop the activation reaction of the
inert C−C σ-bond.
In the present work, we theoretically investigated the full

catalytic cycle of the Ni0/LA-catalyzed [4 + 2] cycloaddition of o-
arylcarboxybenzonitrile with alkyne by density functional theory
(DFT). Our purposes here are to clarify the mechanism of this
catalytic reaction, compare the catalytic cycle between the
absence and the presence of LA, and elucidate the reasons two
nonstrained C−C σ-bonds can be successfully cleaved by this
catalytic system. We wish to provide a general understanding of
how to achieve the nonstrained C−C σ-bond cleavage.

■ COMPUTATIONAL DETAILS AND MODELS

All geometry optimizations were performed using the M06
functional.30 This hybrid functional was chosen here on the basis

Scheme 1. Experimentally Reported Ni0/LA-Catalyzed
Decyanative [4 + 2] Cycloadditions of o-
Arylcarboxybenzonitrile and o-Cyanophenylbenzamide with
Alkynes18,19

Figure 1.Gibbs energy profiles (ΔG°393.15) of the catalytic reaction in cases A−D. In caseA, two LAs interact with substrate S. In case B, no LA interacts
with the substrate. In caseC, one LA interacts with the carbonyl oxygen atom of the substrate. In caseD, one LA interacts with the cyano nitrogen atom
of the substrate.
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of the benchmark calculations in our previous study of nickel(0)-

catalyzed reactions.31 The solvent effect of toluene was evaluated

by the conductor-like polarizable continuum model (CPCM).32

Two kinds of basis set systems were employed here. In basis set

system I (BS-I), the Los Alamos relativistic effective core

potentials (ECPs)33 were used for the core electrons of Ni and a

(541/541/311/1) basis set33−35 was employed for its valence

electrons. The 6-31G(d) basis sets were employed for other

Figure 2.Geometry changes in the reaction when two LAs are present (case A). The bond distances are given in angstroms and bond angles in degrees.

ACS Catalysis Research Article

dx.doi.org/10.1021/cs501653s | ACS Catal. 2015, 5, 1−103



main-group elements. A better basis set system (BS-II) was used
to evaluate the potential energy changes. In BS-II, a (311111/
22111/411/11) basis set36,37 was employed for Ni with the ECPs
of the Stuttgart−Dresden−Bonn group.36 The 6-311+G(2d,p)
basis sets were used for other elements. Thermal corrections and
entropy contributions of vibrational movements to the Gibbs
energy change were evaluated at the M06/BS-I level at 393.15 K
and 1 atm, where the solvation effect was incorporated with the
CPCM model due to its important influence on the activation
energy of the catalytic reaction (see Table S1 in the Supporting
Information). The translational entropy was corrected with the
method developed by Whitesides et al.;38 see page S2 in the
Supporting Information for the details. The present results are
discussed on the basis of the Gibbs energy calculated on the
singlet potential energy surface, because the triplet surface lies
much higher than the singlet by at least 33 kcal/mol31 (see Table
S2 in the Supporting Information). All these calculations were
carried out with the Gaussian 09 program.39

PMe3 was employed as a ligand in calculations here, because
PMe3, PPh3, PCy3, and P(CH2Ph)3 were used as phosphine
ligands in experiments,18,19 as shown in Scheme 1. 4-
Dimethylamino-substituted o-phenylcarboxybenzonitrile (S)
and but-2-yne (AL) were employed as substrates in the
calculations, as in the experiments. MAD was simplified to
AlMe(OMe)2 (LA).

■ RESULTS AND DISCUSSION

Overview of Catalytic Cycle. First, we wish to briefly
discuss what elementary steps are involved in the catalytic cycle,
prior to a detailed discussion about the important steps.
The experimental report indicated that the yields of the

product change little at phosphine to Ni(COD)2 mole ratios
between 1 and 2.18 Also, our recent theoretical study31 displayed
that Ni(PMe3)(AL) (Nicat) is formed as an active species even
when phosphine is added to the reaction system in an amount of
2 molar equiv with respect to Ni0. On the basis of these results,

Scheme 2. Full Catalytic Cycle in the Presence of Two LA Molecules
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Nicat is employed here as an active species of this catalytic
reaction.
We systematically investigated four cases of the Ni0/LAn-

catalyzed [4 + 2] cycloaddition of o-phenylcarboxybenzonitrile
(S) with but-2-yne (AL), where n is 0−2. In case A, two LAs
interact with the carbonyl oxygen and the cyano nitrogen atoms
of C1, where Ni(PMe3)(AL)(S)(LA)2 is denoted C1-LA2
hereafter. In case B, no LA participates in the reaction. In case
C, one LA interacts with the carbonyl oxygen atom of C1, where
Ni(PMe3)(AL)(S)(LA onO) is denotedC1-LAO. In caseD, one
LA interacts with the cyano nitrogen atom of C1, where
Ni(PMe3)(AL)(S)(LA on N) is denoted C1-LAN.
The Gibbs energy profiles in Figure 1 clearly show that case A

is the most favorable, where C1-LA2 is taken as a standard
(energy 0); see Figure 2 for the geometry changes. As presented
in Scheme 2, the catalytic cycle consists of five key elementary
steps: oxidative addition of the C−CN σ-bond of S to the
nickel(0) center (the first C−C σ-bond cleavage) to afford the
nickel(II) aryl cyanide intermediate 2a-LA2, alkyne insertion into
the nickel−aryl bond to form the nickel(II) vinyl cyanide
intermediate 3-LA2 followed by isomerization to 4-LA2, C−C
coupling (ring closing) between the vinyl carbon and the acyl
carbon atoms to afford the nickel(II) complex of coumarin
derivative 5-LA2, β-aryl elimination (the second C−C σ-bond
cleavage), and reductive elimination of coumarin (P) to afford
the nickel(0) coumarin complex 6-LA2. The rate-determining
step is the β-aryl elimination, the Gibbs activation energy (ΔG°⧧)
of which is moderate (17.3 kcal/mol), as shown in Figure 1.
When LA is absent in the catalytic reaction (case B),

Ni(PMe3)(AL)(S) C1 without LA is a starting compound. C1
is less stable than C1-LA2 by 36.6 kcal/mol, as shown in Figure 1
(green line), indicating that the coordination of two LAs withC1
easily occurs when 2 molar equiv of LA is added to a nickel(0)
complex. The rate-determining step is the C−C coupling (3→ 4
→ 5), the ΔG°⧧ value of which is 23.8 kcal/mol; see the green
line in Figure 1 and Figure S1 in the Supporting Information for
the geometry changes. When only one LA interacts with the
carbonyl oxygen atom (case C), Ni(PMe3)(AL)(S)(LA on O)
(C1-LAO) is a starting compound. This is less stable than C1-
LA2 by 27.6 kcal/mol, as shown in Figure 1 (blue line), indicating
that LA strongly interacts with the carbonyl oxygen atom when
LA is present in the reaction system. The rate-determining step is

the oxidative addition of the C−CN σ-bond to the nickel center
(C2-LAO→ 2a-LAO), theΔG°⧧ value of which is 19.4 kcal/mol;
see the blue line in Figure 1 and Figure S2 (Supporting
Information) for geometry changes. When one LA interacts with
the cyano nitrogen atom (caseD), Ni(PMe3)(AL)(S)(LA onN)
(C1-LAN) is a starting compound.C1-LAN is less stable thanC1-
LA2 by 17.9 kcal/mol, as shown in Figure 1 (a red line),
indicating that LA also strongly interacts with the cyano nitrogen
atom when LA is present in the reaction system. The rate-
determining step is C−C coupling followed by β-aryl
elimination, the ΔG°⧧ value of which is 23.0 kcal/mol; see the
red line in Figure 1 and Figure S3 (Supporting Information) for
geometry changes. These results lead us to the following clear
conclusions: (i) when LA is added to the reaction system, LA
strongly interacts with the carbonyl oxygen and cyano nitrogen
atoms, (ii) in caseAwith two LAmolecules, the catalytic reaction
easily occurs with a moderate ΔG°⧧ value, while the catalytic
reaction is difficult in cases B−D, in which either no LA or one
LA is added to the reaction system, and (iii) the presence of two
LAmolecules in the reaction system is crucial for the activation of
two nonstrained C−C σ-bonds. These conclusions are consistent
with the experimental results18 that 3 molar equiv of LA
molecules must be added to the nickel(0) complex.40

Oxidative Addition of the C−CN σ-Bond to the
Nickel(0) Center. The first important elementary step is the
oxidative addition of the C−CN σ-bond of the substrate S to the
nickel(0) center. This is the first C−C σ-bond cleavage. As
shown in Figure 2, the CN triple bond of S coordinates with
the catalyst Nicat in a η2-side-on manner to form the nickel(0)
complex Ni(PMe3)(AL)(S) (C1-LA2). In this complex, two LAs
interact with S through the cyano nitrogen and the carbonyl
oxygen atoms, because the cyano nitrogen and carbonyl oxygen
atoms have a lone pair orbital; see Figure S4 for the electrostatic
potential of S and a discussion in the Supporting Information.
Prior to the oxidative addition, the nickel(0) center approaches
the C−CN σ-bond to afford the intermediate 1a-LA2 through the
η2-aryl-coordinated intermediate C2-LA2 (Figure 2). This
isomerization occurs with a ΔG°⧧ value of 9.1 kcal/mol (Figure
1A). A similar isomerization was reported in theoretical studies of
the oxidative addition of phenyl chloride41 and benzonitri-
le22e,g,41a to nickel(0) complexes.

Figure 3.Gibbs energy profiles (ΔG°393.15) of oxidative activation. 2d-LA2 could be optimized by assuming the d bond distance to be 2.39 Å, which is a
reasonable value.

ACS Catalysis Research Article

dx.doi.org/10.1021/cs501653s | ACS Catal. 2015, 5, 1−105

http://pubs.acs.org/doi/suppl/10.1021/cs501653s/suppl_file/cs501653s_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs501653s/suppl_file/cs501653s_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs501653s/suppl_file/cs501653s_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs501653s/suppl_file/cs501653s_si_001.pdf


In the oxidative addition of S to the nickel(0) center, we need
to investigate which of four σ-bonds (a−d) of S undergoes the
activation; see the inset in Figure 3 for bonds a−d. This
selectivity is important because the reaction product depends on
which bond is cleaved. From bond energy calculations on the
substrates S and S-LA2, it can be determined that the bond
energy (in kcal/mol) changes in the order a (138.5) > d (121.1)
> b (107.4) > c (89.3) for S and d (147.4) > a (133.5) > b (110.4)
> c (102.4) for S-LA2. It seems that activation of bond c (C(
O)−O σ-bond) is the most favorable. However, kinetic
calculations give different results for four σ-bond activation
reactions in S-LA2, because charge transfer from Nicat to the
lowest unoccupied molecular orbital (LUMO) of S-LA2 leads to
weakening of the a bond (C−CN σ-bond), which determines the
regioselectivity of the oxidative addition;31 see Figure S5 in the
Supporting Information for the LUMOs of S and S-LA2. As
shown in Figure 3, the a bond is cleaved via the transition state
TS1a-LA2 with the smallest ΔG°⧧ value (12.9 kcal/mol),
whereas the oxidative additions of the b and c bonds (via
TS1b-LA2 and TS1c-LA2) require much larger ΔG°⧧ values
(30.9 and 23.4 kcal/mol, respectively). In addition, the product
of the oxidative addition of the d bond could not be located.42 On
the basis of these results, it is concluded that the first step is the
oxidative addition of the C−CN σ-bond to Nicat.
Alkyne (AL) Insertion into the Nickel(II)−Aryl Bond.

After oxidative addition, two reaction courses such as the
insertion of AL into the Ni(II)−C bond and the activation of the
second C−C (aryl−carbonyl) σ-bond are plausible candidates.
In the alkyne insertion starting from 2a-LA2, two reaction routes
are possible; in one, AL is inserted into the nickel(II)−aryl (Ni−
C2) bond and in the other into the nickel(II)−cyanide (Ni−C1)
bond. As shown in Figure 4, the former reaction (2a-LA2→TS2-
LA2 → 3-LA2) occurs more easily with a moderate ΔG°⧧ value
(14.4 kcal/mol relative to C1-LA2) in comparison to the latter
reaction (8-LA2 → TS5-LA2 → 9-LA2), which needs a large
ΔG°⧧ value (27.8 kcal/mol relative to 8-LA2) and a positiveΔG°
value of 18.7 kcal/mol. In the transition state TS2-LA2, C4 is
approaching C2 and an approximately planar four-membered
ring (Ni−C2−C4−C5) is formed, as shown in Figure 2. In the

insertion product 3-LA2, a nickel(II)−aryl bonding interaction is
formed between the π orbital of the aryl group and the empty d
orbital of the nickel(II) center; see the Ni−C2 distance of 2.24 Å.
On the other hand, the second C−C σ-bond cleavage is very

difficult; as shown in Figure 4, it occurs through the transition
state TS6-LA2 to afford the six-coordinate Ni(IV) intermediate
10-LA2 with a very large ΔG°⧧ value (56.8 kcal/mol relative to
C1-LA2) and a very positive ΔG° value (50.7 kcal/mol). This
result is not surprising because the nickel(IV) species is not very
stable in general. Then, Ar−CN reductive elimination occurs
through the transition stateTS7-LA2 to form the four-coordinate
Ni(II) intermediate 11-LA. This reductive elimination also needs
a very large ΔG°⧧ value (62.9 kcal/mol relative to C1-LA2).
Hence, it is concluded that the second step is not the second C−
C σ-bond cleavage but the alkyne insertion into the nickel−aryl
(Ni−C2) bond.
At the end of this section, we wish to mention the

regioselectivity in the insertion of unsymmetrical alkynes into
the Ni−Ph bond, because several unsymmetrical alkenes were
employed in the experiment.18 The regioselectivity in the alkyne
insertion into the Ni−acyl bond was investigated in our recent
theoretical study.31 The calculated results indicated that both
electronic and steric factors influence the regioselectivity of
alkyne insertion but the latter factors play a major role.31 This
explanation is also useful to understand the regioselectivity of the
present insertion reaction; see page S10 in the Supporting
Information for a more detailed explanation.

C−C Coupling between the Vinyl Carbon and Carbonyl
Carbon Atoms. Because the second C−C σ-bond cleavage is
not easy, some other transformation must occur before it. In 3-
LA2, the phenyl moiety does not interact with the nickel center;
see Figure 2 and Scheme 2. Because the phenyl group has π-
electrons which are useful for making a bonding interaction with
the nickel(II) center, it is likely that this phenyl group changes its
position so as to form a bonding interaction with the nickel(II)
center. As presented in Scheme 2 and Figure 2, such
isomerization of 3-LA2 occurs with a very small ΔG°⧧ value of
2.7 kcal/mol to afford the eight-membered-ring intermediate 4-

Figure 4. Gibbs energy profiles (ΔG°393.15) of alkyne insertion and aryl−carbonyl bond activation.
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LA2. In 4-LA2, the phenyl carbon certainly interacts with the
nickel(II) center; see Figure 2.
Because the carbonyl carbon (C6) is electron deficient and the

vinyl carbon (C5) is electron rich, the C−C coupling reaction
occurs between the C5 and C6 atoms starting from 4-LA2 to
afford the intermediate 5-LA2 through the transition state TS3-
LA2. In TS3-LA2, C6 approaches C5 but the Ni−C5 and Ni−C7
bonds are retained (Figure 2). In 5-LA2, a new six-membered
ring (shown in green) including a −O−C6(O)− group is
formed and its C4−C5 double bond coordinates with the
nickel(II) center; see Figure 2 and Scheme 2. In this
intermediate, a coumarin structure has been almost formed.
The ΔG°⧧ and ΔG° values relative to 3-LA2 are 14.0 and 0.7
kcal/mol, respectively, indicating that this process occurs easily.
β-Aryl Elimination (Second C−C σ-Bond Cleavage)

Followed by Reductive Elimination. In 5-LA2, the C6−C7
bond becomes weak in comparison to that in 4-LA2, because the
C7 atom interacts with the nickel(II) center and the C6 atom
forms a covalent bond with the C5 atom. Actually, the C6−C7
bond cleavage occurs concomitantly with the strengthening of
the Ni−C7 bonding interaction through the transition stateTS4-
LA2, as shown in Figure 2. Simultaneously, the conjugation in the
six-membered ring including the −O−C6(O)−C5− moiety
becomes stronger as the C6−C7 bond cleavage proceeds. These
geometrical changes indicate that this step is understood to be β-
aryl elimination. Note that the oxidative addition of the C6−C7
bond is difficult because 5-LA2 is a nickel(II) complex. Though
one could expect that β-aryl elimination leads to the formation of
a nickel(II) coumarin aryl cyanide complex, this complex could
not be optimized here; rather, the nickel(0) coumarin 4-
dimethylaminobenzonitrile complex 6-LA2 was optimized, as
shown in Figure 2 and Scheme 2. These geometry changes
indicate that the β-aryl elimination occurs concomitantly with
the reductive elimination of the Ar−CN bond in one step. In the
transition state TS4-LA2 (Figure 2), the C6−C7 distance is
considerably elongated to 2.18 Å but the C1−C7 distance is still
long (2.40 Å), indicating that the C6−C7 bond cleavage is the
origin of the activation barrier. In 6-LA2, the C6−C7 bond is
completely cleaved and the C1−C7 bond (1.42 Å) is formed
(Figure 2). The ΔG°⧧ and ΔG° values relative to 5-LA2 are 16.6
and −18.9 kcal/mol, respectively, indicating that this process
occurs easily.
Finally, the desired product coumarin P is released with the

byproduct 4-dimethylaminobenzonitrile through ligand ex-
change to regenerate C1-LA2. In case A, the rate-determining
step is β-aryl elimination followed by reductive elimination, as
shown in Figure 1 (the black line). The ΔG°⧧ value for the
overall catalytic cycle corresponds to the energy difference
between TS4-LA2 and 3-LA2, because 3-LA2 is the most stable
intermediate before the most unstable transition state, TS4-LA2.
This value is 17.3 kcal/mol, and the total ΔG° value is −35.7
kcal/mol. This calculatedΔG°⧧ value seems to be lower than the
expectation from the given experimental conditions (120 °C).
Three reasons would be plausible; in one, the conversion of
Ni(cod)2 to an active species needs an unexpectedly large ΔG°⧧
value, and in the second, the smaller LA employed in the
calculation in comparison to methylaluminum bis(2,6-di-tert-
butyl-4-methylphenoxide) (MAD) employed in experi-
ments18,19 leads to a smaller than expected ΔG°⧧ value. The
third reason is the concentration of the Lewis acid; 3 molar equiv
of the Lewis acid is added to the solution of the Ni complex,
indicating that the Lewis acid interacts with both the substrate
coordinating to the Ni center and the free substrate. This means

that the substrate coordinated with the Ni center does not find
enough free Lewis acid and thereby the reaction must occur
without two Lewis acid molecules.

Roles of Lewis Acids in Each Elementary Step. In this
catalytic reaction via dual C−C σ-bond activations, the presence
of excess Lewis acid (MAD) is crucial because no product or very
little product is produced in the absence of LA.18 In this regard,
systematic assessment of the effects of LA is of considerable
importance to understand well this catalytic reaction and
elucidate the reasons two nonstrained C−C σ-bonds are
successfully cleaved by the Ni0/LA system. For this purpose,
we investigated the reaction without LA (case B), the reaction
with one LA on the carbonyl oxygen atom (case C), and the
reaction with one LA on the cyano nitrogen (case D), as
mentioned above. Here, we wish to discuss the effects of LA in
each elementary step.
In the C−CN σ-bond activation via oxidative addition, the

ΔG°⧧ value is 12.9 kcal/mol in case A (the bottom black line in
Figure 1), 21.0 kcal/mol in case B (the top green line), 19.4 kcal/
mol in caseC (the middle blue line), and 11.4 kcal/mol in caseD
(the middle red line). These results clearly show that one LA
coordinated with the cyano nitrogen atom (named LAN)
dramatically accelerates the C−CN σ-bond cleavage.
In the alkyne insertion, the ΔG°⧧ value is 13.2 kcal/mol

(relative to the intermediate 2a-LA2) in case A, 11.8 kcal/mol
relative to 2a in case B, 14.0 kcal/mol relative to 2a-LAO in case
C, and 13.9 kcal/mol relative to 2a-LAN in caseD. Thus, it should
be concluded that the presence of LA interacting with the cyano
nitrogen and carbonyl oxygen atoms does not influence the
alkyne insertion very much.
In the C−C coupling step, the ΔG°⧧ is 14.0 kcal/mol relative

to 3-LA2 in case A, 23.8 kcal/mol relative to 3 in case B, 6.5 kcal/
mol relative to 4-LAO in case C, and 23.0 kcal/mol relative to 3-
LAN in case D. The ΔG° values for this process are 0.7 kcal/mol
in case A, 5.7 kcal/mol in case B, −9.9 kcal/mol in case C, and
18.9 kcal/mol in case D. On the basis of these results, it is
concluded that the LA interacting with the carbonyl oxygen atom
(named LAO) effectively decreases the activation barrier and the
reaction energy in the C−C coupling but LAN suppresses the C−
C coupling.
For the β-aryl elimination (the second C−C σ-bond

activation), the ΔG°⧧ value is 16.6 kcal/mol relative to 5-LA2
in case A, 14.9 kcal/mol relative to 5 in case B, 17.3 kcal/mol
relative to 5-LAO in caseC, and 3.3 kcal/mol relative to 5-LAN in
case D. These results indicate that LAO suppresses the β-aryl
elimination but LAN accelerates it. Though the ΔG°⧧ value for
the β-aryl elimination is very small in case D, it should be noted
that this very small ΔG°⧧ value arises from the very unstable 5-
LAN, as shown in Figure 1. Because TS4-LAN is as unstable as
TS3-LAN, the energy barrier for the β-aryl elimination relative to
the stable intermediate 3-LAN is as large as the barrier for the C−
C coupling in case D.
What is important is not the ΔG°⧧ value for the β-aryl

elimination but the ΔG°⧧ value to reach the intermediate 6-LA2,
6-LAO, 6-LAN, or 6 from the stable intermediate 3-LA2, 3-LA

O,
3-LAN, or 3, respectively; see Figure 1. These ΔG°⧧ values are
17.3 kcal/mol, which is the energy difference between TS4-LA2
and 3-LA2 in caseA, 23.8 kcal/mol, which is the energy difference
between TS3 and 3 in case B, 17.3 kcal/mol, which is the energy
difference betweenTS4-LAO and 5-LAO in caseC, and 23.0 kcal/
mol, which is the energy difference betweenTS3-LAN and 3-LAN

in caseD; note that TS3 and TS3-LAN are higher in energy than
TS4 and TS4-LAN, respectively, in cases B andD. In cases B and
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D, the ΔG°⧧ value is large because the C−C coupling is difficult
due to the absence of LAO. In cases A and C, the ΔG°⧧ value for
the β-aryl elimination is somewhat larger than that for the C−C
coupling because the intermediates 5-LA2 and 5-LAo are stable
but considerably smaller than those for the C−C coupling in
cases B and D. On the basis of these results, it is concluded that
LAO is indispensable to reach the intermediate 6-LA2 or 6-LA

O

from 3-LA2 and 3-LAO, respectively; if LAO is absent, the C−C
coupling becomes very difficult and the large ΔG°⧧ value is
necessary to reach 6 and 6-LAN. If LAO is present, the C−C
coupling easily occurs to afford the stable intermediates 5-LA2
and 5-LAO. The formations of the stable 5-LA2 and 5-LAO lead
to the presence of lower energy TS4-LA2 and TS4-LAO, even
though theΔG°⧧ value is large for the β-aryl elimination. Hence,
LAO is indispensable to pass through the C−C coupling and the
next β-aryl elimination.
Electronic Processes of Important Elementary Steps.

To understand well the reasons why LAN accelerates the C−CN
σ-bond activation, we investigated the electronic process of this
step with a fragment molecular orbital analysis;43 see page S11 in
the Supporting Information for details of the analysis. As shown
in Figure 5A, TS1a-LA2 is divided into two fragments as S-LA2
andNicatmoieties. The electron population of the LUMO of the
S-LA2 moiety extremely increases to 0.786e in TS1a-LA2.
Consistent with this increase in population, the population of the
highest occupied molecular orbital (HOMO) of theNicatmoiety
considerably decreases to 1.249e. These results clearly indicate
that substantial charge transfer (CT) occurs from the HOMO of
Nicat to the LUMO of S-LA2 in the oxidative addition. The
HOMO of Nicat mainly consists of the nickel 3dπ orbital. The
LUMO of S-LA2 in the transition state mainly consists of the σ*
orbital of the C−CN bond and the π* orbital of the CN moiety.
This LUMO is formed by σ*−π* orbital mixing which is induced
by the distorted geometry of the transition state. Because the
LUMO is antibonding between the Ar and CN groups, CT to the
LUMO plays an important role in the Ar−CN bond break-
ing.22f,41a As shown in Figure 5B,TS1awithout LA is divided into

S andNicatmoieties in the same way. The LUMO+1 and LUMO
+2 populations of the S moiety moderately increase to 0.246e
and 0.161e, respectively, in TS1a, and the population of the
HOMO of theNicatmoiety correspondingly decreases to 1.565e.
This means that a CT similar to that in TS1a-LA2 from 3dπ to σ*
+ π* is formed inTS1a. However, this CT is considerably weaker
in TS1a than in TS1a-LA2. This is because the unoccupied σ* +
π* C−CN antibonding orbital is considerably stabilized by the
interaction of LAN with the cyano nitrogen atom, as follows: the
unoccupied σ* + π*C−CN orbital exists as the LUMO at−3.50
eV in TS1a-LA2 but as the LUMO+1 and LUMO+2 at −0.93
and −0.78 eV in TS1a. These results clearly indicate that LAN

stabilizes the σ* + π* C−CN antibonding orbital to enhance the
CT from the 3dπ to the σ* + π* and accordingly accelerate the
oxidative addition. This is the first theoretical explanation for the
effect of the Lewis acid on the C−CN σ-bond activation reported
by Jones et al.14 and Nakao et al.15

We also found the largest difference in the ΔG°⧧ value
between the reactions with and without LA in the C−C coupling
step. In this step, the vinyl C5 attacks the carbonyl C6 atom to
form a C−C σ-bond. This step is understood to be a nucleophilic
attack of C5 at C6, because the vinyl C5 is negatively charged but
the carbonyl C6 is positively charged. LAO stabilizes the LUMO
of the carbonyl by interacting with the carbonyl oxygen atom to
enhance the electrophilic feature of the C5 atom and accelerate
the C5−C6 coupling via nucleophilic attack. This is also
favorable for the second C−C σ-bond cleavage via the β-aryl
elimination, because 5-LA2 and TS4-LA2 are stabilized by the
interaction of LAO with the carbonyl oxygen atom, as was
discussed above.

■ CONCLUSIONS

Nickel(0)/LA-catalyzed decyanative [4 + 2] cycloaddition of o-
arylcarboxybenzonitrile with alkyne was systematically inves-
tigated with the DFT method. The theoretical calculations
clearly disclose the mechanistic details, the origins of cooperative
catalysis of the nickel(0)/LA system, and the reasons two

Figure 5. Important Kohn−Sham orbitals and their electron populations of Nicat and S-LA2 (or S) moieties in TS1a-LA2 (or TS1a).
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nonstrained C−C σ-bonds are successfully cleaved by the
presence of two LA molecules.
The catalytic cycle consists of oxidative addition of the C−CN

σ-bond to the nickel(0) center, alkyne insertion into the
nickel(II)−aryl bond, C−C coupling between the vinyl carbon
and carboxyl carbon atoms, and β-aryl elimination followed by
reductive elimination. Under the most favorable reaction
conditions with two LA molecules, the rate-determining step is
β-aryl elimination followed by reductive elimination, the ΔG°⧧
value of which is moderate (17.3 kcal/mol). One LA interacting
with the cyano nitrogen atom of S dramatically promotes the C−
CN σ-bond activation by stabilizing the unoccupied σ* + π* C−
CN antibonding orbital. One more LA interacting with the
carbonyl oxygen of S effectively accelerates the C−C coupling
followed by β-aryl elimination. This acceleration is achieved
because LA on the carbonyl oxygen atom increases the
electrophilic nature of the carboxyl carbon. If only one LA
interacts with the cyano nitrogen atom, the C−CN σ-bond
activation is accelerated but the C−C coupling becomes difficult.
If only one LA interacts with the carbonyl oxygen atom, the C−C
coupling is accelerated but the C−CN σ-bond cleavage becomes
difficult. Hence, the presence of two LA molecules is crucial to
perform this catalytic reaction. These results are consistent with
the experimental results.18

The above understanding provides new ideas on how to cleave
two nonstrained C−C σ-bonds by the presence of a Lewis acid
molecule; the oxidative addition of the C−CN σ-bond of nitrile
to a low-valent TM complex is greatly accelerated by one Lewis
acid interacting with the cyano nitrogen atom because the LA
stabilizes the σ* + π* antibonding orbital of the C−CN bond.
The β-aryl elimination of aryl-COR occurs easily after the C−C
bond formation between the carbonyl carbon of the COR group
and some other carbon atoms, because such C−C bond
formation weakens the C−C bond between the aryl and COR
groups. A Lewis acid interacting with the carbonyl oxygen atom
accelerates the C−C coupling and the β-aryl elimination by
stabilizing the intermediate and transition state. This LA-assisted
C−C σ-bond cleavage via β-aryl elimination is first recognized
here as an important C−C σ-bond activation reaction. At the end
of this section, we wish to mention the possibility that the
reaction can occur without the Lewis acid because the ΔG°⧧
value is 23.8 kcal/mol even without the Lewis acid if we can select
a favorable substrate and alkyne. Such an experiment is
challenging.
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