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Abstract Density functional theory (DFT) was used to inves-
tigate the nickel- or nickel(0)/zinc- catalyzed decarbonylative
addition of phthalic anhydrides to alkynes. All intermediates
and transition states were optimized completely at the B3LYP/
6-31+G(d,p) level. Calculated results indicated that the
decarbonylative addition of phthalic anhydrides to alkynes
was exergonic, and the total free energy released was
−87.6 kJ mol−1. In the five-coordinated complexes M4a and
M4b , the insertion reaction of alkynes into the Ni-C bond
occurred prior to that into the Ni-O bond. The nickel(0)/zinc-
catalyzed decarbonylative addition was much more dominant
than the nickel-catalyzed one in whole catalytic
decarbonylative addition. The reaction channel CA→M1'→
T1'→M2'→T2'→M3a'→M4a'→T3a1'→M5a1' →
T4a1'→M6a'→P was the most favorable among all reaction
pathways of the nickel- or nickel(0)/zinc- catalyzed
decarbonylative addition of phthalic anhydrides to alkynes.
And the alkyne insertion reaction was the rate-determining
step for this channel. The additive ZnCl2 had a significant
effect, and it might change greatly the electron and geometry
structures of those intermediates and transition states. On the
whole, the solvent effect decreased the free energy barriers.
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Introduction

The insertion reaction of an unsaturated C-C bond into a C-O
bond of an oxacyclic compound catalyzed by transition metal
complexes is a useful transformation, because more compli-
cated oxacyclic compounds are attained, e.g., isocoumarin
which displays a wide range of biological activities [1, 2].
Isocoumarin could be synthesized by many transition metals
catalysts [3–6]. Recently, Kurahashi et al. [6] reported the
nickel(0)-catalyzed decarbonylative addition of phthalic an-
hydrides (R1) to alkynes (R2 ) to form isocoumarin (P ), as
illustrated in Scheme 1. They described the decarbonylative
addition with 10mol% of Ni(cod)2 (cod = 1,5-cyclooctadiene)
and 40 mol% of PMe3 led to isocoumarin in 12 % yield.
However, on addition of 20 mol% of the Lewis acids as
additive (e.g., ZnCl2, Zn(OTf)2 (OTf = triflate), ZnBr2, ZnI2,
BPh3 (Ph = phenyl), LiCl, et al.), the reaction proceeded
smoothly to furnish isocoumarin in more than 70 % isolated
yield. And ZnCl2 gave the best yield of the product, 96 %
isolated yield.

Kurahashi et al. also suggested a likely mechanism outlined
in Scheme 2. The catalytic cycle should consist of the oxidative
addition of an anhydride O-CO bond to nickel [7–9], subse-
quent decarbonylation, and the coordination of alkyne to give
the nickel(II) intermediateA . And then the alkyne would insert
into the aryl-nickel bond to give the nickelacycle intermediate
B , which would undergo the reductive elimination to form
isocoumarin and regenerate the catalyst. The origin of the
effect of ZnCl2 was likely to result from the coordination of a
Lewis acid to a carbonyl group, whichmight generate electron-
poor alkenylnickel through a conjugated system.
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In order to understand the reaction mechanism of the
nickel(0)-catalyzed decarbonylative addition of anhydrides
to alkynes to form isocoumarin in detail, the decarbonylative
addition of phthalic anhydrides to alkynes catalyzed by the
catalysts nickel(0)/PMe3 with ZnCl2 was studied in the pres-
ent work. Specifically, the present study would focus on: (1)
the energitics of the overall catalytic pathways in the nick-
el(0)-catalyzed decarbonylative addition, (2) the energitics of
the catalytic pathways in the nickel(0)/zinc-catalyzed
decarbonylative addition, (3) the structural features of inter-
mediates and transition states involved, (4) the possible inser-
tion reaction channels of the alkyne into the aryl-nickel bond,
(5) the effect of ZnCl2, and (6) the effect of the solvent in the
reaction mechanism.

Computational details

All calculations were carried out with the Gaussian 03 pro-
grams [10]. The geometries of all the species were fully
optimized by using density functional theory (DFT) [11] of
B3LYP method [12, 13] with the 6-31+G(d,p) basis set for all
the atoms. Frequency calculations were performed to confirm
each stationary point to be either a minimum (M ) or a transi-
tion structure (T ). The transition states were verified by in-
trinsic reaction coordinate (IRC) [14] calculations and by
animating the negative eigenvector coordinates with a visual-
ization program (Molekel 4.3) [15, 16]. In addition, the bond-
ing characteristics were analyzed by the natural bond orbital
(NBO) theory [17–20]. NBO analysis was performed by
utilizing NBO5.0 code [21]. Based on the gas phase optimized
geometry for each species, the solvent effects of CH3CN
(acetonitrile, ε=36.64) were studied by performing a self-
consistent reaction field (SCRF) [22, 23] of polarizable con-
tinuum model (PCM) [24] approach at the same computation-
al level using the default parameters except the temperature
(353.15 K was used).

Furthermore, the electron densities ρ at the bond critical
points (BCPs) or the ring critical points (RCPs) for some

species were calculated by employing the AIM 2000 program
package [25, 26].

Results and discussion

The possible reaction mechanisms of the nickel(0)-catalyzed
decarbonylative addition were outlined in Scheme 3. The
relative gas phase free energies ΔG , enthalpies ΔH , zero-
point energy (ZPE) corrected electronic energies ΔE , and
absolute entropies S were summarized in Tables S1-4. Unless
otherwise noted, the discussed energies were the gas phase
free energies ΔG in the following discussions.

The complexation reaction of phthalic anhydrides
and Ni(PMe3)4

The complexation reaction of Ni(PMe3)4 with phthalic anhy-
drides resulted in two possible complexesM1 andM1-1 : the
first one was formed through a synergic pπ-dπ back-donation
bond between nickel and C1-O1 double bond, while the latter
was formed by a coordinate bond between nickel and the
oxygen atom O1. The occupied π bonding orbital (πC1-O1)
acted on the empty hybridized orbital of nickel leading to a σ
coordinate bond; on the other hand, the occupied d orbital
(dxy, dxz, dyz) of nickel acted on the empty π* antibonding
orbital (π*C1-O1) leading to a π back-donation bond. Obvi-
ously, the formation of the synergic pπ-dπ back-donation
bond lowered the system’s energy and made the nickel com-
plex M1 more stable.

The free energy of M1 was lower than M1-1 by 61.5 kJ
mol−1, so M1 was more stable suggesting that it was more
possible to exist. NBO energy of the C1-O2 bond inM1 was
higher than phthalic anhydride by 298.0 kJ mol−1, while NBO
energy of the C1-O2 bond in M1-1 was higher than phthalic
anhydride by 73.6 kJ mol−1. Hence, in M1 , the formation of
the pπ-dπ back-donation bond weakened and activated the
C1-O2 bond, which would result in the oxidative addition
reaction of phthalic anhydride.

Scheme 1 The nickel-catalyzed
decarbonylative addition of
phthalic anhydrides to alkynes

Scheme 2 Plausible mechanism
for the nickel-zinc-catalyzed
decarbonylative addition of
phthalic anhydrides to alkynes
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Nickel(0)-catalyzed decarbonylative addition without ZnCl2

Figure 1 showed the potential energy hypersurface for the
most favorable pathway in the nickel-catalyzed
decarbonylative addition of phthalic anhydrides to alkynes

to form isocoumarin. The oxidative addition reaction of
phthalic anhydride went through the C1-O2 activation transi-
tion state T1 with a free energy of activation of 55.3 kJ mol−1

leading to the four-coordinate nickel(II) complex M2 . This
species then underwent a decarbonylation through the

Scheme 3 Possible reaction
mechanism of the nickel-
catalyzed decarbonylative
addition of phthalic anhydrides to
alkynes
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transition state T2 with a free energy of activation of 45.4 kJ
mol−1 to give the five-coordinate complex M3a . The coordi-
nation reaction of an alkyne (R2) toM3a generated the five-
coordinate nickel complex M4a , releasing a coordinated li-
gand PMe3. Next, intermediateM4a went through an alkyne
insertion reaction via the transition states T3a1 and T3a2
with the free energies of activation of 117.7 and 148.0 kJ
mol−1, leading to the nickelacycle complex M5a1 and
M5a2 , respectively. Finally, intermediates M5a1 and M5a2
underwent the reductive elimination reaction, respectively, via
the transition states T4a1 and T4a2 with the free energies of
activation of 4.7 and 38.9 kJ mol−1 to form the nickel-
isocoumarin complexM6a releasing the product P. Obvious-
ly, the transition states T3a1 and T3a2 were the highest
stationary points in the process of forming the isocoumarin
P. Hence, the alkyne insertion reaction was the rate-
determining step for these pathways in the nickel-catalyzed
decarbonylative addition. As shown in Scheme 3 and Fig. S1,
the alkyne insertion reaction had two possible reaction chan-
nels: C6 attacking C2 was denoted “a1”, while C6 attacking
O2 was denoted “a2”. It was evident that the reaction channel
“a1”was more dominant than “a2” (i.e., the insertion reaction
of alkynes into the Ni-C bond occurred prior to that into the
Ni-O bond), because the free energy of activation of T3a1
was lower than T3a2 by 30.3 kJ mol−1.

In the four-coordinate complex M2 , Ni, C1, O2 and two
phosphorus atoms were nearly coplanar, and there was a Ni-
C1-C2-C3-C4-O2 six-membered ring and the electron density
ρ of the RCP is 0.016 e·Å−3. NBO analysis of M2 indicated
that the Ni-C1 and Ni-O2 bonds showed strong single-bonded
character, so the synergic pπ-dπ back-donation bond between
nickel and πC1-O1 was disruptive. In the decarbonylation, the
distances between Ni and C1 and C2, dNi-C1 and dNi-C2, were
1.723 and 2.076 Å, while dC1-C2 was 1.748 Å, indicating a
significant interaction between Ni and C2 occurred, converse-
ly the C1-C2 bond was weakened considerably, as demon-
strated by analyzing the changes of Wiberg bond orders Pij

and electron density ρ at the BCPs (e.g., C1-C2 bond, Pij,
M2 : 0.967→T2 : 0.793→M3a : 0.100; ρ , M2 : 0.262→T2 :
0.150→M3a : 0.000 e·Å−3).M3a was a five-coordinate com-
plex, and involved a Ni-C2-C3-C4-O2 five-membered ring
and the electron density of the RCP was 0.028 e·Å−3. The Ni-
C1, Ni-C2, Ni-O2, and two Ni-P bonds are, respectively,
1.750, 1.947, 1.903, 2.282 and 2.633 Å. And there was again
the pπ-dπ back-donation bond between nickel and carbonyl.
Obviously, of the coordinated ligands CO and two PMe3, it
was easiest that an alkyne substituted for PMe3 with the Ni-P
bond of 2.633 Å to give the complex M4a . The alkyne
insertion reaction had two possible reaction channels, and
the corresponding transition states were T3a1 and T3a2 ,
respectively. T3a1 involved a Ni-C2-C3-C4-O2 five-
membered ring and a Ni-C2-C6-C7 four-membered ring,
and the electron densities of the RCPs were 0.026 and 0.075

e·Å−3. T3a2 involved a Ni-C2-C3-C4-O2 five-membered
ring and a Ni-O2-C6-C7 four-membered ring, and the electron
densities of the RCPs were 0.023 and 0.030 e·Å−3. M5a1
involved a Ni-C7-C6-C2-C3-C4-O2 seven-membered ring,
and M5a2 involved a Ni-C2-C3-C4-O2-C6-C7 seven-
membered ring. As presented in Fig. 1 and Table S1, the free
energy of M5a1 was lower than M5a2 by 102.8 kJ mol−1.
The steric and structural hindrance between the ringed struc-
ture and PMe3 of M5a1 was much weaker than M5a2 , and
there were three hydrogen bonds of O(CO2)…H-C(PMe3)
(2.673, 2.827, and 3.277 Å) inM5a1 which was much stron-
ger than M5a2 with a hydrogen bond of O(CO2)…H-
C(PMe3) (2.881 Å) Fig. 2.

In addition, the other two reaction pathways were shown in
Scheme 3 and Fig. S2. Intermediate M3a isomerized to the
complex M3b which coordinated to alkynes to give the
complex M4b releasing CO. Being similar to M4a , the
alkyne insertion reaction of M4b had again two possible
reaction channels.

By contrast, several results for these alternative reaction
channels in the nickel-catalyzed decarbonylative addition
could be summarized as follows: (1) The alkyne insertion
reaction was the rate-determining step, because the transition
states T3 were the highest stationary points in every reaction
channel (Table S1 and S2, Supporting information). (2) In the
complexes M4a and M4b , the insertion reaction of alkynes
into the Ni-C bond occurred prior to that into the Ni-O bond.
(3) The complexM3a possessed better stability thanM3b , so
the isomerization reaction ofM3a toM3b would be difficult
to achieve. (4) The complexM4a was suggested more possi-
ble to exist than M4b , because of the free energy of M4a
being lower thanM4b by 99.3 kJ mol−1. (5) The stepM3a→
M4a (i.e., the coordination reaction of alkynes) was exother-
mic by 12.8 kJ mol−1, while the stepM3b→M4b was endo-
thermic by 58.0 kJ mol−1. (6) In the coordination reaction, the
alkynes found it easier to substitute for PMe3 than carbonyl.
(7) The reaction channel CA→M1→T1→M2→T2→
M3a→ M4a→T3a1→M5a1→T4a1→M6a→P was the
most favorable in the nickel-catalyzed decarbonylative addi-
tion (Fig. 1).

Nickel(0)/znic-catalyzed decarbonylative addition

Figure 3 showed the potential energy hypersurface for the
nickel/zinc-catalyzed decarbonylative addition of phthalic an-
hydrides to alkynes to form isocoumarin. The coordination
reaction of phthalic anhydride with Ni(PMe3)4 and ZnCl2
(Ni:Zn=1:2) led to the nickel(0)-zinc(II)-anhydride complex
M1' . This species underwent the oxidative addition reaction
of anhydride, via the transition state T1' with a free energy of
activation of −17.3 kJ mol−1 giving the complex M2' . And
intermediate M2' then went through a decarbonylation
through the transition stateT2' with a free energy of activation
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of −41.3 kJ mol−1 to form a five-coordinate complex M3a' .
Next, the complexation reaction of alkyne andM3a' generat-
ed a five-coordinate complex M4a' releasing a coordinated
ligand PMe3. Intermediate M4a' subsequently underwent an
alkyne insertion reaction, respectively, via the transition states

T3a1' and T3a2' with the free energies of activation of 60.1
and 84.3 kJ mol−1, resulting in the complex M5a1' and
M5a2' . Finally, intermediates M5a1' and M5a2' went
through the reductive elimination reaction via the transition
states T4a1' and T4a2' with the free energies of activation of

Fig. 2 Intermediates and transition states of the most favorable path (a) in the nickel-catalyzed decarbonylative addition of phthalic anhydrides to alkynes.
(Some bond lengths were given in Å, hydrogen atoms were omitted for clarity)
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−19.1 and 12.2 kJ mol−1 to give the complexM6a' releasing
isocoumarin P. It was clear that the transition statesT3a1' and
T3a2' were the highest stationary point in the process of
forming the isocoumarin. Therefore, the alkyne insertion re-
action was the rate-determining step for these pathways in the
nickel/zinc-catalyzed decarbonylative addition. The free ener-
gy of activation of T3a1' was lower than T3a2' by 24.2 kJ
mol−1, so the reaction channel “a1” was more dominant than
“a2”, indicating that the insertion reaction of alkynes into the
Ni-C bond occurred prior to that into the Ni-O bond. These
results agreed with those discussed above in the nickel-
catalyzed decarbonylative addition without ZnCl2.

Four ligands of the four-coordinate complexM2' were not
coplanar, which was different fromM2 . As illustrated in NBO
analysis, the Ni-C1 bond of M2' showed strong single-
bonded character, and the NBO energy was −1252.7 kJ
mol−1 which was lower than M2 by 172.5 kJ mol−1. And
there was a Ni-C1-C2-C3-C4-O2 six-membered ring (Fig. 4),
and the electron density of the RCP was 0.015 e·Å−3. Transi-
tion state T3a1' involved a Ni-C2-C3-C4-O2 five-membered
ring and a Ni-C2-C6-C7 four-membered ring, and the electron
densities of the RCPs were 0.025 and 0.068 e·Å−3, respective-
ly. The atomic polar tensors (APT) charges of carbon atoms of
the C2-C6 bond were +0.258 and +0.173. The high stabiliza-
tion energies of 104.4, 160.4, and 199.4 kJ mol−1 for the σNi-
C7→σ*C2-C6, σC2-C6→(4d)*Ni, and σC2-C6→σ*Ni-C7 inT3a1'
(Table S6, Supporting information), which was obtained from
the second-order perturbation analysis of donor-acceptor in-
teractions in the NBO analysis and used to estimate the
strengths of the donor-acceptor interactions of the NBOs,
revealed the strong interaction between σNi-C7 and σ*C2-C6,
σC2-C6 and (4d)*Ni or σ*Ni-C7, and the electron transfer ten-
dency from σNi-C7 to σ*C2-C6, σC2-C6 to (4d)*Ni and σ*Ni-C7.
Furthermore, Table S6 suggested the electron transfer tenden-
cy form (2 s )C1, (2p)O2, and (3 s )P to (4d)*Ni and σ*Ni-C7.

These results indicated that the alkyne insertion reaction was
promoted. Figure 3 showed that the free energy ofM5a1' was
lower thanM5a2' by 130.9 kJ mol−1. The steric and structural
hindrance between the ringed structure, CO(ZnCl2), and PMe3
ofM5a1' was much weaker thanM5a2' , and there were four
hydrogen bonds of Cl…H-C(PMe3) (2.881 and 2.917 Å) and
O(CO2)…H-C(PMe3) (3.029 and 3.169 Å) in M5a1' which
was much stronger than M5a2' with two hydrogen bonds of
Cl…H-C(PMe3) (2.990 and 3.152 Å).

The effect of ZnCl2

Kurahashi et al. showed that nickel(0)-catalyzed decar-
bonylative addition reaction of anhydrides to alkynes
proceeded to furnish isocoumarin in 96 % yield by adding
ZnCl2 as additive, however, in only 12 % yield without any
additive. And they speculated that the origin of the effect of
ZnCl2 was likely to result from the coordination of a Lewis
acid to a carbonyl group, which might generate electron-poor
alkenylnicjel through a conjugated system. Therefore, to un-
derstand the effect of ZnCl2, we studied theoretically the
reaction pathways of the nickel(0)- and nickel(0)/zinc- cata-
lyzed decarbonylative addition of phthalic anhydrides to al-
kynes, respectively.

As discussed above, the reaction channel CA→M1→
T1→M2→T2→M3a→M4a →T3a1→M5a1→T4a1→
M6a→P was the most favorable among all of the reaction
pathways of the nickel-catalyzed decarbonylative addition,
and the alkyne insertion reaction was the rate-determining
step and the transition state T3a1 with the free energy of
activation of 117.7 kJ mol−1 was the highest stationary point
in this channel. In the nickel(0)/zinc-catalyzed decar-
bonylative addition, the reaction channel CA→ M1'→
T1'→M2'→T2'→M3a'→M4a'→T3a1'→M5a1'→
T4a1'→M6a'→P was the most favorable, and the alkyne

O

O
Ni

PMe3

CO

Cl2Zn

ZnCl2

Ni

O

O

OC PMe3

ZnCl2

Cl2Zn

Ni

O

O

PMe3

CO

ZnCl2

ZnCl2

Ni
O

O

CO

PMe3

ZnCl2

ZnCl2

Ni

O

O

CO

PMe3

Me3P

ZnCl2

ZnCl2

Ni(PMe3)2

O

O

O

ZnCl2

ZnCl2

O

O

O
Ni(PMe3)2

ZnCl2

ZnCl2

P+CA1+CO-3L+2CA2
-87.6

M6a'
-154.0

M5a1'
-133.6

M5a2'
-2.7

T4a1'
-19.1

T4a2'
12.2

T3a1'
60.1

T3a2'
84.3

T2'+R2-L
-41.3

T1'+R2-L
-17.3

M4a'
-69.4

M3a'+R2-L
-78.2

M2'+R2-L
-128.4

M1'+R2-L
-106.8

CA1+R1+R2-3L+2CA2
0.0

Fig. 3 Free energy profiles for the nickel-zinc-catalyzed decarbonylative addition of phthalic anhydrides to alkynes. (The free energiesΔG were given
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insertion reaction was again the rate-determining step and the
transition state T3a1' with the free energy of activation of
60.1 kJ mol−1 was the highest stationary point in this channel.

Clearly, the free energy of T3a1' was lower than T3a1 by
57.6 kJ mol−1, so the nickel(0)/zinc-catalyzed decarbonylative
addition was much more dominant than the nickel-catalyzed

Fig. 4 Intermediates and transition states of the nickel-zinc-catalyzed decarbonylative addition of phthalic anhydrides to alkynes. (Some bond lengths
were given in Å, hydrogen atoms were omitted for clarity)

J Mol Model (2013) 19:4545–4554 4551



one. As illustrated in Fig. 5, the HOMO of T3a1' seemed
similar toT3a1 , while the orbital energy was lower by 84.9 kJ
mol−1; The LUMO of T3a1' was greatly different from T3a1
and related to ZnCl2. Hence, the additive ZnCl2 changed
greatly the electron and geometry structures of the intermedi-
ates and transition states. Comparing and contrasting Fig. 1
with Fig. 3, we found that the free energies of all the interme-
diates and transition states were decreased greatly by adding
ZnCl2 as additive, implying that the effect of ZnCl2 was
significant.

However, could the additive of ZnCl2 change the reaction
channel? So, we also studied the other two reaction paths: (1)
the complexation reaction of alkyne to zinc ofM3a' generated
a five-coordinate complex M4c' , and then M4c' underwent
an alkyne insertion reaction via a transition stateT3c' with the
free energy of activation of 106.6 kJ mol−1 to give the com-
plexM5c' ; (2) the isomerization reaction ofM4a' resulted in
a four-coordinate complexM4d' where the alkyne coordinat-
ed with zinc, and M4d' subsequently underwent an alkyne
insertion reaction via a transition state T3d' with the free
energy of activation of 72.8 kJ mol−1 to form the complex
M5d' . The optimized structures of these transition states and
intermediates were shown in Fig. S3, and the relative free
energies were summarized in Table S4. Clearly, the free
energies of two transition states were higher than T3a1' .
The reaction free energy barriers of the transition states
T3a1' , T3c' , and T3d' were 129.5, 179.0, and 163.3 kJ

mol−1, respectively. And the free energy of T3a1' was the
lowest, so the other two reaction paths discussed above were
minor in the nickel(0)/zinc-catalyzed decarbonylative addition
of phthalic anhydrides to alkynes. Therefore, the additive
ZnCl2 could not change the reaction channel, and it changed
greatly only the electron and geometry structures of those
intermediates and transition states.

Overview of the reaction mechanism

As discussed above, the reaction mechanisms of the nickel(0)-
and nickel(0)/zinc- catalyzed decarbonylative addition were
studied. Calculated results indicated that the decarbonylative
addition was exergonic, and the total released free energy
was −87.6 kJ mol−1.

The complex M3a possessed better stability than M3b ,
and the complex M4a was suggested more possible to exist
thanM4b . The alkyne found it is easier to substitute for PMe3
than carbonyl in the coordination reaction. In the complexes
M4a andM4b , the insertion reaction of alkynes into the Ni-C
bond occurred prior to that into the Ni-O bond. The reaction
channel CA→M1→T1→M2→T2→M3a→M4a→
T3a1→ M5a1→T4a1→M6a→P was the most favorable
in the nickel-catalyzed decarbonylative addition, and the al-
kyne insertion reaction was the rate-determining step. In the
nickel(0)/zinc-catalyzed decarbonylative addition, the reac-
tion channel CA→M1'→T1'→M2'→T2'→M3a'→
M4a'→T3a1'→M5a1'→T4a1'→M6a'→P was the most
favorable, and the alkyne insertion reaction was again the
rate-determining step. In whole catalytic decarbonylative ad-
dition of phthalic anhydrides to alkynes, the nickel(0)/zinc-
catalyzed one is much more dominant than nickel-catalyzed
one. Therefore, the reaction channel CA→M1'→T1'→
M2'→T2'→ M3a'→M4a'→T3a1'→M5a1'→T4a1'→
M6a'→P was the most favorable among all the catalytic
decarbonylative addition of phthalic anhydrides to alkynes.

The additive ZnCl2 had a significant effect, and it de-
creased greatly the free energies of all the intermediates and
transition states. And it could not change the reaction channel,
and it changed greatly only the electron and geometry struc-
tures of those intermediates and transition states.

The effect the solvent

To evaluate the solvent effect for acetonitrile (CH3CN,
ε=36.64), single-point computations had been performed at
the B3LYP/6-31+G(d,p) level by the PCM model using the
default parameters except the temperature (353.15 Kelvin was
used) [6]. The relative free energiesΔG(sol) for the stationary
points on the most favorable channel in the Ni(0)-Zn(II)-
catalyzed decarbonylative addition were summarized in
Table S5. The relative free energy barrier ΔG≠(sol) of the
transition states T3a1' was 95.3 kJ mol−1, which was 34.2 kJ

Fig. 5 The HOMOs and LUMOs of T3a1 and T3a1' . (Energies were
given in kJ mol−1)
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mol−1 lower than the energy barrier ΔG (in gas phase).
Therefore, in general, the solvation effect was remarkable,
and it greatly decreased the free energy barriers.

Conclusions

In summary, the reaction mechanisms of the nickel- or nick-
el(0)/zinc- catalyzed decarbonylative addition of phthalic an-
hydrides to alkynes were explored computationally using
DFT. Calculated results indicated that the decarbonylative
addition of phthalic anhydrides to alkynes was exergonic,
and the total released free energy was −87.6 kJ mol−1. The
complex M3a possessed better stability than M3b , and the
complex M4a was suggested more possible to exist than
M4b . The alkyne found it is easier to substitute for PMe3 than
carbonyl in the coordination reaction. In the complexes M4a
andM4b , the insertion reaction of alkynes into the Ni-C bond
occurred prior to that into the Ni-O bond.

The nickel(0)/zinc-catalyzed decarbonylative addition is
much more dominant than nickel-catalyzed one in whole
catalytic reaction. The reaction channel CA→M1'→ T1'→
M2'→T2'→M3a'→M4a'→T3a1'→M5a1'→T4a1'→
M6a'→P was the most favorable among all the reaction
pathways of the nickel- or nickel(0)/zinc- catalyzed
decarbonylation addition. And the alkyne insertion reaction
was the rate-determining step for this channel.

The additive ZnCl2 had a significant effect, and it de-
creased greatly the free energies of all the intermediates and
transition states. However, it could not change the reaction
channel, the additive ZnCl2 changed greatly the electron and
geometry structures of those intermediates and transition
states. On the whole, the solvation effect was remarkable,
and it greatly decreased the free energy barriers.
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