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The gallium chloride (GaCl3)-catalyzed ring-closing metathesis reaction mechanism ofN-2,3-butadienyl-2-
propynyl-1-amine has been studied at the Becke three-parameter hybrid functional combined with Lee-
Yang-Parr correlation functional (B3LYP)/6-31G(d), B3LYP/6-31+G(d,p), B3LYP/6-311++G(d,p)//B3LYP/
6-31G(d) and the second-order Møller-Plesset perturbation (MP2)/6-311++G(d,p)//B3LYP/6-31+G(d,p) levels.
It was found that the final metathesis product can be yielded via a three-membered or four-membered ring
mechanism. The three-membered ring pathway is favorable due to its low energy barrier at the rate determining
step. The whole reaction is stepwise and strongly exothermic.

1. Introduction

Lewis-acid catalysts are known to be able to enhance the
reaction rates and endo selectivities of Diels-Alder reactions.1-4

GaCl3, known as a group 13 Lewis acid, has been for a long
time considered to be analogous to AlCl3 but with lower
reactivity. Recent studies, however, have revealed that GaCl3

exhibits novel properties in organic synthesis, whereas AlCl3

does not.5,6 More recently, GaCl3 has been used as a good
activator in many organic reactions, especially for alkynes,
benzene, and enynes.7-15

In 2002, Chatani and co-workers16 reported the skeletal
reorganization of enynes catalyzed by GaCl3. They believed that
the mechanism involves the production of the cyclobutene ring,
cyclobutane ring, and three-center two-electron bond intermedi-
ates (Figure 1). The ring opening of both cyclobutene and
cyclobutane rings would lead to the product.17 The electrophilic
addition of GaCl3 to an acetylene affords the vinyl-gallium
species,18 which can be stabilized by the olefinic portion.19

Recently, Kim and co-workers20 discovered that a treatment of
enyne with GaCl3 can afford an eight-membered ring compound
in high yields, which was different from the mechanism
proposed by Mehta and Singh.21 They believed that the plausible
mechanism is similar to the one suggested by Chatani’s group
except without the corresponding three-center two-electron bond
intermediate.16 Some studies showed that GaCl3 is an extremely
active catalyst for the skeletal rearrangement of 1,6-enynes and
1,7-enynes.22-24 Lee and co-workers25 studied the cycloisomer-
ization of allenynes with GaCl3 or [Au(PPh3)]SbF6 as a catalyst
and isolated the metathesis product with high yields. The
cycloisomerized product was the same type as those generated
from the molybdenum alkylidene complex catalyzed ring-closing

metathesis of allenynes,26 while different from those obtained
from PtCl2-catalyzed cycloisomerization of allenynes.27,28They
further examined several other metathesis reactions of allenynes
catalyzed by GaCl3 and Au(I). From their experimental observa-
tions, they suggested that the mechanism would follow the
general process (Figure 2),22-24 but different from that proposed
by Murakami,26 who considered that the mechanism involves
several four-membered rings formed by transition metal mo-
lybdenum.

There have been some theoretical studies on the mechanisms
of the GaCl3-catalyzed reactions.29-34 However, to our best
knowledge, a general mechanistic view for the GaCl3 catalyzed
ring-closing metathesis reaction of allenynes has so far remained
elusive. The motive of the present study is to clarify the
mechanism of the ring-closing metathesis reaction ofN-2,3-
butadienyl-2-propynyl-1-amine and to make it clear that GaCl3

is desirable for the detachment from the product. In the present
study, we have performed detailed calculations using the B3LYP
hybrid functional method to study the title reaction. In addition,
we have carried out the natural bond orbital (NBO) analysis to
investigate the bond order changes.

2. Computational Details

All calculations were carried out with the Gaussian 03
program.35 Since the real reaction system is too huge for precise
calculations, we studied a model system as shown in Figure 3.
As the substituent groups merely play a minor role in the
reaction process, it is expected that the reactivity for the model
system should be very similar to that of the real system. The
DFT calculations at the B3LYP36,37/6-31G(d) and B3LYP/6-
31+G(d,p) levels were used to optimize the stationary points
in the reaction process. For each stationary point on the potential
energy surface, a frequency calculation was carried out to
generate its thermal correction to the Gibbs free energy and to
verify whether it is a minimum or a transition state. Single-
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point energy calculations were carried out at the B3LYP/6-
311++G(d,p)//B3LYP/6-31G(d) and MP2/6-311++G(d,p)//
B3LYP/6-31+G(d,p) levels. In order to further confirm the
breaking and forming of chemical bonds, the electronic struc-
tures of stationary points were analyzed by the natural bond
orbital (NBO) method.38 In the following, the reported energy
barriers were calculated by comparing the free energies of the
transition states with those of the corresponding intermediates.
All relative energies include the thermal corrections.

3. Results and Discussions

3.1. Three-Membered Ring Mechanism.The corresponding
structures and atomic labels of the stationary points are depicted
in Figure 4 together with the important bond lengths and the
Wiberg bond index. The calculated relative energies and the
potential energy profile are presented in Figure 5. Since different
calculation levels show the same tendency for the title reaction,
in the following sections, we will focus on the geometries and
Wiberg bond indices obtained at the B3LYP/6-31G(d) level and
the energies obtained at the B3LYP/6-311++G(d,p)//B3LYP/
6-31G(d) level. As shown in Figure 5, this pathway proceeds
via five steps. The first step is the coupling of the catalyst GaCl3

with reactantR. The fifth step is the direct detachment of GaCl3

from final productP. ForR, one can see from Figure 4 that the
C6-C7, C9-C11, and C11-C12 bond distances are 1.2070,
1.3079, and 1.3064 Å, respectively, and the corresponding
Wiberg bond indices are 2.8958, 1.9209, and 1.9855, respec-
tively. It is obvious that the C6-C7 bond has the nature of a

triple bond and the C9-C11 and C11-C12 bonds are charac-
terized with the nature of a double bond. In the first step, the
catalyst couples with the C6-C7 triple bond to give an
intermediateIM1 without energy barrier. InIM1 , the C7-Ga17
bond distance is 2.3069 Å and the Wiberg bond index is 0.2208,
which shows that the C7-Ga17 bond is only partly formed. It
is the coupling that leads to the lengthening of the C6-C7 bond
distance to 1.2242 Å and to the decrease of the Wiberg bond
index to 2.6530. As shown in Figure 5, the coupling decreases
the free energy of the system slightly by 1.25 kcal/mol at the
B3LYP/6-311++G(d,p) level. The electrophilic addition of
GaCl3 to N-2,3-butadienyl-2-propynyl-1-amine produces the
vinyl-gallium species,IM1 , which is stabilized by the olefinic
portion.

In the second step, the carbon atoms C9 and C11 synchro-
nously attack the carbon atom C6 to give an intermediateIM2
through a three-membered ring transition stateTS1. The
imaginary frequency ofTS1 is 236.46i cm-1. An analysis of
the vibrational modes indicates thatTS1 connects exactly with
IM1 and IM2 . In IM1 , the distance between the C11 and the
C6 atoms is larger than 3.0 Å, whereas inTS1, as shown in
Figure 4, the C6-C9 and the C6-C11 bond distances shorten
to 2.1641 and 2.2800 Å, respectively. Thus, the corresponding
Wiberg bond indices increase to 0.2701 and 0.1972, respectively.
In IM2 , the two bond distances further shorten to 1.5711 and
1.6284 Å, and the Wiberg bond indices increase to 0.8197 and
0.6338. Meanwhile, the C9-C11 bond length increase from
1.3086 Å in IM1 to 1.4236 Å inIM2 . These changes of the

Figure 1. Possible skeletal reorganization mechanism of enynes catalyzed by GaCl3.

Figure 2. Possible four-member-ring mechanism of GaCl3-catalyzed allenyne cycloisomerization to allenene.

Figure 3. Two reaction pathways in the modeled reaction system.
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bond distances and the Wiberg bond indices indicate that the
three-membered ring intermediateIM2 is to be formed through
the forming of the C6-C9 and C6-C11 bonds and the
lengthening of the C9-C11 bond. Our calculated results show
that the free energy barrier is 14.25 kcal/mol at the B3LYP/6-
311++G(d,p) level. From Figure 4, one can also see that a

three-center two-electron bond is involved inIM2 , which is
consistent with the intermediate proposed by Chatani’ group.16

In the third step, the carbon atom C11 was transferred to the
carbon atom C7 to produce another three-membered ring
intermediateIM3 through a transition stateTS2. In TS2, the
C6-C11 bond distance is 1.6582 Å, which is 0.0298 Å longer

Figure 4. Optimized geometries of the three-membered ring pathway of the GaCl3-catalyzed reaction ofN-2,3-butadienyl-2-propynyl-1-amine at
the B3LYP/6-31G(d) (without brackets) and B3LYP/6-31+G(d,p) (in square brackets) levels (bond distance in Å; numbering atom seeingIM1 )
and the Wiberg bond indices at the B3LYP/6-31G(d) (in round brackets) level.

Figure 5. Schematic potential energy profile of the three-membered ring pathway for the title reaction at the B3LYP/6-31G(d) (without brackets),
B3LYP/6-31+G(d,p) (in square brackets), B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) (in round brackets), and MP2/6-311++G(d,p)//B3LYP/6-
31+G(d,p) (in big brackets) levels.

Ring-Closing Metathesis Reaction J. Phys. Chem. A, Vol. 111, No. 38, 20079389



than that inIM2 , and the Wiberg bond index is 0.5036, which
is 0.1302 smaller than that inIM2 . The C9-C11 bond distance
is 0.4598 Å longer than that inIM2 , and the corresponding
Wiberg bond index is 0.5911 smaller than that inIM2 . In IM3 ,
the C6-C11 bond distance is 1.7305 Å, which is 0.0723 Å
longer than that inTS2, and the Wiberg bond index is 0.5002,
which is 0.0034 smaller than that inTS2. Although the C6-
C11 bond distance becomes longer, the Wiberg bond index
indicates that this bond is only partly broken. The C9-C11 bond
is broken with a bond distance of 2.5111 Å inIM3 . Thus,IM3
is still a three-membered ring intermediate. The formation of
the intermediateIM3 needs to surmount only a low-energy
barrier of 2.15 kcal/mol.

In the fourth step, the intermediateIM3 affords an intermedi-
ate IM4 through a three-membered ring transition stateTS3
by breaking the C6-C11 bond.TS3 has only one imaginary
frequency, the vibrational mode of which is exactly associated
with the stretching motion of the C6-C11 bond. InTS3, the
C6-C11 bond distance is 0.1716 Å longer than that inIM3 ,
and the corresponding Wiberg bond index is 0.1232 smaller
than that inIM3 . The C7-C11 bond distance is 1.3856 Å,

which is 0.0065 Å shorter than that inIM3 , and the corre-
sponding Wiberg bond index is 1.2421, which is 0.1561 larger
than that inIM3 . One can see thatTS3 has the tendency to
afford IM4 . With the breaking of the C6-C11 bond, the
intermediateIM4 is formed. InIM4 , the C6-C11 bond distance
is 2.4756 Å, which indicates the complete breaking of the bond.
As shown in Figure 5, the breaking of the C6-C11 bond needs
a free energy barrier of 1.08 kcal/mol only. Moreover,IM4 is
more stabilization than IM3 with stabilization energy of about
30 kcal/mol.

In the final step, the intermediateIM4 yields the final product
P through a direct detachment of the catalyst GaCl3 without
energy barrier. InIM4 , the C7-Ga17 and C11-Ga17 bonds
distances are 2.5473 and 2.6158 Å, and the Wiberg bond indices
are 0.1347 and 0.1132, respectively. The large bond distances
and small Wiberg bond indices show that the catalyst GaCl3 is
desirable for the detachment from the final product. In the final
product, the Wiberg bond indices of the C7-C11 and C11-
C12 bonds are 1.8451 and 1.9981, respectively, which charac-
terize the nature of a double bond. According to the reaction
processes, one can see that the carbon atom C11 moves from

Figure 6. Optimized geometries of the four-membered ring pathway of GaCl3-catalyzed reaction ofN-2,3-butadienyl-2-propynyl-1-amine at the
B3LYP/6-31G(d) (without brackets) and B3LYP/6-31+G(d,p) (in square brackets) levels (bond distance in Å; numbering atom seeing IM1) and
the Wiberg bond indices at the B3LYP/6-31G(d) (in round brackets) level.
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the carbon atom C9 in the reactant to the carbon atom C7 in
the final product. Therefore, the whole process is a ring-closing
metathesis reaction.

Although Chatani and co-workers16 have proposed the three-
center two-electron bond intermediate, they did not give the
corresponding three-membered ring mechanism. As shown in
Figure 5, the formation ofIM2 is the rate-determining step with
an energy barrier of 14.25 kcal/mol. In addition, the free energy
of the product is much lower than that of the reactant. As a
result, this reaction can easily proceed with the catalyst GaCl3.

3.2. Four-Membered Ring Mechanism.The corresponding
structures, atom labels, important bond lengths, and Wiberg bond
indices of the stationary points are depicted in Figure 6. The
calculated relative energies and the potential energy profile are
presented in Figure 7. The first step is the same as that in the
three-membered ring pathway.

In the second step, the C11 atom attacks the C7 atom to form
an intermediateIM5 through a transition stateTS4. The
imaginary frequency ofTS4 is 477.47i cm-1. An analysis of
the vibrational modes indicates that this imaginary frequency
is exactly associated with the C7-C11 bond stretching motion.
Clearly, TS4 connects correctly withIM1 and IM5 . In TS4,
the C7-C11 bond distance is 2.0426 Å, and the Wiberg bond
index is 0.3868, whereas inIM5 , the bond distance shortens to
1.4710 Å, and the corresponding Wiberg bond index increases
to 1.0700. It is obvious that the C7-C11 bond is being formed
during this step. The formation of the C7-C11 bond needs to
surmount a barrier height of 25.30 kcal/mol.

In the third step, the C9 atom attacks the C6 atom to form
the four-membered ring intermediateIM6 through a transition
stateTS5. In TS5, the C6-C9 bond distance is 2.1988 Å, and
the Wiberg bond index is 1.4425. With the formation of the
C6-C9 bond,IM6 is generated with a stabilization energy of
22.54 kcal/mol. In IM6 , the bond distance shortens to
1.4943 Å, and the corresponding Wiberg bond index increases
to 1.0142. The formation of the C6-C9 bond needs an activation
free energy of 33.79 kcal/mol.IM6 is a cyclobutane ring
intermediate, which is consistent with the results reported by
Lee and co-workers.25

As suggested by Lee and co-workers,18 IM6 yields the final
product through two different reaction pathways. In one

pathway, theIM6 affords IM4 through a transition stateTS6
by breaking of the C9-C11 bond. InTS6, the C9-C11 bond
distance is 2.0930 Å, which is 0.5433 Å longer than that in
IM6 , and the Wiberg bond index is 0.4501, which is 0.5130
smaller than that inIM6 . In IM4 , the C9-C11 bond is
completely broken with a bond distance of 2.4756 Å. After
surmountingTS6 with a free energy barrier of 20.47 kcal/mol,
IM4 is generated. ThenIM4 directly undergoes a detachment
of GaCl3 to yield the final product. In another pathway, an
intermediateIM7 is generated through the detachment of the
catalyst GaCl3 from IM6 through a transition stateTS7 with a
free energy barrier height of 23.26 kcal/mol. InTS7, the C7-
Ga17 bond distance is 2.3957 Å, which is 0.0898 Å longer than
that inIM6 , and the corresponding Wiberg bond index is 0.3133,
which is 0.0401 smaller than that inIM6 . The Wiberg bond
indices show that the transition stateTS7 is a reactant-like
geometry due to the small differences betweenTS7 and IM6 .
IM7 is a cyclobutene ring intermediate, which is consistent with
the results reported by Lee and co-workers.18 Subsequently,IM7
affords the final product through a transition stateTS8 by
breaking of the C9-C11 bond. InTS8, the C9-C11 bond
distance is 0.5616 Å longer than that inIM7 , and the Wiberg
bond index is 0.4435 smaller than that inIM7 . These changes
indicate the gradual breaking of the C9-C11 bond and the yield
of the product. In the final product, the C11 atom moves
completely from C9 to C7 atom. Accordingly, this pathway is
a ring-closing metathesis mechanism. As shown in Figure 7,
the transformation fromIM7 into P needs to surmount a free
energy barrier of 25.79 kcal/mol. Between the two different
pathways, the first one viaTS6 is favorable due to its lower
free energy barrier, which is in good agreement with the
mechanism reported by Lee and co-workers.25

With the formation of the final product, the four-membered
ring pathway is completely accomplished. In this pathway, as
shown in Figure 7, the formation of theIM6 is the rate-
determining step with a free energy barrier of 33.79 kcal/mol.

As shown in Figures 5 and 7, the rate determining step of
the three-membered ring pathway has a much lower activation
free energy than that of the four-membered ring pathway.
Therefore, the three-membered ring pathway is favorable. In
addition, the free energy of the product is much lower than that

Figure 7. Schematic potential energy profile of the four-membered ring pathway for the title reaction at the B3LYP/6-31G(d) (without brackets),
B3LYP/6-31+G(d,p) (in square brackets), B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) (in round brackets) and MP2/6-311++G(d,p)//B3LYP/6-
31+G(d,p) (in big brackets) levels.
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of the reactant. As a result, this reaction can be easily carried
out with the catalyst GaCl3.

4. Conclusions

The GaCl3-catalyzed ring-closing metathesis reaction mech-
anism ofN-2,3-butadienyl-2-propynyl-1-amine has been inves-
tigated at the B3LYP/6-31G(d), B3LYP/6-31+G(d,p), and
B3LYP/6-311++G(d,p)//B3LYP/6-31G(d), MP2/6-311++G-
(d,p)// B3LYP/6-31+G(d,p) levels. The reaction may proceed
via two possible pathways. The three-membered ring pathway
is favorable due to its lower activation free energy. Furthermore,
the free energy of the product is much lower than that of the
reactant. As a result, this reaction can be easily carried out under
the existence of the catalyst GaCl3. In addition, the detachment
of the catalyst GaCl3 is desirable for the substrate. The detailed
mechanism of the reaction should provide useful information
for further studies.
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