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ABSTRACT: The cycloisomerization of a bicyclo[4.1.0]
substrate into 4,5-dihydrobenzo[b]furan was investigated by
using density functional theory (DFT). Comparative studies
on four models (model I: with W(CO)5 and NEt3; model II:
without NEt3; model III: without W(CO)5; model IV: without
W(CO)5 and NEt3) indicate that this reaction is the most
likely to proceed under model I to give the product. The ring
closure process is greatly associated with the H1 and H2
transfer processes, because in the H1 transfer process, the
carbene C3 atom is mainly stabilized by W(CO)5, and in the
H2 atom transfer process the C3 atom is mainly stabilized by
the O1 atom. The rearrangement of 12 to give 14 is the rate-determining step of this reaction with a free energy barrier of 31.0
kcal/mol. The presence of W(CO)5 can not only promote the H1 transfer and the ring closure (1→6-[W]) but can also be
slightly favorable for the isomerization of 6-[W] into 11-[W](6-[W]→11-[W]). NEt3 mainly has an effect in the 6-[W]→11-
[W] stage, in which it mainly plays proton-transfer bridge and proton-adsorption roles.

■ INTRODUCTION

Dihydrobenzofuran is a basic unit of many natural products and
drugs and is a crucial pharmaceutical intermediate.1,2 For
example, the natural product pterocarpan, possessing a
dihydrobenzofuran skeleton, shows a variety of biological
activities, including antimicrobial, antitumor, antiulcer, etc.3 A
series of dihydrobenzofuran thiazolidine-2,4-diones are found
to possess potential hypoglycemic activities.4 A novel class of
2,3-dihydrobenzofuran-2-carboxylic acids were designed as
highly potent and selective PPARα agonists.5 Kadsurenone,
possessing a dihydrobenzofuran unit, is considered as a
competitive antagonist of the platelet activating factor (PAF)
receptor.6 Thus, the development of synthetic methods for
dihydrobenzofurans is very significant for organic synthetic
chemistry and medicinal chemistry.
In the past few decades, a variety of synthetic methods for

dihydrobenzofurans have been reported.7−15 For instance, the
Fe(ClO4)3-catalyzed cycloaddition of a styrene to a quinone
provides 2-(4-methoxy)phenyl-3-acetoxymethyl-2,3-dihydro-5-
benzofuranol with high trans-selectivity (11:1).16 The CuCl-
catalyzed intramolecular cyclization of 2-(2′-chlorophenyl)-
ethanol gives 4-chloro-2,3-dihydrobenzofuran with high
selectivity (>92%).17 The Pd(OAc)2-catalyzed tandem reaction
of 2-(3-methoxycarbonylallyloxyl)iodobenzene was used to
construct a 3,3-disubstituted-2,3-dihydrobenzofuran.18 Using
AgOTf,19 Au(Cl)3,

20 Rh2(S-PTTEA)4,
21 [Rh(COD)Cl]2,

22 and
Pd(dba)2

23 as the catalyst, diverse dihydrobenzofuran deriva-
tives can also be successfully synthesized. However, the above
catalysts are still not ideal for the synthesis of dihydrobenzofur-
an because of low yields and harsh reaction conditions.

Recently, an inexpensive tungsten complex W(CO)5 was
reported to catalyze the heterocycloisomerization of a
bicyclo[4.1.0] substrate to afford a substituted 4,5-
dihydrobenzo[b]furan under mild conditions in good yield,24

shown in Scheme 1, attracting widespread attention from

organic chemists. However, the CO ligand in the catalyst is
toxic and highly flammable; therefore, optimization and
redesign of the tungsten complex catalyst is required for the
synthesis of dihydrobenzofuran. To accomplish this, it is first
necessary to understand the catalytic mechanism of the
tungsten complexes.
Several mechanisms activated by tungsten complexes have

been theoretically investigated to date. For instance, the
(THF)W(CO)5-promoted cycloisomerization of 4-pentyn-1-ol
has been studied by Sordo and co-workers.25 They described
the crucial role that THF plays in the catalytic reaction. Studies
on W(CMe)(R)3 (ROMe, OCH2F, NMe2, Cl)-catalyzed
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Scheme 1. Heterocycloisomerization of the Bicyclo[4.1.0]
Substrate To Afford 4,5-Dihydrobenzo[b]furan
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alkyne metathesis showed that alkoxide ligands with electron-
withdrawing groups are likely to improve the activity of the
catalyst.26 The W(CO)5-catalyzed cycloisomerization of 4-
pentyn-1-ol was investigated by Morokuma and co-workers.27

They deemed that the presence of W(CO)5 is responsible for
the regioselectivity. In addition, the formation of 2,2-
dialkyldihydrobenzofurans catalyzed by Pd(OAc)2 was studied
by Fagnou and co-workers.28 They revealed the reason why the
formation of the C−C bond is not very dependent upon
substrate stoichiometry. The formation of benzofuran with the
intramolecular substitution of haloalkenes has been studied by
Ando and co-workers,29 and they deemed that the E-
configuration substrate was more likely to afford the benzofuran
in high yield when compared to the corresponding Z-
configuration substrate. However, no theoretical investigation
has been reported for the isomerization of a bicyclo[4.1.0]
substrate into 4,5-dihydrobenzo[b]furan. The role of W(CO)5
and NEt3 in the reaction is still ambiguous.
Referring to the experimental proposals, four computational

models are designed and comparatively investigated for the
heterocycloisomerization of the bicyclo[4.1.0] substrate into
4,5-dihydrobenzo[b]furan by using density functional theory
(DFT): the heterocycloisomerization of the bicyclo[4.1.0]

substrate into 4,5-dihydrobenzo[b]furan (model I); the
heterocycloisomerization of the bicyclo[4.1.0] substrate into
4,5-dihydrobenzo[b]furan without NEt3 (model II); the
heterocycloisomerization of the bicyclo[4.1.0] substrate into
4,5-dihydrobenzo[b]furan without W(CO)5 (model III); the
heterocycloisomerization of the bicyclo[4.1.0] substrate into
4,5-dihydrobenzo[b]furan without W(CO)5 and NEt3 (model
IV), as shown in Scheme 2. This work could provide insight
into the cycloisomerization mechanism of the bicyclo[4.1.0]
substrate and the role of W(CO)5 and NEt3 in the reaction and
supply a guideline to design novel tungsten complex catalysts
with higher performance.

■ RESULTS AND DISCUSSION

To explore how the bicyclo[4.1.0] substrate isomerizes into 4,5-
dihydrobenzo[b]furan, and what role W(CO)5 and NEt3 play
in the reaction, four computational models are comparatively
discussed as follows.

Heterocycloisomerization of the Bicyclo[4.1.0] Sub-
strate into 4,5-Dihydrobenzo[b]furan (Model I). Referring
to the experimental proposals, this reaction successfully resulted
in the binding of W(CO)5 to the triple bond of bicyclo[4.1.0]

Scheme 2. Four Possible Pathways for the Cycloisomerization of the Bicyclo[4.1.0] Substrate into 4,5-Dihydrobenzo[b]furan
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substrate 1 to give the metal complexes 2-[W], the hydrogen
transfer in 2-[W] to form metallovinylidene 4-[W] (H1
transfer from C3 to C2), the ring closure of 4-[W] (formation
of the C3−O1 bond) to provide the zwitterionic intermediate
6-[W], the isomerization of 6-[W] into η2-complex 11-[W]
under the assistance of NEt3 (H2 transfer from C5 to NEt3 and
from NEt3 to C3), the dissociation of W(CO)5 from 11-[W] to
give the tricycle 12, and the rearrangement of 12 (H3 transfer
from C6 to C8) to give the final product 14 (1→2-[W]→TS3-
[W]→4-[W]→TS5-[W]→6-[W]→TS7-[WN]→ 8-[WN]→9-
[WN]→TS10-[WN]→11-[W]→12→TS13→14, model I), as
shown in Scheme 2. All the optimized geometries of model I
are given in Figure 1, and the energy profile is presented in
Figure 2.
From 1 to 2-[W], the C2−C3 distance is elongated from

1.207 to 1.247 Å, and the C1−C2 distance is lengthened from
1.440 to 1.460 Å, indicating that when W(CO)5 binds to the
C2−C3 triple bond of the bicyclo[4.1.0] substrate, the C1−C2
and C2−C3 bonds are slightly weakened. This is mainly

because the bonding π-electrons of the triple bond are
dispersed by the unfilled d-orbital of W(0), and the W(0)
can feed back its d-electrons into the antibonding orbital (π*)
of the triple bond. This step is calculated to be exergonic by 4.6
kcal/mol.
From 2-[W] to TS3-[W], which corresponds to the

formation of a metallo vinylidene, the C2−C3 distance is
elongated from 1.247 to 1.259 Å, and the C3−W distance is
shortened from 2.342 to 2.192 Å. The ∠C2C3H1 angle is
decreased from 152.5° to 73.0°, and the ∠C2C3W angle is
increased from 79.7° to 170.9°. Clearly, when the H1 atom is
transferred from C3 to C2 atom, the W(CO)5 simultaneously
rearranges from the coordination to the C2−C3 bond (η2) to
the bonding to the C3 atom (η1). The NBO charges increase
from +0.029e to +0.091e on the C2 atom, and decrease from
−0.195e to −0.203e on the C3 atom, respectively, indicating
that the H1 atom with positive charge is transferred from the
C3 to the C2 atom (a proton transfer process). The
hybridization of the C3 atom is calculated to change from

Figure 1. The optimized geometries of model I.
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sp1.31 to sp1.77, also implying that in this process the C2−C3
bond gradually changes from a partial triple bond to a partial
double bond. In 4-[W], the distance is 2.035 Å for C3−W (a
double bond),30,31 and 1.315 Å for C2−C3 (a double bond),
respectively, supporting that 4-[W] is a typical tungsten−
vinylidene complex (metal carbene). This step is calculated to
be exergonic by 5.1 kcal/mol with a free energy barrier of 18.1
kcal/mol, which is not difficult to overcome. This is mainly
because the formed vinylidene can be stabilized by the W(CO)5
via donating its d-electrons to the carbene.
From 4-[W] to TS5-[W], corresponding to the ring closure

of 4-[W], the C3−O1 distance is shortened from 2.660 to
1.866 Å, the C2−C3 distance is lengthened from 1.315 to 1.336
Å, the C3−W distance is lengthened from 2.035 to 2.143 Å,
and the ∠C2C3W angle is narrowed from 172.7° to 151.9°.
Clearly, when the O1 atom approaches the C3 atom to form a
single bond, the strength of C2−C3 and C3−W bonds
decrease. The hybridization of the C3 atom is calculated to
change from sp1.36 to sp1.56, also showing that the C2−C3 bond
gradually changes from a partial triple bond to a partial double
bond (strength decreased) in the ring closure process. In 6-
[W], the C3−O1 distance is 1.543 Å, the C2−C3 distance is
1.355 Å, and the C3−W distance is 2.211 Å, showing that when
the ring closure is completed, the C2−C3 bond becomes a
typical double bond, and the C3−W bond becomes a typical
single bond.32,33 From 4-[W] to 6-[W], the NBO charges
change from −0.534e to −0.409e on the O1 atom, and from
−1.753e to −1.760e on the W atom, respectively, indicating
that in this step the O1 atom gets a partial positive charge and
the W atom gets a partial negative charge. These observations,

in a sense, support that 6-[W] contains some zwitterionic
character. This step is endergonic by 4.8 kcal/mol with a free
energy barrier of 5.5 kcal/mol, which is easy to overcome. The
driving force of this step mainly originates in the stabilization of
the O1 atom with a lone pair of electrons on the carbene C3
atom.
From 6-[W] to TS7-[WN], the C5−H2 distance is

lengthened from 1.097 Å to 1.433 Å, the C4−O1 distance is
elongated from 1.277 Å to 1.308 Å, and the C4−C5 distance is
shortened from 1.491 Å to 1.410 Å. These show that when the
H2 atom migrates from C5 atom to NEt3, the C4−C5 changes
from a single bond into a double bond with the formation of a
π-bond, and the C4−O1 changes from a double bond into a
single bond with the cleavage of a π-bond. The C3−O1
distance is shortened from 1.543 to 1.510 Å (the bond strength
increased). One reason is that when the H2 atom migrates from
C5 atom to NEt3, the O1 atom with a lone pair of electrons can
form an extended conjugation system with the metal carbene
C3 atom. Another reason is that the transformation of the O1
atom from “O+” in 6-[W] to “O” in 8-[WN] would stabilize the
carbene C3 atom. The orbital overlap (HOMO) between the
C3 and O1 atoms in 8-[WN] is obviously larger than that in
both TS7-[WN] and 6-[W] (shown in Figure 3), similarly
supporting that the strength of the C3−O1 bond gradually
increases in this step. The NBO charges change from −0.521e
to −0.489e on the N atom, and from −0.547e to −0.581e on
the C5 atom, implying a proton transfer process. The
hybridization of the C5 atom is calculated to decrease from
sp2.86 to sp2.33, also implying that the C4−C5 bond is changing
from a single bond to a partial double bond. This step is

Figure 2. Energy profiles for the cycloisomerization of the bicyclo[4.1.0] substrate into 4,5-dihydrobenzo[b]furan.

Figure 3. HOMOs of 6-[W], TS7-[WN], and 8-[WN].
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endergonic by 17.7 kcal/mol with a free energy barrier of 22.4
kcal/mol.
The process from 8-[WN] to 9-[WN] is not involved in the

formation and breakage of bonds and is calculated to be
exergonic by 4.2 kcal/mol, revealing that the HNEt3 group
spontaneously approaches the C3 atom. From 9-[WN] to
TS10-[WN], the C3−H2 distance is shortened from 2.437 to
1.438 Å, and the H2−N distance is lengthened from 1.040 to
1.314 Å. The C3−W distance is lengthened from 2.256 to
2.457 Å, the C2−W distance is shortened from 3.359 to 3.219
Å, and the ∠C2C3W angle is decreased from 135.1° to 111.6°.
Apparently, when the H2 atom is transferred from NEt3 to C3
atom, the W(CO)5 simultaneously migrates from bonding to
the C3 atom (η1) to coordination to the C2−C3 double bond
(η2). In other words, the W(CO)5 group on the C3 atom is
substituted by the H2 atom and coordinates to the C2−C3
bond again. Compared with the C3−O1 bond strength in 9-
[WN], that in 11-[W] obviously increases. This is also
attributed to the stable interaction of the O1 atom with the
formed carbene C3 atom in this process. This step is calculated
to be exergonic by 23.5 kcal/mol with a free energy barrier of
11.6 kcal/mol. The process from 11-[W] to 12, corresponding
to the dissociation of the catalyst W(CO)5, is calculated to be
exothermic by 2.6 kcal/mol.
The last step of the W(CO)5-catalyzed heterocycloisomeri-

zation is the rearrangement of 12 to give the dihydrobenzofur-
an derivative 14 (12→TS13→14). The normal-mode analysis
and IRC calculation verified that TS13 consists of the H3 atom
motion from the C6 to the C8 atom, connecting 12 with 14.
From 12 to TS13, the C6−H3 distance is lengthened from
1.100 to 1.231 Å, the C8−H3 distance is shortened from 2.985
to 1.746 Å, and the C1−C8 distance in the three-membered
ring is increased from 1.558 to 2.440 Å. These changes mean
that when the H3 atom is transferred from the C6 to the C8
atom, the C1−C8 bond would break. The NBO charges change
from −0.491e to −0.485e on the C6 atom, and −0.340e to
−0.468e on the C8 atom, demonstrating the H3 atom transfer
from C6 to C8 atom with a lone pair of electrons through the
carbon-conjugated bridge of C6−C5−C4−C1−C8. In other
words, this is a [1,5] sigmatropic hydride transfer process. This
step is calculated to be exergonic by 21.7 kcal/mol with a free
energy barrier of 31.0 kcal/mol.
A comparison of all elementary steps of model I shows that

the H3 atom transfer from the C6 to the C8 atom,
accompanying the opening of the C1−C7−C8 ring, needs to
overcome the highest free energy barrier of 31.0 kcal/mol,
being a rate-limiting step in this reaction.
Heterocycloisomerization of the Bicyclo[4.1.0] Sub-

strate into 4,5-Dihydrobenzo[b]furan without NEt3
(Model II). To investigate the role of NEt3 in the reaction,
we designed a computational model without NEt3. In this
model, this reaction successfully resulted in the binding of
W(CO)5 to 1 to give 2-[W], the H1 atom transfer in 2-[W] to
generate 4-[W], the ring closure of 4-[W] to provide 6-[W],
the isomerization of 6-[W] into 11-[W] without NEt3, the
dissociation of W(CO)5 from 11-[W] to give 12, and the
rearrangement of 12 to give 14, as shown in Scheme 2. The
processes of 1→2-[W]→TS3-[W]→4-[W]→TS5-[W]→6-
[W] and 11-[W]→12→TS13→14 are common between
model I and model II and will not be discussed further. The
geometries of the other elementary steps in model II are
displayed in Figure 4. The corresponding energy profile is also
given in Figure 2.

From 6-[W] to TS7-[W], C4−C5 changes from a single
bond (1.491 Å) to a double bond (1.371 Å), C4−O1 gradually
changes from a double bond (1.277 Å) to a single bond (1.402
Å) (a typical keto−enol isomerization), and the C3−O1
distance is elongated from 1.543 to 1.615 Å (the bond strength
decreased). The main reason is that when 6-[W] isomerizes
into its enol form, the C3 atom is stabilized by W(CO)5 but not
by the O1 atom. This can be observed from the molecular
orbitals. As shown in Figure 5, the orbital overlap (HOMO-1

and HOMO) between the C3 and O1 atoms in TS7-[W] is
obviously less than that between the C3 and W atoms. This
process is endergonic by 4.5 kcal/mol with a free energy barrier
of 71.9 kcal/mol, which is hardly possible to occur.
From 8-[W] to TS10-[W], the H2−O1 distance is increased

from 0.967 to 1.424 Å, and the H2−C3 distance is decreased
from 3.588 to 1.216 Å. The C2−C3 distance is lengthened
from 1.310 to 1.330 Å, the C3−W(0) distance is elongated
from 2.038 to 2.188 Å, and the ∠C2C3W angle is decreased
from 174.5° to 151.7°. These changes imply that when the H2
atom is transferred from the O1 to the C3 atom, the W(CO)5
simultaneously rearranges from the bonding to the C3 atom
(η1) to the coordination to the C2−C3 double bond (η2). The
C3−O1 distance is shortened from 2.772 to 1.927 Å (the bond
strength increased), which is attributed to the formed carbene
C3 atom mainly stabilized by the O1 atom but not by W(CO)5.
This can also be observed from the molecular orbitals. As
shown in Figure 6, on the one hand, the orbital overlap
(HOMO-1 and HOMO) between the C3 and O1 atoms in
TS10-[W] is obviously larger than that between the C3 and W
atoms. On the other hand, from 8-[W] to TS10-[W], the
orbital overlap between the C3 and W atoms gradually
becomes less, while that between the C3 and O1 atoms slowly
becomes more. This step is exergonic by 14.5 kcal/mol with a
free energy barrier of 39.4 kcal/mol. A comparison of all
elementary steps in model II shows that the isomerization of 6-
[W] into 8-[W] needs to overcome the highest free energy
barrier of 71.9 kcal/mol, being a rate-limiting step.
A comparison between model I and model II shows that

when NEt3 is present, the highest free energy barrier for the
isomerization of 6-[W] into 11-[W] is decreased from 71.9 to
22.4 kcal/mol. On the one hand, the O1 atom, which is located
in a strained ring system and a delocalized electron-poor system

Figure 4. The optimized geometries of model II.

Figure 5. Molecular orbitals of TS7-[W].
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(O+), does not easily accept the H2 atom from the C5 atom.
On the other hand, the presence of NEt3 with a lone pair of
electrons is favorable for attraction of the H2 atom, and the
formed HNEt3 very easily transfers its proton to the C3 atom.
In other words, the NEt3 mainly has an effect in the 6-[W]→
11-[W] stage, in which the NEt3 can play proton-transfer
bridge and proton-adsorption roles.
Heterocycloisomerization of the Bicyclo[4.1.0] Sub-

strate into 4,5-Dihydrobenzo[b]furan without W(CO)5
(Model III). To investigate the role of W(CO)5 in the reaction,
we designed a computational model without W(CO)5. In this
model, this reaction successfully undergoes H1 atom transfer in
1 to give vinylidene 4, the ring closure of 4 to provide 6, the
isomerization of 6 into 12 with the assistance of NEt3, and the
rearrangement of 12 to give the product 14, as shown in
Scheme 2. The process of 12→TS13→14 in model III is the
same as the corresponding step in model I and will not be
discussed further. The geometries of the other elementary steps
in model III are displayed in Figure 7. The energy profile is also
given in Figure 2.
Many attempts to optimize structure 4 were not successful.

The optimization of 4 always gives 6, implying that 4 is not a

real and stable structure. The IRC calculation shows that TS3
can really connect 1 and 6. From 1 to TS3, the C3−H1
distance is lengthened from 1.065 to 1.240 Å, the C2−H1
distance is shortened from 2.272 to 1.329 Å, and the
∠C2C3H1 angle changes from 179.5° to 64.2°. The C2−C3
distance is elongated from 1.207 to 1.261 Å, and the C3−O1
distance is shortened from 3.621 Å to 3.593 Å. These changes
show that when the H1 is transferred from C3 to C2 atom, the
C2−C3 bond gradually changes from a triple bond to a double
bond, and the C3−O1 bond forms simultaneously, which is in
good agreement with the result calculated by K. Morokurna
and co-workers.27 This step (1→TS3→6) is endergonic by
37.9 kcal/mol with a free energy barrier of 41.9 kcal/mol.
A comparison of model I and model III shows that without

W(CO)5 the H1 atom transfer in 1 to give 4 and the ring
closure of 4 to provide 6 become an elementary process. The
highest free energy barrier of this process is increased from 18.1
to 41.9 kcal/mol. Toward understanding this point at the
atomic level, the molecular orbitals of the reactants (1 and 2-
[W]) of the two processes are compared, as shown in Figure 8.

In 1, the H1 atom locates in the middle of two phases of the
orbital of the C2−C3 bond (with an orbital nodal surface),
being unfavorable to transfer from the C3 to the C2 atom. The
HOMO orbital of the C2−C3 bond can overlap with the O1
orbital, showing that the C3 atom is mainly stabilized by the O1
atom. In other words, the formation of the C3−O1 bond is
very easy in the catalyst-free process. This would make the H1

Figure 6. Molecular orbitals of 8-[W] and TS10-[W].

Figure 7. The optimized geometries of model III.

Figure 8. HOMOs of 1 and 2-[W].
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transfer and the formation of the C3−O1 bond occur in a
single step (1→TS3→6). However, in 2-[W] the H1 atom
locates in the same phase of the orbital of the C2−C3 bond,
which is favorable to transfer from the C3 to the C2 atom. The
orbital of the C3 atom overlaps with the W(CO)5 orbital but
not the O1 orbital, showing that the C3 atom can be stabilized
by W(CO)5 but not the O1 atom. These, in one sense, support
the facts that the H1 transfer in 1 to give 4-[W] and the ring
closure of 4-[W] to provide 6-[W] take place step-by-step in
model I, and the presence of W(CO)5 would promote this
process through stabilization of the carbene C3 atom.
From 6 to TS7-[N], the C5−H2 distance is lengthened from

1.097 to 1.520 Å, the H2−N distance is shortened from 2.493
to 1.270 Å, the C4−O1 distance is elongated from 1.241 to
1.295 Å, and the C4−C5 distance is shortened from 1.509 to
1.408 Å. These changes mean that when the H2 atom is
transferred from the C5 to the N atom, the C4−C5 gradually
changes from a single bond to a double bond, and C4−O1
gradually changes from a double bond to a single bond. The
C3−O1 distance is calculated to shorten from 1.898 to 1.642 Å,
revealing that the C3−O1 bond strength is enhanced. Similar to
model I, this can be ascribed to the stabilization of the O1 atom
on the carbene C3 atom. The molecular orbital analysis gives a
similar conclusion, as shown in Figure S1, Supporting
Information. This step is endergonic by 10.5 kcal/mol with a
free energy barrier of 26.1 kcal/mol. The process from 8-[N] to
9-[N] is not involved in the formation and breakage of the
bond and is calculated to be exergonic by 14.9 kcal/mol,
revealing a spontaneous process.
Many attempts were made to optimize the transition state

TS10-[N] connecting 9-[N] and 12; however, they were
unsuccessful. To understand this process from the viewpoint of
energetics, the relaxed potential energy surface scan from 9-[N]
to 12 is performed. As shown in Figure 9, in this process the

energy curve always descends without a clear peak. This means
that the H2 transfer from the N to the C3 atom (to form a
single bond with the C3 atom) occurs spontaneously.
A comparison of model I and model III shows that the

presence of W(CO)5 is slightly favorable for the isomerization
of 6 into 12 (the highest free energy barrier: 22.4 vs 26.1 kcal/
mol). However, the favorable degree is much less than the case
in the presence of NEt3 (22.4 vs 71.9 kcal/mol). Therefore,

W(CO)5 mainly plays a catalytic role in the 1→6 stage, in
which W(CO)5 can weaken the triple bond of substrate 1
through the back-donation bonding and stabilize the formed
carbene C3 atom through its d-electron to the carbene C3
atom.

Heterocycloisomerization of the Bicyclo[4.1.0] Sub-
strate into 4,5-Dihydrobenzo[b]furan without W(CO)5
and NEt3 (Model IV). To better understand the role of
W(CO)5 and NEt3 in the reaction, we designed a computa-
tional model without W(CO)5 and NEt3. In this model, this
reaction successfully undergoes the H1 atom transfer in 1 to
give vinylidene 4, the ring closure of 4 to provide 6, the
isomerization of 6 into 12, the rearrangement of 12 to give the
product 14, as shown in Scheme 2. The process of 1→TS3→6
and 12→TS13→14 in model IV is the same as those in model
III and will not be discussed further. The geometries of the
other elementary steps in model IV are displayed in Figure 10.
The corresponding energy profile is also given in Figure 2.

From 6 to TS7, the C5−H2 distance is extended from 1.097
to 1.512 Å, and the O1−H2 distance is shortened from 2.574 to
1.288 Å. The C4−O1 distance is elongated from 1.241 to 1.297
Å, and the C4−C5 distance is shortened from 1.509 to 1.416 Å.
These changes show that when the H2 atom is transferred from
the C5 to the O1 atom, C4−C5 gradually changes from a single
bond to a double bond, and C4−O1 changes from a double
bond to a single bond (a keto−enol isomerization). The C3−
O1 distance is extended from 1.898 to 2.531 Å (the bond
strength decreased), which is because in this model the carbene
C3 atom cannot be stabilized by W(CO)5, and the stabilizing
effect of the O1 atom on the carbene C3 atom also becomes
weak. The molecular orbital analysis gives a similar conclusion,
as shown in Figure S2, Supporting Information. This step is
endergonic by 15.2 kcal/mol with a free energy barrier of 65.9
kcal/mol. Clearly, without the assistance of W(CO)5 and NEt3,
the keto−enol isomerization process is hardly possible to occur.
From 8 to TS10 and to 12, the C3−H2 distance is shortened

from 3.071 to 1.213 and to 1.081 Å, the O1−H2 distance is
elongated from 0.967 to 1.271 and to 1.081 Å, and the C3−O1
distance is shortened from 2.363 to 2.133 and to 1.387 Å.
These changes suggest that when the H2 atom is transferred
from the O1 to the C3 atom, the stabilizing effect of the O1
atom on the carbene C3 atom would increase, finally leading to
the formation of the C3−O1 bond. The molecular orbital
analysis gives a similar conclusion, as shown in Figure S3,
Supporting Information. This step is exergonic by 70.5 kcal/
mol with a free energy barrier of 5.7 kcal/mol, which is
relatively easy to overcome.
A comparison of model I and model IV shows that without

W(CO)5, the H1 transfer in 1 to give 4 and the ring closure of
4 to provide 6 become an elementary process. The highest free
energy barrier is calculated to increase from 18.1 to 41.9 kcal/
mol, which nearly cannot be overcome. The main reason is that

Figure 9. Relative potential energy surface for the H2 migration (9-
[N]→12).

Figure 10. The optimized geometries of model IV.
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the formed carbene C3 atom cannot be stabilized by W(CO)5
in model IV. Without NEt3 serving as a proton-transfer bridge,
the isomerization of 6 into 12 is nearly impossible to occur (the
free energy barrier is 65.9 kcal/mol).

■ CONCLUSIONS
In this work, the cycloisomerization mechanism of the
bicyclo[4.1.0] substrate into 4,5-dihydrobenzo[b]furan and
the role of W(CO)5 and NEt3 in the reaction were
systematically investigated by using DFT. Several conclusions
were drawn as follows.
A comprehensive comparison of four computational models

shows that this reaction is most likely to undergo H1 atom
transfer and the ring closure to provide 6-[W] with some
zwitterionic character under the assistance of W(CO)5, the
isomerization of 6-[W] into 11-[W] under the assistance of
NEt3, the dissociation of W(CO)5 to give the tricycle 12, and
the rearrangement of 12 to give the product 14 (1→2-[W]→
TS3-[W]→4-[W]→TS5-[W]→6-[W]→TS7-[WN]→ 8-
[WN]→9-[WN] →TS10-[WN]→11-[W]→12→TS13→14,
model I). The ring closure process is greatly associated with
the H1 and H2 transfer processes, because in the H1 atom
transfer process the carbene C3 atom is mainly stabilized by
W(CO)5, and in the H2 transfer process the carbene C3 atom
is mainly stabilized by the O1 atom. The rearrangement of 12
to give 14 needs to overcome the highest free energy barrier of
31.0 kcal/mol, being a rate-limiting step in this reaction.
A comparison of model I and model II shows that the

presence of NEt3 greatly promotes the isomerization of 6-[W]
into 11-[W] (the highest free energy barrier: 22.4 vs 71.9 kcal/
mol), in which the NEt3 plays proton-transfer bridge and
proton-adsorption roles.
A comparison of model I and model III shows that the

presence of W(CO)5 can greatly decrease the free energy
barrier for the H1 atom transfer in 1 to give carbene 4, being
favorable for the formation of 6-[W]. This is mainly attributed
to stabilizing effect of W(CO)5 on the formed carbene. The
presence of W(CO)5 is also slightly favorable for the H2
transfer from C5 to C3 atom (6-[W]→11-[W]).
A comparison of model I and model IV shows that without

W(CO)5 the H1 atom transfer in 1 to give 4 and the ring
closure of 4 to provide 6 is put in an elementary process, and
the corresponding free energy barrier becomes very difficult to
overcome (41.9 kcal/mol). Without NEt3 the isomerization of
6 into 12 is almost impossible to occur (the free energy barrier
is 65.9 kcal/mol).
The PCM calculations show that the presence of THF

solvent causes little change in this reaction, but the overall
result is the same as that captured from gas-phase calculations.

■ COMPUTATIONAL DETAILS
All the calculations were carried out by using Gaussian 09 program
suites.34 The Kohn−Sham density functional theory (DFT) was solved
with the B3LYP functional.35,36 The 6-31G(d,p) basis sets were
selected for all nonmetal atoms. The relativistic Lanl2dz effective core
potential (ECP) was used for tungsten. The tungsten was modified
Lanl2dz, in which the secondary outer p functions of the standard
Lanl2dz basis set were replaced with optimized p functions and an f
polarization function37,38 was added. All the geometries of reactants,
transition states, intermediates, and products were optimized without
any constraint. The harmonic vibrational frequency analysis was
employed to judge whether the optimized geometry was a minima or a
transition state, and to calculate the zero-point energy and Gibbs free
energy. Intrinsic reaction coordinate (IRC)39−41 calculation was

carried out to validate the connection of each TS to its corresponding
reactant and product. Natural bond orbital (NBO)42−45 calculations
were performed to illustrate the charge distribution in the bonding,
and the charge transfer in the reaction. To obtain the energy profile
more exactly, a single-point energy calculation was performed at the
B3LYP/6-311G(2d,p) level for each species. The polarizable
continuum model (PCM)46,47 was utilized to evaluate the influence
of the solvent environment (THF) on the reaction.
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