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ABSTRACT: InCl;-catalyzed cycloisomerizations of 1,6-
enynes can give either type-I dienes and cyclohexenes (type-
III dienes), or type-II dienes, depending on the substitutions in
the substrates. Previously, we studied how the type-II diene
products were generated and found that the real catalytic
species for the cycloisomerizations is InCL," (J. Org. Chem.
2012, 77, 8527—8540). In the present paper, we used density
functional theory (DFT) calculations to reveal how the type-I
and type-III dienes were generated. A unified model to explain
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how substituents affect the regiochemistry of type-I, II, and III cycloisomerizations has been provided. Experimental and
computational investigation of the InCl;-catalyzed cycloisomerization of 1,6-enynes with both substituents at the alkyne and

alkene parts has also been reported in the present study.

B INTRODUCTION

Cycloisomerizations of 1,6-enynes catalyzed by transition
metals or main group metals can give either type-I or type-II
diene products, together with the type-IIl dienes (cyclo-
hexenes) in some cases (Scheme 1).'”'' Formations of the
cycloisomerization products are often dependent on both the
used catalysts and the substitution patterns in the substrates.
For example, Chatani and co-workers found that InCl;-
catalyzed cycloisomerizations of a-1 gave type-II nonconjugated
dienes, while the reactions of b-1 and c-1 gave both type-I and
type-III dienes (Scheme 2).*

We have previously studied how the type-II nonconjugated
dienes (reaction 1, Scheme 2) were generated, finding that the
real catalytic species in the cycloisomerization is not InCl;, but
is InCL,*, generated in situ (this can be understood by the net
result of 1,6-enyne + 2 InCly = 1,6-enyne-InCl," + InCl,")
(Figure 1).">'° This discovery was very important for
understanding the mechanism and the encountered selectivity
of conjugated versus nonconjugated [1,2]-H shift processes in
this reaction. We found that the InCl;-catalyzed cyclo-
isomerization reaction starts from the coordination of InCl,*
to the alkyne part of the enyne substrate. Then nonclassical
cyclopropanation, homoallylic cation rearrangement, and cation
coordination assisted nonallylic hydrogen migration give the
final nonconjugated type-II diene product. The preference of
generating nonconjugated dienes over conjugated dienes is
mainly due to the coordination of the InCL" to the alkene part
in the [1,2]-hydride shift transition states (a-TS7-trans and a-
TS7-cis), generating a positively charged alkene. Consequently,
the conjugated [1,2]-H shift (its transition state is destabilized
by the positively charged alkene coordinated by the In atom)
becomes disfavored compared to the nonconjugated [1,2]-H
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shifts since the corresponding transition states can be stabilized
by the methyl group.

With the above mechanistic insights, here we report our
understanding of why type-I instead of type-II cycloisomeriza-
tion takes place for 1,6-enyne substrates shown in reactions 2
and 3 (Scheme 2). Also, we want to answer how and why the
byproducts of type-III dienes are generated in reactions 2 and
3; therefore, we used DFT calculations to study model
reactions b and ¢ (Scheme 3) and to explore their possible
pathways to type-I, II, and III dienes. Experimentally, Chatani
did not study the 1,6-enyne substrates with substituents at both
C1 and C4 positions. Here we report our experimental and
DFT investigation of the cycloisomerization of this new
substrate under the catalysis of InCly; (Our DFT investigation
used model reaction d in Scheme 3. In the experimental
investigations, we used substrates with a different tether, see
Scheme 6 later for detail). Meanwhile, we tried to provide a
unified model to explain how the type-, II, and III dienes are
generated and to understand how substituents affect the final
reaction outcomes. The present investigation of mechanisms
and factors affecting the regioselectivity in the cycloisomeriza-
tion reaction will help chemists understand, predict, and
develop new cycloisomerization reactions and new catalysts.
This study will also prompt chemists to think more about the
nature of other Lewis acids of IIIA metals in their reactions.

B RESULTS AND DISCUSSION

1. Mechanism of Model Reaction b. a. Type-I Diene
Formation Pathway of the Model Reaction b. DFT

Received: January 10, 2014
Published: March 25, 2014

dx.doi.org/10.1021/j0500059j | J. Org. Chem. 2014, 79, 3809—-3820


pubs.acs.org/joc

The Journal of Organic Chemistry

Scheme 1. 1,6-Enynes Cyloisomerizations
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Scheme 2. Selected Examples of InCl;-Catalyzed 1,6-Enyne
Cycloisomerizations
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calculations indicate that InCl,"-catalyzed cycloisomerization of
reaction b starts with catalyst transfer between 1,6-enyne b-4
and the InCl,*/type-I product complex b-11 (Figure 2).
Meanwhile, a solvent molecule,'* here a benzene molecule, is
released, giving InCl,*/1,6-enyne complex b-S. Then the
benzene molecule coordinates to the In atom of complex b-§,
giving complex b-6. The In atom in complex b-6 is coordinated
by two chlorine atoms, an alkyne group, and a benzene
molecule. The originally coordinated alkene moiety in b-5 is
released to become a spectator ligand in b-6. Then a
nonclassical cyclopropanation process generates the cationic
species of b-7, which can be regarded as a homoallylic cation or

a nonclassical cyclopropane molecule. This can be appreciated
from the structure of b-7, in which the C1—-C2 bond is a
double bond with a bond distance of 1.36 A, the C1—C4 bond
is a single bond with a bond distance of 1.63 A, and the C1—C3
bond is partially formed with a bond distance of 1.85 A.

Homoallylic cation b-7 is then transformed to cyclobutyl
cation b-8 via b-TS2. This step can be understood by a two-
step sequence: formation of a cyclopropyl carbinyl cation (CPC
cation) first through the C1—C3 bond formation, followed by a
[1,2]-C4 migration through the C1—C4 bond breakage and
C2—C4 bond formation. Even though b-8 can be regarded as a
cyclobutyl carbocation with the positive charge mainly at the
C1 atom, the C4 atom in it forms weak bonds with the C1, C2,
and C3 atoms, as judged by the bond distances of dcy_¢; = 1.76
A, dcy_c, = 1.65 A and dy_c5 = 1.67 A. Tt is noteworthy that in
model reactions ¢ and d, no such kind of cyclobutyl
carbocations as ¢-8 and d-8 can be located computationally.
This will be seen in what follows.

The following step is the C4—C3 bond breakage via
transition state b-TS3, converting b-8 to a more stable spiro
cation b-9. This intermediate can also be viewed as a CPC
cation with positive charge at the C3 atom if we think that C1
and C4 have a weak bond (d¢;_c4 = 1.83 A). This structure can
also be understood as the interaction between the C4 cation
and the C1=C3 bond.

The next step of the type-I diene formation pathway is the
breakage of the weak C1—C4 bond and the coordination of the
In atom by the C3=C4 bond, producing a type-I diene/InCl,*
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Figure 1. Previously reported density functional theory (DFT)-computed energy surface of InCly-catalyzed type-II cycloisomerization of 1,6-enyne

(model reaction a in Scheme 3 of this paper)."”
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Scheme 3. Model 1,6-Enynes Cycloisomerization Reactions Used for Computational Studies
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Figure 2. Energy surface and selected structures of the type-I diene formation pathway of the 1,6-enyne cycloisomerization reaction of b-4 (reaction
b in Scheme 3) in toluene solution (distances in A).
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Scheme 4. A Unified Model To Explain the Homoallylic Cation Rearrangements Leading to Different Products
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complex with an activation free energy of 1.0 kcal/mol. The
corresponding transition state for this step is b-TS4, in which
the C1—C4 bond is becoming elongated with respect to that in
b-9. Intrinsic reaction coordinate (IRC) calculations suggested
that b-TS4 is connected by b-9 and the type-I diene/InCl,"
complex, b-11.

In summary, the type-I cycloisomerization starts with
nonclassical cyclopropanation, followed by homoallylic cation
rearrangement, which includes CPC cation’s [1,2]-rearrange-
ment, formation of a cyclobutyl carbocation, generation of the
CPC cation b-9 via C3—C4 bond cleavage, and diene
coordination. The most difficult step of the catalytic cycle is
the homoallylic cation rearrangement from b-7 to b-TS2,
requiring an activation free energy of 5.2 kcal/mol. Exper-
imentally, reaction 2 (Scheme 2) was carried out at 80 °C. We
hypothesized that, even though the cycloisomerization by
InCL,* is easy, the generation of the catalytic species from InCl,
could need a significant amount of activation energy to initiate
the reaction for each catalytic cycle. Further discussion of the
relationship of the catalyst generation and the catalytic cycle
will be presented in section 6 of this part.

3812

b. Type-lll Diene Formation Pathway of the Model
Reaction b. Experimentally, reaction 2 (Scheme 2) also
produced the type-III diene product b-3 as a byproduct. Our
DFT calculations suggested that the generation of a type-III
diene product was due to the existence of another competing
rearrangement pathway from the homoallylic carbocation b-7.
In the type-l diene formation pathway (Figure 3), b-7
undergoes [1,2]-C4 migration with simultaneous C1—C3 and
C2—C4 bond formations and C1—C4 bond cleavage via b-TS2,
with an activation free energy of 5.2 kcal/mol. However, in the
type-IIl diene formation pathway, b-7 can simultaneously
undergo the C2—C3 bond formation and C3—C4-bond
breakage via b-TSS, generating CPC cation b-10, in which
the positive charge can be regarded as residing at the C4 atom.
Then the C1-C3 bond in b-10 is completely cleaved via b-
TS6, giving the final type-III diene/InClL,(S)* complex, b-12.

From the above discussion, we can see that the bifurcation
point for the two products (type-I vs type-III diene formation
pathways) is complex b-7. Type-I diene formation pathway via
TS2 is slightly favored over the type-Ill diene formation
pathway via TSS by 0.5 kcal/mol, suggesting that both type-I
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Scheme S. Selectivity Discussion of Type-I and Type-II Diene Formations®
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diene and type-III diene can be generated, with the former as
the major product. This is consistent with experimental
observations, showing that the generation of a type-I diene
product is slightly preferred over the generation of a type-III
diene product (b-2:b-3 = 4:1 in reaction 2 of Scheme 2).

2. A Unified Model To Explain the Chemoselectivity of
InCl;-Catalyzed Cycloisomerization of 1,6-Enynes. a. Ho-
moallylic Cation Rearrangements.”> On the basis of the
discussed studies together with the previous results summarized
in Figure 1, here we provide a unified model to explain how the
homoallylic cation rearranges into different products via the
type-I, II, and I1I diene formation pathways (Scheme 4). Similar
type-I and type-Il processes catalyzed by Au have been
proposed and discussed by Echavarren and co-workers."*

The cycloisomerization to different products is initiated by
the InCl," activation of the triple bond of 1,6-enyne, generating
a nonclassical homoallylic cation II via a C1-C4 bond
formation from the InCl,"/1,6-enyne complex 1. Then II is
converted into CPC cation III, which is the bifurcation point
for further type-I/II and type-lIl diene formation pathways.
Two possible [1,3]-C shift transformations compete with each
other via either a [1,3]-C4 shift to give intermediate IV (for
type-1 or type-Il diene formation), or a [1,3]-C3 shift to give
intermediate IX (for type-III diene formation).

Intermediate IV can then undergo the C1-C2 bond
cleavage, giving intermediate V. A nonconjugated [1,2]-H
shift converts V into the type-II diene product, VI. This can be
called a double-bond cleavage'* pathway since both C1—C2
and C3—C4 bonds are broken in the final diene product.
Intermediate IV can also undergo the C1—C4 bond cleavage,
giving intermediate VII. Geometry reorganization then forms

3813

the diene—In complex VIII, which finally gives a type-I diene
via dissociation of the In catalyst. This pathway can be viewed
as a single-bond cleavage pathway'** since only the C3—C4
bond has been cut while the C1—C2 bond is intact in the final
product. Intermediate IX (from III) can undergo the C1-C3
bond cleavage. This gives intermediate X, which can then give a
type-III diene product through geometry reorganization.

From the above model, we can see that the key step
determining the overall regiochemistry is the formation of IV or
IX. The second key step is formation of either V or VII from
IV. Different substituents can affect the energies of the
corresponding transition states, and consequently, different
products can be formed.

b. Why Type-l and Il But Not Type-ll Diene Formation?
With the above model, we can now understand how the
substituents in both the alkyne and alkene moieties of 1,6-
enynes affect the selectivity of type-I and III dienes (Figure 2
and Figure 3) as well as type-1I dienes (Figure 1). Scheme 4
gives some suggestions about the preference of one pathway
over the other. If R' = alkyl and R* = H, the type-II diene
formation pathway is favored because the alkyl group (R') can
stabilize the generating cation at C2 in intermediate V. In this
case, intermediates VII and IX with the cations located at C4
atoms cannot be accessed, and consequently, both type-I and
type-III pathways cannot take place. This is supported by the
computational results, showing that the [1,3]-C3 shift transition
state (type-III pathway) starting with a-10 (Figure 1) cannot be
located. For the same reason, when R' = H and R = alkyl, type-
I and type-III diene formation pathways will be favored because
the C4 cation in intermediate VII and IX can be stabilized by
the R? group. Meanwhile, the [1,3]-C4 shift (type-I pathway)
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Figure 4. Energy surface and selected structures of the type-I diene formation of the 1,6-enyne cycloisomerization reaction of c-4 (model reaction ¢

in Scheme 3) in toluene solution (distances in A).

and [1,3]-C3 shift (type-Ill pathway) have similar energy
barriers; therefore, reaction 2 of Scheme 2 is more likely to give
the type-I diene product together with the type-III diene
product, while reaction 1 will only give type-II dienes. In what
follows, we give more details about the selectivity between type-
I and type-1I diene formations.

Here we provide a comparison of the structures of a-9 and b-
9, which are key intermediates for giving type-II and type-I
diene products, respectively (Scheme 5). In a-9, the
corresponding R* = H suggests that a-9 has the form of
intermediate V instead of VIL This claim can be appreciated by
the long C1—C2 bond (1.81 A) and short C1—C4 bond (1.56
A). Therefore, the positive charge in the cation is mainly
located at the C2 atom, which favors a nonconjugated [1,2]-H
shift reaction with an activation free energy of 4.8 kcal/mol.
Breaking the C1—C4 bond in a-9 and a subsequent [1,2]-H
shift via a-TS4 can give type-I diene product, but this requires
an activation free energy of 11.6 kcal/mol, 6.8 kcal/mol higher
than that of the type-II diene formation pathway. Con-
sequently, reaction 1 in Scheme 2 gives a type-II diene product.

In b-9, the corresponding R* = Me, the positive charge in the
cation is mainly located at the C4 atom. Consequently, the
C1—C4 bond is very weak with a bond distance of 1.83 A while
the C1—C2 bond is strong with a bond distance of 1.54 A.
Because of this, reorganization of the coordination around

3814

InCl," is easy, giving a type-I diene product. If b-9 adopts the
type-II diene formation pathway, it has to break the strong C1—
C2 bond and this is energetically difficult (we found that the
corresponding b-9” is not a minimum and cannot be located
computationally). Additional evidence to exclude the type-II
diene formation pathway is that, supposing that b-9" can be
generated, its later [1,2]-H shift is very difficult, with a
computed activation free energy of 33.5 kcal/mol.

3. Mechanism of Model Reaction c¢. When R' = H and
R* = H, we also found that both type-I and type-II diene
formation pathways are favored. Calculations suggested that c-4
(corresponding to reaction 3 in Scheme 2) can take both type-I
and type-Ill diene formation pathways and the computed
energy surface is summarized in Figure 4. The type-I diene
formation pathway is still favored over the type-IIl diene
formation pathway by 1.0 kcal/mol (c-TS4 vs c-TSS),
suggesting that a type-I diene as the major product and a
type-Ill diene as the minor product are generated. These
calculation results agree with the experimental observation
(reaction 3 in Scheme 2) where a mixture of type-I and type-I11
dienes with a ratio of 5:1 was generated.

A close look at intermediate ¢-9 uncovers the reasons why
the type-II diene pathway is disfavored. Because of correspond-
ing R' = H and R? =H, no functional group can stabilize the
cation on the C2 or C4 atom in c-9. Consequently, the cation is

dx.doi.org/10.1021/j0500059j | J. Org. Chem. 2014, 79, 3809—3820
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Scheme 6. New Experimental Results of InCl;-Catalyzed 1,6-Enyne Isomerization of Enynes with Substituents at Both the

Alkyne and Alkene Parts
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Figure S. Energy surface of the type-I 1,6-enyne cycloisomerization reaction of d-4 in 1,2-dichloroethane (DCE) solution (model reaction d in

Scheme 3).

best distributed to the whole system. In this case, C1—C2 and
C1—C4 bonds become stronger, as indicated by their bond
distances (dc;_c, = 1.58 A and d¢y_cs = 1.66 A); therefore,
breaking the C1—C4 bond and geometry reorganization are
easier and will give a type-I diene product with an activation
free energy of 9.5 kcal/mol.

4. Cycloisomerization of 1,6-Enyne with R' = Alkyl, R?
= Alkyl (Model Reaction d): Experiments and Calcu-
lations. a. Experimental Results. In previous reports from
Chatani’s group,” there was no experimental study of how 1,6-
enyne substrates with alkyl groups at both the C1 and C4
atoms reacted using a InCl; catalyst. Therefore, we carried out a
new experimental study of the cycloisomerization of d1-1 and
d2-1, showing that in these cases, only type-I dienes were
generated under microwave (MW) irradiation at 95 °C
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(Scheme 6). Here, the type-I dienes are mixed with their
corresponding olefin isomerization products (d1-2’ and d2-2").
Further experimentation in Scheme 6c indicated that d2-2” was
generated by double bond isomerization of the type-I product
d2-2. Here we point out that the reaction in Scheme 6b could
also take place in an oil bath at 85 °C in 4 h, giving 25% yield of
d2-2 and d2-2’ together with other unknown products. We
carried out this reaction at a higher temperature (95 °C) under
MW irradiation for a shorter time (20 min), giving a better
yield of the dienes (74%). It is interesting to find that the yields
of cycloisomerizations and the ratio of the two products under
MW irradiation varied (see the experimental part) and that the
reason for this is not yet known.

b. Computed Reaction Energy Surface. Figure 5 presents
the computed energy surface for the cycloisomerization of d-4
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Scheme 7. Selectivity Discussion of Type-I and Type-II Diene Formations®
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“The given energies are Gibbs free energy in the gas phase and bond distances are measured in A.

to give both type-I diene and type-IIl diene products. One
significant difference for the present reaction of d-4 compared
to the previous ones (b-4 and c-4) is that the present reaction
requires a much higher cyclopropanation energy barrier: 8.4
kcal/mol for d-6 to d-TS1, while 1.8 kcal/mol is required for b-
6 to b-TS1 and 1.6 kcal/mol is required for ¢-6 to c-TS1. This
is because the generation of b-6 and c-6 from b-5 and c-5 are
both exothermic, while the generation of d-6 from d-$ is
endothermic by 3.7 kcal/mol. We attribute this difference to
the stronger binding of d-4 than that of b-4 and c¢-4 to InCl,"
due to the presence of an additional ethyl group in d-4.

¢. Type-l Diene Formation Pathway vs Type-ll Diene
Formation Pathway. Calculations indicated that once the CPC
cation d-9 is formed, it can easily undergo the C1—-C4 bond
cleavage via transition state d-TS4. This requires an activation
free energy of 3.5 kcal/mol. The competing type-II diene
formation pathway involves breaking the C1—C2 bond and a
[1,2]-H shift process. We found that the corresponding
intermediate from the C1—C2 bond cleavage cannot be
located, and the subsequent [1,2]-H shift transition state d-
TS7 was disfavored by 4.6 kcal/mol than d-TS4 (Scheme 7).
We attribute these phenomena to the weak C1—C4 bond in
CPC cation d-9. The bond length of the C1—C4 bond in d-9 is
1.76 A, while the bond length of the C1—C2 bond is 1.58 A.
Thus, the C1—C4 bond cleavage transition state d-TS4 is
favored by 4.6 kcal/mol over the [1,2]-H shift transition state
d-TS7, suggesting that type-I diene products should be
generated. This DFT prediction is consistent with the
experimental results shown in Scheme 6.

d. Type-l Diene Formation Pathway vs Type-lll Diene
Formation Pathway. Cyclopropane intermediate d-7 can
undergo either the [1,3]-C3 shift via d-TSS to give a type-III
diene product, or the [1,2]-C4 shift via d-TS2 to produce a
type-I diene product. DFT calculations found that d-TS2 is
more favored than d-TSS by 6.5 kcal/mol, which is consistent
with our experimental observation that only type-I diene
products were obtained. In d-TSS corresponding to the
formation of the C2—C3 bond (Figure 6), Et (on C2) and
Me (on C4) groups displayed a 1,3-eclipsing interaction, as
judged by the small C5—C2—C4—C6 dihedral angle (—0.65°)
and the short H1-H2 distance (1.92 A). This repulsion
increases the activation energy of the [1,3]-C3-shift process
from S.7 kcal/mol (b-TSS in Figure 3) to 11.6 kcal/mol (d-
TSS in Figure S). Consequently, when both of the terminal
positions of alkene and alkyne (C2 and C4) were substituted by
the alkyl groups, only the type-I diene products were observed
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C5-C2-C4-C6 = -0.65°
H1-H2 = 1.92

1.68
d-TS5

Figure 6. Structures of d-TS2 and d-TS5 (distances in A).

and the type-III diene formation pathway was suppressed due
to the steric repulsion between R' and R* groups.

5. Further Computational Results Suggesting That
InCl; Is Not the Catalytic Species. The above computational
results using InCl," as the real catalytic species agree with the
experimentally observed regiochemistry. Here we further
support that InCly is not the real catalyst (Table 1). In the

Table 1. Comparison of the Regioselectivities between the
Experimental and Computational Results Using InCl,* and
InCl; as the Catalytic Species

DFT computed AAG*?

ratio of InCl; as the
model type-I diene/type-III diene catalytic InCl," as the
reaction (experimental result) species catalytic species
b 4:1 (Scheme 2) —2.5 (35:1) —0.5 (2:1)
c 5:1 (Scheme 2) —3.7 (>99:1) —1.0 (4:1)
d 1:0 (Scheme 6) —102 (>99:1)  —6.6 (>99:1)

“AAG is the Gibbs energy difference (computed in the gas phase)
between the regio-determining transition states leading to type-I
dienes and type-III dienes (AAG = AGy,.; —AGyyeq). Energy in
keal/mol. ®The number in parentheses is the DFT predicted ratio of
type-I diene to type-III diene at corresponding temperature.

cases of using InCl; as the possible catalytic species, calculations
predicted that the type-I diene formation pathways were
favored by 2.5 and 3.7 kcal/mol over the type-III diene
formation pathways for both reactions b and ¢, suggesting that
type-III dienes should not be obtained. This is in contrast to
the experiments, because reactions 2 and 3 of Scheme 2
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Figure 7. Catalytic cycle of InCl;-catalyzed cycloisomerizations of 1,6-enynes.

produced mixtures of type-I and type-III dienes with a ratio of
4:1 and S:1, respectively. Only for reaction d, did DFT
calculations using InCl; as the possible catalytic species give the
same selectivity as that which was observed by our experiment.
Previously we have shown that (InCly), is not the real catalytic
species because calculations using (InCly), as the catalytic
species gave the similar selectivity as calculations using InCl; as
the catalytic species. Therefore, we ruled out this possibility of
(InCly), as the real catalyst and did not do further DFT
calculations in the reactions b—d.

6. Further Discussion of the Catalyst Transfer Step
and the Reaction Activation Energy. The above calcu-
lations using model reactions a—d (Scheme 3) gave an in-depth
understanding of the catalytic cycles. Calculations showed that
all of these catalytic cycles should be easy because the activation
barriers are very low (16.6, 5.2, 9.5, and 19.9 kcal/mol for
model reactions a, b, ¢, and d, respectively). In contrast, all of
these reactions had to be carried out at high temperature: 80 °C
for reactions 2 and 3 in Scheme 2, and 95 °C under MW
radiation or a heated oil bath at 85 °C for reactions in Scheme
6. Therefore, we hypothesized that once a catalytic cycle is
finished, there is no catalyst transfer step from the product—
catalyst complex to the substrate—catalyst (pathway I in Figure
7). Instead, the catalytic species InCL,* could quickly associate
with InCl,~ to form InCl; (or its dimer) again (pathway II in
Figure 7); therefore, each catalytic cycle requires generation of
the catalytic species. This could be the most energy demanding,
and consequently, the cycloisomerization of all 1,6-enynes
catalyzed by InCl; requires a temperature of 80 °C or higher.
More studies are required to understand whether or not these
hypotheses are correct.

B CONCLUSION

Through DFT calculations on model reactions a—d (Scheme
3), we obtained a unified model to explain how the type-I, type-
II, and type-III diene products are generated in InCl;-catalyzed
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cycloisomerizations of 1,6-enynes with different substituents
(Scheme 4 and Figure 7). DFT calculations further supported
that the catalytic species is InClL’, but not InCl;. DFT
calculations indicated that the entire catalytic cycle of the
cycloisomerization starts with a nonclassical cyclopropanation
of the vinyl cation (formed by coordination of InCl," to the
alkyne) to the alkene moiety, giving a homoallylic cation IIL
This homoallylic cation can undergo different rearrangements
depending on the substituents on the terminal positions of
alkene (R*) and alkyne (R') of the substrates. One rearrange-
ment involves the C3—C4 bond cleavage and C2—C4 bond
formation, yielding intermediate IV. If R* = alkyl group, IV
undergoes direct geometry reorganization to give a conjugated
type-1 diene. In this case, the type-I diene formation pathway
has a competitive rearrangement reaction of intermediate III,
which directly undergoes the C3—C4 bond cleavage but
without C2—C4 bond formation. This rearrangement gives a
type-IIl diene product, cyclohexene, and is only slightly
disfavored compared to the formation of a conjugated diene.
However, if R! = ethyl and R? = H, the C1—C4 bond cleavage
from intermediate IV will not be favored because this process
generates a less stable carbocation at the C4 atom. Instead,
intermediate III undergoes a C1—C2 bond cleavage, followed
by a InClL,* coordination assisted nonconjugated [1,2]-H shift
to give nonconjugated type-II dienes. DFT calculations and
experiments found that, if R' = alkyl and R* = alkyl, only the
type-I dienes would be generated because the type-IIl diene
formation pathway suffers a steric repulsion between R' and R?
in the C1—C3 bond formation transition state (Figure 6).

B COMPUTATIONAL METHODS

All calculations were performed with the Gaussian 09 program.'® All
gas phase stationary points were optimized using the 3-parameter
hybrid Becke exchange/Lee—Yang—Parr correlation functional
(B3LYP)."” The LANL2DZ pseudo-potential and basis set'® were
used for the In atom, and the 6-31G(d) basis set'® was used for the
other atoms (keyword SD was used in the calculations). Full Hessian

dx.doi.org/10.1021/j0500059j | J. Org. Chem. 2014, 79, 3809—3820



The Journal of Organic Chemistry

matrices in Gaussian 09 were calculated to verify the nature of all of
the stationary points as either minima or first-order saddle points. The
first-order saddle points were further characterized by IRC?*®
calculations to confirm that the stationary points were correctly
connected to the corresponding reactants and products. Solvation
corrections to free energies were performed using universal force field
(UFF) radii and a dielectric conductor-like polarizable continuum
model (CPCM)*! in toluene or DCE (these two solvents were used in
the experiments). Solvation calculations were carried out on the gas-
phase optimized structures. All of the energies discussed in the paper
and the Supporting Information are Gibbs free energies in the gas
phase at 298 K (AGgas ,0sx)- Gibbs energies at 298 K in solution
(AGy 205x) (here the entropies were approximated by using the gas-
phase computed entropies) and gas phase enthalpies (AH,,) are also
provided for reference. We found that the B3LYP method can
reproduce the experimentally observed regioselectivity while calcu-
lations using B3LYP-D, M06, and M06-2X functionals could not. This
suggests that B3LYP is a good choice for investigating the present
cationic In-catalyzed cycloisomerizations of 1,6-enynes (for more
discussion, see the Supporting Information).

B EXPERIMENTAL SECTION

All NMR spectra were recorded on a 400 MHz spectrometer, except
for d1-2 which was recorded on a 500 MHz spectrometer. 'H and *C
NMR spectra were recorded using the deuterated solvent as the lock
and the residual solvent as the internal reference. High-resolution mass
spectrometry (HRMS) was performed under an electrospray
ionization (ESI) technique using a Fourier transform ion cyclotron
resonance (FT-ICR) analyzer. Herein, we report our experimental
results shown in Scheme 6.

(E)-Dimethyl 2-(Hex-2-enyl)-2-(pent-2-ynyl)malonate (d1-1).
To a suspension of NaH (0.16 g, 6.6 mmol, washed with hexane) in 10
mL of tetrahydrofuran (THF), (E)-dimethyl 2-(hex-2-enyl)malonate
(1.18 g, 5.5 mmol) was added dropwise at 0 °C over a period of 15
min. Then the mixture was stirred at room temperature (rt) until the
evolution of hydrogen gas subsided. The mixture was cooled to 0 °C,
and a solution of 1-bromopent-2-yne (0.88 g, 6.0 mmol) was added
dropwise over a period of 15 min. After stirring for an additional 12 h
at rt, water was added slowly at 0 °C, and the organic layer was
separated. The aqueous layer was extracted with Et,O, and the
combined organic layers were washed with brine, dried over Na,SO,,
and concentrated in vacuum. The residue was purified by column
chromatography on silica gel (eluted with polyethylene/ethyl acetate
(PE/EA) 30:1) to give d1-1 as a colorless oil (1.22 g, 83% yield). '"H
NMR (400 MHz, CDCl,;, §): 5.61—5.50 (m, 1H), 5.22 (dt, J = 15.0,
7.4 Hz, 1H), 3.72 (s, 6H), 2.73—2.71 (m, 4H), 2.16—2.12 (m, 2H),
1.98—1.93 (q, J = 7.0 Hz, 2H), 1.38—1.32 (m, 2H), 1.09 (t, ] = 7.5 Hz,
3H), 0.87 (t, J = 7.3 Hz, 3H). '*C NMR (101 MHz, CDCl,, §): 170.7,
135.8, 123.2, 84.9, 73.8, 57.6, 52.5, 35.4, 34.7, 22.9, 22.5, 14.2, 13.6,
12.4. FT-IR (neat) v, (cm™): 2961, 1743, 1441, 1289, 1207, 1058,
976. HRMS (ESI) (m/z): [M + H'] caled for CygH,50,, 281.17474;
found, 281.17457.

(E)-Dimethyl 2-(But-2-ynyl)-2-(hex-2-enyl)malonate (d2-1).
Using the general procedure for synthesis of d1-1, d2-1 (0.94 g
71% yield) was obtained as a colorless oil from (E)-dimethyl 2-(hex-2-
enyl)malonate (1.18 g, 5.5 mmol) and 1-bromobut-2-yne (0.79 g, 6.0
mmol). '"H NMR (400 MHz, CDCl,, §): 5.61—5.50 (m, 1H), 5.22 (dt,
J=15.1,7.5 Hz, 1H), 3.72 (s, 6H), 2.73—2.71 (m, 4H), 1.98—1.95 (m,
2H), 1.76 (t, ] = 2.5 Hz, 3H), 1.41—1.29 (m, 2H), 0.87 (t, ] = 7.4 Hz,
3H). '*C NMR (101 MHz, CDCl,, §): 170.7, 135.8, 123.2, 78.7, 73.4,
57.5, 52.5, 35.40, 34.7, 22.9, 22.5, 13.5, 3.5. FT-IR (neat) v, (cm™):
2977, 1744, 1210, 990. HRMS (ESI) (m/z): [M + H*] caled for
C,5H,;0,, 267.15909; found, 267.15898.

General Procedure for the InCl;-Catalyzed 1,6-Enyne Cyclo-
isomerizations of d1-1 and d1-2 in DCE under MW Heating
(Scheme 6). To a mixture of anhydrous DCE (2.5 mL) and InCl,
(17.6 mg, 0.08 mmol) under argon, 1,6-enyne (d1-1, 0.4 mmol, 112
mg; or d2-1, 0.4 mmol, 106 mg) was added. The resulting mixture was
stirred at 95 °C under MW heating for an additional 20 min. The
reaction was cooled to rt and the reaction mixture was directly

3818

concentrated in a vacuum. The residue was subjected to flash column
chromatography on silica gel (eluted with PE/EA 30:1 to 20:1) to give
an inseparable mixture of diene products. The ratios of diene products
were determined by 'H NMR. The combined reaction yield of d1-2
and d1-2’ (as colorless oil with a ratio of 1:5.5, Scheme 6a) from d1-1
was 62% (69 mg). The combined reaction yield of d2-2 and d2-2’ (as
colorless oil with a ratio of 2.2:1, Scheme 6b) from d2-1 was 74% (78
mg).

It is noteworthy that the yields of the cycloisomerizations and the
ratio of the two products under MW irradiation varied and the reason
for this is not known. These results are given here: for the reaction of
d1-1, we also found the yield (ratio of d1-2:d1-2") as 67% (1.4:1) and
71% (1.9:1); and for the reaction of d2-1, we also found the yield
(ratio of d2-2:d2-2") to be 74% (11:1), 72% (8.5:1), 54% (2.9:1), and
53% (2.3:1).

Procedure for the InCl;-Catalyzed Isomerization of d2-2 to
d2-2’ in DCE Under MW Heating (Scheme 6¢). To a mixture of
anhydrous DCE (2.5 mL) and InCly (8.8 mg, 0.04 mmol) under
argon, d2-2 (0.2 mmol, 53 mg) was added. The resulting mixture was
stirred at 95 °C under MW heating for an additional 20 min. The
reaction was cooled to rt, and the reaction mixture was directly
concentrated in a vacuum. The residue was subjected to flash column
chromatography on silica gel (eluted with PE/EA 30:1 to 20:1) to give
an inseparable mixture of dienes with d2-2:d2-2" = 1.1:1 (determined
by 'H NMR). The combined reaction yield of d2-2 and d2-2 was
66% (35 mg).

General Procedure for the Au-Catalyzed 1,6-Enyne Cyclo-
isomerizations. In the InCl;-catalyzed reactions in Scheme 6, the
type-I diene products and their olefin isomers were inseparable. To
obtain pure type-I diene products and their NMR, the Au-catalyzed
cycloisomerization reaction procedure®® was used as follows. Under
Ar, a mixture of anhydrous DCE (2.5 mL), AuPPh,Cl (8.1 mg, 0.016
mmol), and AgSbF, (5.5 mg, 0.016 mmol) were stirred at rt for 20
min. Then the 1,6-enyne (d1-1, 0.4 mmol, 112 mg; or d2-1, 0.4 mmol,
106 mg) was added to the solution containing the gold catalyst. The
resulting mixture was stirred at rt for an additional 20 min. The
reaction mixture was then directly concentrated in a vacuum. The
residue was subjected to flash column chromatography on silica gel
(eluted with PE/EA 60:1) to give a pure type-I diene product (d1-2 or
d2-2). The yield of d1-2 (from d1-1) was 89% (97 mg), as colorless
oil. The yield of d2-2 (from d2-1) was 78% (83 mg), as colorless oil.
On the basis of the NMR data of the pure type-I diene products (d1-2
and d2-2), the NMR spectra of olefin isomerization isomers (d1-2’
and d2-2") were resolved from the NMR spectra of the mixture of
dienes.

(E)-Dimethyl 3-(Hept-3-en-3-yl)cyclopent-3-ene-1,1-dicar-
boxylate (d1-2). Obtained by Au-catalyzed cycloisomerization. 'H
NMR (500 MHz, CDCl,, §): 5.50 (s, 1H), 5.37 (t, ] = 7.2 Hz, 1H),
3.74 (s, 6H), 3.15 (d, ] = 1.4 Hz, 2H), 3.12 (s, 2H), 2.27-2.21 (m,
2H), 2.11-2.06 (m, 2H), 1.47—1.35 (m, 2H), 0.99 (t, ] = 7.6 Hz, 3H),
0.92 (t, ] = 7.4 Hz, 3H). *C NMR (126 MHz, CDCl,, §): 1727,
140.9, 137.0, 128.6, 120.3, 58.5, 52.8, 41.0, 40.9, 30.0, 22.9, 21.5, 14.02,
13.95. FT-IR (neat) v, (cm ~1): 2977, 1741, 1439. HRMS (ESI) (m/
z): [M + H'] caled for C gH,50,, 281.17474; found, 281.17465.

(E)-Dimethyl 3-(Hept-3-en-3-yl)cyclopent-2-ene-1,1-dicar-
boxylate (d1-2’). 'H NMR (400 MHz, CDCl,, §): 5.71 (s, 1H),
549 (t, J = 7.3 Hz, 1H), 3.73 (s, 6H), 2.64—2.55 (m, 2H), 2.50—2.47
(m, 2H), 2.35—-2.25 (m, 2H), 2.13—2.07 (m, 2H), 1.44—1.38 (m, 2H),
1.02 (t, J = 7.5 Hz, 3H), 0.92 (t, ] = 7.4 Hz, 3H)."*C NMR (101 MHz,
CDCly, 8): 172.0, 1482, 137.1, 130.7, 121.1, 66.5, 52.6, 31.8, 314,
30.1, 22.8, 21.6, 14.02, 13.96. Mixture of d1-2 and d1-2/, FT-IR (neat)
Uy (cm™): 2969, 1736, 1438, 1251, 1076. Mixture of d1-2 and d1-2/,
HRMS (ESI) (m/z): [M + H'] caled for C;4H,;0,, 281.17474; found,
281.17466.

(E)-Dimethyl 3-(Hex-2-en-2-yl)cyclopent-3-ene-1,1-dicar-
boxylate (d2-2). Obtained by Au-catalyzed cycloisomerization. 'H
NMR (400 MHz, CDCl,, §): 5.49 (s, 1H), 544 (t, ] = 7.2 Hz, 1H),
3.74 (s, 6H), 3.17 (s, 2H), 3.10 (s, 2H), 2.12—2.08 (m, 2H), 1.78 (s,
3H), 1.46—1.34 (m, 2H), 091 (t, ] = 7.4 Hz, 4H). *C NMR (101
MHz, CDCl,, 8): 172.7, 142.6, 130.6, 129.1, 120.8, 58.7, 52.8, 41.0,
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40.7, 304, 22.8, 13.9.22 FT-IR (neat) v, (cm™): 2961, 1736, 1438,
1270, 1070. HRMS (ESI) (m/z): [M + H'] caled for C;sH,;0,,
267.15909; found, 267.15890.

(E)-Dimethyl 3-(Hex-2-en-2-yl)cyclopent-2-ene-1,1-dicar-
boxylate (d2-2’). '"H NMR (400 MHz, CDCl, §): 5.69 (s, 1H),
5.55 (t, ] = 7.1 Hz, 1H), 3.74 (s, 6H), 2.63 (t, ] = 6.8 Hz, 2H), 2.54—
2.44 (m, 2H), 2.14—2.07 (m, 2H), 1.83 (s, 3H), 1.46—1.36 (m, 2H),
091 (t, J = 7.2 Hz, 3H). *C NMR (101 MHz, CDCl,, §): 172.7,
145.0, 131.3, 130.7, 129.1, 66.5, 52.7, 31.6, 31.5, 30.4, 22.7, 14.0.
Mixture of d2-2 and d2-2/, FT-IR (neat) v, (cm™): 2961, 1736,
1441, 1263, 1069. Mixture of d2-2 and d2-2’, HRMS (ESI) (m/z): [M
+ H*] caled for C;sH,;0,, 267.15909; found, 267.15890.
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