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solution. This finding of InCl," as the catalytic species suggests
that other reactions catalyzed by In(III) species could also have cationic In(III) species as the real catalysts. DFT calculations
revealed that the catalytic cycle of the cycloisomerization of 1,6-enynes catalyzed by InCl; starts from InCl," coordination to the
alkyne of the substrate, generating a vinyl cation. Then nonclassical cyclopropanation of the vinyl cation to the alkene part of the
substrate gives a homoallylic cation, which undergoes a novel homoallylic cation rearrangement involving a [1,3]-carbon shift to
give the more stable homoallylic cation 1S. Finally InCl," cation coordination assisted nonconjugated [1,2]-hydride shifts deliver
the final nonconjugated diene products. The preference of generating nonconjugated dienes instead of conjugated dienes in the
cycloisomerization reaction is mainly due to two reasons: coordination of the InCl," to the alkene part in [1,2]-H shift transition
states disfavors the conjugated [1,2]-H shifts that generate cations adjacent to the positively charged alkene, and coordination of
InCl," to the nonconjugated diene product is stronger than coordination to the conjugated diene, making nonconjugated [1,2]-H
shift transition states lower in energy than conjugated [1,2]-H shift transition states, on the basis of the Hammond postulate.
DFT calculations predicted that the conjugated [1,2]-H shifts could become favored if the electron-donating methyl substituent
in the alkyne moiety of the 1,6-enyne is replaced by a H atom. This prediction of producing a conjugated diene has been verified
experimentally. Rationalization about why type II rather than type I products were obtained using InCl; as the catalyst in the
cycloisomerization of 1,6-enynes has also been investigated computationally.

B INTRODUCTION ligands coordinated to the metal, the aggregation state of the
catalytic species, etc.) could be still unknown. In this case, in
principle, using state of the art ab initio calculations could help
to find the exact structure of the real catalytic species, its charge,
its ligands, and the oxidation state of the metal. Here calcu-
lations are used to compute all imaginable possibilities of the
real catalytic species. Then we can rule out those possible cata-
Iytic species that give results contradictory to the experiments.
If we are lucky again, we could find that only one proposed
catalytic species satisfies almost all experimental results. In this
case, a very possible catalytic species and its component and
structure could be identified through the above computational
and experimental investigations. To further confirm the real

A great challenge facing today’s studies of catalytic reactions is
identifying the real catalytic species for the studied reactions.
Recently Crabtree has summarized such challenges for many
catalytic reactions in heterogeneous systems.1 For many homo-
geneous catalytic reactions using either transition metals or
main-group metals as catalysts, identifying the real catalytic
species is also very challenging. One reason for this difficulty is
the fact that impurities in the catalysts could be the real catalytic
species.” One way to find the true catalytic metal of a homo-
geneous catalytic reaction is to do many carefully controlled
experiments. If we are lucky, we could find the real catalytic
metal(s) for the investigated reaction. Even though the real
metal catalyst could be found by these control experiments, its
real component and structure (for example, the oxidation state Received: July 18, 2012
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catalytic species, we can use calculations to predict new
chemistry based on the identified catalytic species and use new
experiments to test whether these predictions are correct or
not. If the answer is yes again, we are further close to
identifying the real catalytic species. Thanks to the tremendous
advances in experimental techniques and computational
chemistry, the chemistry community has been witnessing the
fact that a combination of computational and experimental
investigations of the reaction mechanisms has led to identifying
many real catalytic species for many catalytic reactions.’

Even for a simple catalytic reaction using a single catalyst,
identifying the real catalytic species and its exact form
sometimes has also to rely on ab initio calculations to exclude
some impossible candidates. For example, InCl; or other
In(III) species have been widely used as the catalyst for many
reactions.* However, what are the real catalytic species for these
catalytic transformations? Here we report our computational
and experimental investigation of the mechanism and regio-
chemistry of the InCl;-catalyzed cycloisomerization of 1,6-
enynes. We show here that the real catalytic species of this
reaction is InCl," instead of the commonly regarded species
InCl, or its dimer. Such a discovery should prompt chemists to
rethink other reactions catalyzed by either In(Ill) species or
other Lewis acids such as AICl; and GaCl,*

B BACKGROUND

In recent decades, tremendous efforts have been devoted by
chemists to the development of metal-catalyzed cycloisomeriza-
tions of enynes® because of the inherent atom economy, the
easy preparation of the functionalized starting materials, and
the facts that diverse products can be obtained selectively in
these transformations by choosing appropriate catalysts. Among
these transformations, skeletal reorganization of 1,6-enynes to
provide diene products has drawn much attention from both
synthetic and mechanistic points of view.”® Depending on the
nature of the catalysts and the substrates employed, the cyclo-
isomerizations of 1,6-enynes can afford two kinds of diene
products (Scheme 1). Consequently, the cycloisomerizations of

Scheme 1. Proposed Mechanisms for Skeletal
Reorganization of Enynes To Give Either Type I or Type II
Diene Products
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1,6-enynes are classified as either type I or type II cycloiso-
merization.”~"” The type 1 cycloisomerization of 1,6-enynes
gives conjugated dienes, which have the original two acetylenic
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carbons connecting to each other in the internal positions of
the diene moiety of the final products. The type II products
from the 1,6-enyne cycloisomerization can be either conjugated
or nonconjugated dienes, which have skeletal reorganized struc-
tures with the original connected acetylenic carbons inserted by
the terminal ethylenic carbon.

It was proposed that both cycloisomerization pathways
start with the activation of the alkyne of the 1,6-enyne, giving
complex A. The activated alkyne in complex A resembles a
vinyl cation, which is trapped by the nucleophilic alkene part of
the enyne substrate, generating complex B in a [2 + 1] fashion.
Complex B can be regarded as a zwitterionic or a metal
carbenoid species. In type I cycloisomerization, intermediate B
could be directly transformed to cyclobutane intermediate D,
which undergoes ring opening and then dissociates the catalyst
to afford the type I diene product I. In type II cycloiso-
merization, skeletal rearrangement of B, via double cleavage
transformation, gives the spiro intermediate C, which then
undergoes cleavage of the a bond (see Scheme 1 for bond
labeling), to form intermediate F. A subsequent hydrogen shift
and dissociation of the catalyst produce a skeletal reorganized
type 11 diene, either G (via a nonconjugated [1,2]-H shift) or H
(via a conjugated [1,2]-H shift), depending on the R group
substituted in the yne part of the starting enyne substrate. It has
also been proposed that cleavage of the b bond in the spiro
intermediate C can give E, which then delivers the type I diene
product I through liberation of the catalyst.

Today many catalysts have been used to catalyze the skeletal
reorganization of enynes to give type II products since the first
discovery of enyne cycloisomerization in 1987 by Trost."*
Almost all catalysts give conjugated diene products, which are
either type I or type II products. The only exception to this is
the InCl;-catalyzed cycloisomerization of 1,6-enynes,"** which
gives nonconjugated type II dienes instead of conjugated dienes
(Scheme 2). This type II enyne cycloisomerization was

Scheme 2. InCl;-Catalyzed Skeletal Reorganization of
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discovered by Chatani and co-workers.'> Their experiments
showed that nonconjugated dienes were generated when ene-
internal-alkynes were used. (When an ene-terminal-alkyne was
used, a type I diene product was found;'*® in this study we
only discuss cycloisomerizations of the ene-internal-alkynes.
Therefore, unless specified directly, all discussed 1,6-enynes
are referred to ene-internal-alkynes in the present paper.) The
isotope labeling experiments also suggested that these reactions
occur though the type II process (reaction 2 in Scheme 2), in
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which a [1,2]-H shift occurs from the propargylic CH, moiety
to the acetylenic carbon (reaction 3 in Scheme 2).

Given the prominent importance of enyne cycloisomeriza-
tion in organic synthesis, computational studies on the reaction
mechanisms are thus of fundamental interest for synthetic
chemists who want to know how these reactions progress at the
molecular level and understand the factors affecting these
reactions’ outcomes. To our knowledge, there have been only a
few mechanistic studies reported so far for the enyne cyclo-
siomerizations. Echavarren and co-workers explored the
mechanism of Au-catalyzed skeletal reorganization processes
that give types I and II and cyclohexene products using
DFT calculations.””® The mechanisms of PtCl,- and GaCli
mediated/ catalyzed type I processes were also studied by Soriano”
and Yan, respectively.” However, no mechanistic study of InCl;-
catalyzed cycloisomerization has been explored to elucidate the
reaction pathway, which is one of the main purposes of the present
study. In addition to this, several key mechanistic issues listed below
are worthy of further investigation.

The first and the most important question is as follows:
which factors determine type II instead of type I regioselectivity
of the InCl;-catalyzed cycloisomerization of 1,6-enynes?'>

The second question, which puzzled us and was also the
magnet greatly attracting our mechanistic curiosity, is about the
generation of nonconjugated diene products when internal-
alkyne-enes were used (Scheme 2). On the basis of the com-
monly accepted mechanisms shown in Scheme 1, we reasoned
that the intermediate F in the type II reaction pathway can
undergo two competitive [12]-H migration pathways. One is
the migration of hydrogen from CH,R to give the experimentally
observed nonconjugated diene G, and the other is the conjugated
[1,2]-H migration pathway (F to H). Our chemical intuitions
suggested that the conjugated [1,2]-H shifts should be easier both
kinetically (due to the weaker allylic C—H bond) and thermo-
dynamically (generation of conjugated diene should be much
more stable), in comparison to nonconjugated [1,2]-H shifts,
favoring generation of conjugated dienes."® Therefore, we were
very curious to know why nonconjugated dienes rather than
conjugated dienes were generated in the InCl;-catalyzed
cycloisomerization.

The third question raised naturally after our understanding of
the above issues is as follows: under what circumstances would
the conjugated [1,2]-H shift process be favored with respect
to the nonconjugated [1,2]-H shift? That is, can we reverse the
H-shift selectivity through introducing some specific substitutes
into the enyne substrates?

The fourth question is as follows: what is the real catalytic
species of the InCls-catalyzed reaction, InCl; or (InCly),?
Answering this question is very important, not only for the
present reaction but also for other InCl;-catalyzed reactions. In
previous calculations on InCl;-catalyzed reactions, the inves-
tigators usually used InCl; as the catalytic species.'” This could
be wrong, and our study here could guide the future study of In
chemistry.

Our DFT and experimental investigations on the above
issues led us to propose that InCl," is the real catalytic species
of the InCl;-catalyzed cycloisomerization. We have also used
mass spectroscopy to confirm this. Of the same importance,
rationalizations of this reaction’s mechanism and selectivities
(type I vs type II and conjugated [1,2]-H shifts vs non-
conjugated [1,2]-H shifts) have been achieved through the
present study. Further DFT prediction of the generation of
conjugated type II diene product from InCl;-catalyzed
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cycloisomerization of 1,6-enyne, which was based on the pre-
sent mechanistic investigation, and experimental verification
have also been carried out in this study.

B COMPUTATIONAL METHODS

All calculations were performed with the Gaussian 03 program.” All
gas-phase stationary points were optimized using the B3LYP*'
functional with the LANL2DZ> basis set and pseudopotential for
the In atom and the 6-31G(d)* basis set for the other atoms
(keyword SD was used in the calculations). Full Hessian matrixes in
Gaussian 03 were calculated to verify the nature of all stationary points
as either minima or first-order saddle points. The first-order saddle
points were further characterized by intrinsic reaction coordinate
(IRC)** calculations to confirm that the stationary points are correctly
connected to the corresponding reactants and products. Solvation
corrections to free energies were performed using UAHF radii and a
CPCM?* dielectric continuum solvent model in 1,2-dichloroethane
(DCE). Solvation calculations were carried out on the gas-phase
optimized structures. Bond order and atom charges were obtained by
performing natural bond orbital (NBO)*® calculations. All of the
energies discussed in the paper and the Supporting Information are
Gibbs free energies in the gas phase at 298 K (AGgas) 27 Gibbs
energies at 298 K in DCE solution (AG,,) (here the entropies were
approximated by using the gas-phase computed entropies) and the
gas-phase enthalpies (AH,,,) are also provided for reference.

gas

B RESULTS AND DISCUSSION

1. What Is the Real Catalytic Species of the InCl;-
Catalyzed Cycloisomerization of 1,6-Enynes? We com-
puted the energy surface for 1,6-enyne cycloisomerization using
both InCl; and (InCly), as the possible catalytic species. To our
surprise, however, calculations by various methods such as
using several different DFT functionals (B3LYP, M06, M06-2X,
and MPWI1K) and the MP2 method always favored generation
of the conjugated dienes instead of nonconjugated dienes,
in contrast to Chatani’s experiments (see the Supporting
Information). These contradicting calculation results suggest
that neither InCl; nor (InCly), is the catalytic species for the
InCl;-catalyzed cycloisomerization. In part 4 of this section, we
will show that the preference for nonconjugated [1,2]-H shifts
over conjugated [1,2]-H shifts is caused by the InCl,*
coordination to the alkene part of intermediate F (Scheme 1),
which favors a cation coordination assisted nonconjugated
[1,2]-H shift. The In—alkene coordination in intermediate F is
absent when a neutral catalytic species, either InCl; or (InCly),,
is proposed as the real catalyst, which prefers the conjugated
[1,2]-H shifts.

It was found that InCly crystallizes as a layered structure,
consisting of a close-packed chloride arrangement with layers of
In(III) centers, similar to the structure of AlCl3 In solution,
there were only reports of the structures of InCl; in CH3CN
obtained by IR and Raman techniques from the Cho group. 2940
Cho found that InCl; in CH;CN is dissociated into a mixture of
cations (CH3CN)xInC12+ (x = 2—S5) and the anion InCl,”. We
speculated that, in both toluene and DCE solutions, the cata-
Iytic species could be InCl,*, which is generated through the
dissociation reaction 2 InCl; = InCl," + InCl,~ (certainly the
generated InCl," could be further stabilized by coordinating to
either the solvent or the substrate in the reaction system). To
test this hypothesis, we carried out InCl;-catalyzed (20 mol %,
entry b in Scheme 3) cycloisomerization of 1 in CH;CN, find-
ing that the same products and the same ratio of products
were obtained as those reactions in both toluene and DCE
solvents, even though the conversion was low (10%). When the
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Scheme 3. Cycloisomerization of Enynes To Give
Nonconjugated Type II Diene Products under Different
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400 mol% InCl3, CH;CN, 90 °C, 1h
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f, 10 mol% Inl3, DCE, 80 °C, 2h
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@the E/Z ratio was determined by GC.
b the products cannot be isolated on silica gel and conversion was determined by GC.
¢ brsm = based on the recovered starting material.

cycloisomerization reactions used the catalyst loadings of
150 mol % (entry c) and 400 mol % (entry d), the reaction
conversions reached to 54% and 100% (determined by GC),
respectively.

Electrospray ionization (ESI) mass spectrometry techniques
have been widely used for the characterization of organo-
metallic species. Koszinowski studied the heterolytic dissocia-
tion of allylindium(IIl) reagents, finding a series of species
of In(solvent), X,R,_" and InX,R,_~ (solvent = DMF, THF,
etc; R = allyl; X = Cl, Br, 1.2 Electrospray ionization high-
resolution mass spectroscopy (ESI-HRMS) of the insoluble
precipitate from the resulting reaction mixture of 150 mol %
InClj-catalyzed cycloisomerization of 1 (Scheme 3 entry c)
demonstrated the existence of the complexes (InCl,+2)* and
(InCL+(2),)* (Figure 1).*' The counterion of the precipitate

422.96118 OMe
Cl +, O=
n; |
Cl o= Me
OMe
(InCl,+2)*
(InCly+(2))*
661.08091
481.00321
L 534-?3794 593.10300
400 500 0

Figure 1. ESI-HRMS spectrum (positive mode) of the reaction mixture
of 150 mol % InCly; mediated cycloisomerization of 1 in CH;CN
(Scheme 3 in entry c) and the proposed structure.>*

was found to be InCl,” (suggested by negative mode ESI-
HRMS with m/z 254.77980). We also found that, on in-
creasing InCl; to 400 mol % in the cycloisomerization of 1
(entry d), only (InCL,+2)* can be detected by ESI-HRMS in
the reaction mixture (without the signal of (InCl+(2),)*).
These experiments gave more evidence to support the notion
that InCl,* mediates the cycloisomerization when InCl; is used
as the catalyst.
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In acetonitrile solution, the cycloisomerization is not
catalytic, in contrast to the InCl;-catalyzed cycloisomerizations
in both DCE and toluene solvents. This is due to the low
solubility of (InCl,+2)* in CH;CN. We found that the cyclo-
isomerization reaction in DCE was homogeneous, while in
CH;CN, the reaction system was heterogeneous with some
insoluble species, which included (InCL,+2)*, InCl,”, and other
species, as demonstrated by ESI-HRMS spectroscopy (see the
Supporting Information). In addition, we observed that the
products 2 could not be isolated on silica gel through flash
column chromatography, in contrast to the cases for the reac-
tions in both DCE and toluene. Due to the insolubility of the
product—catalyst complex (InCL,+2)* in CH;CN, the reaction
can only occur stoichiometrically.>

DFT calculations indicated that InCl;-catalyzed cycloiso-
merization of 1,6-enynes in CH;CN is very possible, with
reasonable activation barriers and thermodynamic data (see the
Supporting Information). Interestingly, ESI-HRMS analysis of
the reaction mixture of cycloisomerization of 1 by InCl; in
DCE solution did not show the existence of the complex
(InClL,+2)*. We hypothesized that, in DCE solution, InCl,* and
InCl,~ could recombine together to form InCl; again after the
cycloisomerization reaction was finished.

In addition, we performed the same cycloisomerization using
InCl; and AgX (X = SbF, BF,, OTf, OCOCF;) together
(Scheme 3, entry e), where cationic species were believed to be
generated in situ.2%“" In these reactions, we observed the same
E/Z ratios as those reported by Chatani and co-workers. This
gives further support that cationic In species can catalyze the
cycloisomerization. We observed here that counterions had
effects on the reaction’s conversions (the reasons for these ob-
servations are not known at this stage): when AgSbF,, AgOTT,
AgBF,, and Ag(OCOCF;) were used in these reactions, the
conversions (brsm) were 83% (63%), 73% (69%), 67% (73%),
and 55% (74%), respectively.

In comparison to InCl;, Inl; can dissociate more easily when
a coordinating solvent (or a weak coordinating ligand) is present.
For examples, X-ray analysis established that the compound
Inl;(Me,SO), has the structure [Inl,(Me,SO),]Inl,;*** vibra-
tional spectroscopy indicated that [InIZ(CH3CN)4:|InI433b exists
in the solid state. In both cases, the NMR results supported the
presence of the Inl,” anion in solution.**" It was also reported
that, in the presence of rigid chelate ligands (L-L), indium(III)
halides (InCl;, InBry, and Inly) easily produce distorted-
tetrahedral cations of [InX,(L-L)][InX,] (X = Cl, Br, I)*
These ionic species were determined by X-ray analysis and are
stable in noncoordinating solvents.>* All these reports suggested
that Inl; (and InCly) disassociates very easily in solution,
especially when some ligands are present. Herein, we propose
that the 1,6-enyne can be regarded as an alkene/alkyne bidentate
ligand that helps the dissociation of InI;. This complexation leads
to the generation of [InX,(ene-yne)]" in the reaction. To further
support our hypothesis, we used Inl; (10 mol %) as a catalyst for
the cycloisomerization of 1 in DCE solution at 80 °C and found
that 75% of 2 (2-E:2-Z = 4:1) was obtained within 2 h (Scheme 3,
entry f). This result is very close to the result from the reaction
catalyzed by InCl;, giving further evidence that the real catalytic
species is InCl," in the InCl;-catalyzed cycloisomerization.

In summary, our experimental results revealed that the cata-
Iytic species in the InCl;-catalyzed cycloisomerization of 1,6-
enynes is InCl,*. This is also supported by the DFT calcu-
lations, which are given below (for additional discussion of the
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Figure 2. Energy surface of the cycloisomerization reaction of enyne with InCl," as the catalytic species in DCE solution.

dissociation processes using DFT calculation results, see the
Supporting Information).>®

2. Energy Surface of the Catalytic Cycle of Cyclo-
isomerization using InCl,* as the Catalytic Species. To
reduce the cost of calculations without sacrificing the reliability
of the mechanistic study, we computed the catalytic cycle of the
type II cycloisomerization of model substrate 4 using InCL,* as
the real catalytic species (Figure 2). We must emphasize here
that the model reaction of 4 can mimic the real substrates in
Chatani’s experiments, which have either diester or disulfonate
as their tethers.'” In Chatani’s cycloisomerization reaction, we
found computationally that not only the ene and yne parts but
also the tethers can coordinate to the catalytic species, InCl,".
Despite this, we believe that coordination of the tether to some
catalyst species could affect the reaction rate but not the mech-
anism of the cycloisomerization reaction. To test this specula-
tion, we synthesized substrate 1’ (Scheme 4), which does not

Scheme 4. InCl;-Catalyzed Cycloisomerization of 1’ Using
the Reaction Conditions Reported by Chatani

&

=

5 mol%, InCl3 " Me
DCE, 80°C, 2h, 77% O
1 2 E:Z=261

have the tether coordination to the catalyst (in this case, there
is also a possibility that some InCl,* coordinates to the benzene
ring through the cation—7 interaction). Our experiment found
that the type II nonconjugated product 2’ (E:Z = 2.6:1) was
obtained when the same reaction conditions used by Chatani
were applied.*® Therefore, the DFT study of the model reaction
of 4 can be used to explain the general mechanism of the 1,6-
enyne isomerizations catalyzed by InCl,.
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Figure 2 gives the DFT computed energy surface of the cata-
lytic cycle, which starts with the formation of InCl,"—substrate
complex 7, followed by a nonclassical cyclopropanation, homo-
allylic cation rearrangement, and the cation coordination assisted
nonconjugated [1,2]-H shift processes. In what follows, we will
depict each step in more detail. Then in parts 3 and 4 of this
section, we will analyze respectively why type II instead of type I
cycloisomerization takes place and why nonconjugated type 1I
diene products are formed.

Nonclassical Cyclopropanation Step. The InCl,"-catalyzed
cycloisomerization cycle starts with the catalyst transfer
between catalyst—product complex 6 (here we only use 6 to
elucidate this process; similarly, 16 undergoes the same process
to give rise to 7), generated from the previous catalytic cycle,
and the enyne substrate 4 (Figures 2 and 3). The catalyst
transfer step is exergonic by 3.6 kcal/mol, giving intermediate 7,
in which the catalyst coordinates to both the triple and double
bonds of the enyne. Complex 7 is 7* coordinated, with the
distances of In to C1, C2, C3, and C4 of 2.47, 2.63, 2.77, and
2.50 A, respectively.

Coordination of the In atom in complex 7 by a solvent
molecule,®” dichloroethane (DCE), leads to the formation of
the 77° complex 8. Complex 8 is more stable than 7 by 5.2 kcal/mol
in terms of enthalpy in the gas phase, but in terms of Gibbs
free energy, the former is less stable than the latter by 6.2 keal/mol,
due to the entropy penalty of this coordination process. To
continue the cycloisomerization process, complex 8 liberates
the coordinated alkene part, generating the less stable complex 9.
In 9, the coordinated alkyne part can be regarded as a vinyl
cation, which is stabilized through the weak coordination of the
liberated alkene moiety of the substrate, as demonstrated by the
bond distances of C1—C3 (3.00 A) and C1-C4 (3.37 A).
Intermediate 9 then undergoes an intramolecular nucleophilic
attack (nonclassical cyclopropanation) of the alkene toward the
vinyl cation via TS1 to give the more stable intermediate 10,
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which can be regarded as a homoallylic cation, or a nonclassical
cyclopropane (therefore, we call this process as a nonclassical
cyclopropanation process) (Figure 3). The overall activation free
energy of the generation of the homoallylic cation is 16.6 kcal/mol
in the gas phase (from 7 to TS1), and the rate-determining
transition state is the nonclassical cyclopropanation transition
state TS1.

Homodallylic Cation Rearrangement. The following step is
the rarely encountered homoallylic cation rearrangement, con-
verting homoallylic cation 10 to another homoallylic cation 11
via transition state TS2.>® A similar process has been studied by
Echavarren and co-workers, and this was called a double-cleavage
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mechanism due to the simultaneous cleavages of the C1-C2
and C3—C4 bonds in this process.” After analyzing the
structures involved in this process, we thought that it is best
to describe the present process as a homoallylic cation re-
arrangement process (Figure 4). In 10, the C1-C2 (1.38 A)
and C1—C4 (1.59 A) bonds can be characterized as a double
bond and a single bond, respectively, while the C1—C3 bond is
not well formed (1.79 A). Therefore, 10 can be regarded as a
homoallylic cation (or a nonclassical cyclopropylcarbinyl cation).
The homoallylic cation rearrangement starts from formation of
the C1—C3 bond to give the cyclopropylcarbinyl cation 12,
which then undergoes a [1,3]-carbon sigmatropic shift via TS2
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Figure 5. Relative energies of the nonconjugated [1,2]-H shifts together with the DFT computed structures of the key stationary points involved in

these processes (distances in A).

to give another cyclopropylcarbinyl cation 13. During the
[1,3]-carbon shift, it is the distal C3—C4 bond that breaks and
the C2—C4 bond that forms. Intermediate 13 then breaks its
C1—C2 bond to give the homoallylic carbocation 11.

Support of our description of the homoallyhc rearrangement from
10 to 11 can be appreciated from IRC** calculations (Figure 4),
which showed that TS2 is connected to “intermediates” 12 and 13.
Here, 12 and 13 are not the stationary points in the energy surface,
because geometry optimizations of 12 and 13 directly gave
intermediates 10 and 11, respectively.

Cation Coordination Assisted Nonconjugated [1,2]-H Shift
Processes. The next step in the catalytic cycle is the [1,2]-H
shift step. This could start from 11 directly or commence from
desolvation of the solvent to give 15, which then undergoes
[1,2]-H shift processes. Our calculations found that the latter is
more favored, giving the experimentally observed nonconjugated
dienes. Therefore, we here mainly discuss how these favored
hydrogen shifts occur.

Intermediate 185, like intermediate 11, has a weak interaction
between C2 and the C1=C3 bond (Figure 5). 15 has the
methyl group and the cyclopentenyl ring in the trans con-
figuration to minimize the steric repulsion (here we label this
conformer as trans-15). Another conformer, cis-15, with the
methyl group and the cyclopentenyl rlng in proximity, is not an
energy minimum. In trans-15, both H® and H° atoms can
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undergo [1,2]-H shift processes to give the trans noncon-
jugated dienes. H® and HE in cis-15 can also take part in the
[1,2]-H shifts, but in this case, they will give cis nonconjugated
dienes. All four nonconjugated [1,2]-H shift transition states
from cis- and trans-15 were located, showing that they are very
close in energy and suggesting that both cis and trans non-
conjugated dienes will be generated. This is consistent with
experimental observations (E:Z = 4:1 in Scheme 2 and E:Z =
2.6:1 in Scheme 4). All of these nonconjugated [1,2]-H shifts
occur easily, with activation free energies of around S kcal/mol,
and are more favored than the conjugated [1,2]-H shift pro-
cesses (see below).>”*" In the [1,2]-H shift transition states, the
C1=C3 bonds are coordinated by the cationic InCl," species,
and we call these reactions cation coordination assisted non-
conjugated [1,2]-H shifts (a detailed discussion is given in part 4
of this section).

From the above discussion of the mechanism, it is concluded
that the InCl;-catalyzed cycloisomerization reaction of enynes
starts with formation of the InCl,"—substrate complex 7,
followed by nonclassical cyclopropanation, which is the rate-
determining step of the reaction with an activation free energy
of 16.6 kcal/mol in the gas phase. Via a novel homoallylic
cation rearrangement involving a [1,3]-carbon shift, another
homoallylic cation 15, the precursor of the following [1,2]-H
shifts, is obtained. Finally, easy cation coordination assisted
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nonconjugated [1,2]-H shifts give a mixture of cis and trans
nonconjugated dienes. In DCE solution, calculations found that
the overall activation free energy of the cycloisomerization is
26.1 kcal/mol (from 7 to TS1), consistent with the experi-
mental observation that heating the InCl;-catalyzed cycloiso-
merization reaction mixture at 80 °C is required.

3. Why Are Type Il but not Type | Products
Generated? Figure 2 gives the energy surface of the experi-
mentally observed pathway leading to the type II cycloiso-
merization. Here we present other two possible competitive
pathways leading to the type I cycloisomerization of 1,6-enynes
using InCL,* as the catalyst (Figure 6).

One possible pathway for the generation of the type I pro-
ducts starts from an alternative complexation process between
InCl," and the substrate, giving syn-9 instead of 9 (Figure 6).
The hypothetical syn-9, which is not a minimum, has the ethyl
and the tether group in a cis configuration, while 9 has these
two groups in a trans configuration. syn-9 can also undergo
cyclopropanation (syn-TS1), giving the homoallylic cation
syn-10. syn-10 differs from 10 (Figure 2) in the relative con-
formation of the C1=C2 bond. Then C1-C3 bond formation
and a [1,2]-carbon sigmatropic shift converts syn-10 to inter-
mediate 18, Wthh can then give the type I product 14 through
further steps.”® Unfortunately, this pathway from 9 to 14 is
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disfavored by 8.8 kcal/mol in comparison with the pathway
leading to a type II diene product (syn-TS1 vs TS1; see
Figures 2 and 6). The inferior syn cyclopropanation step is
attributed to the steric repulsion enconountered between
the double bond and inner catalyst, which hinders C1-C3
and C1-C4 bond formations. For example, in syn-TS1, the
distance from the In atom to the inner H atom at C4 is 2.89
A and the C4—C1—C2—In dihedral angle is 10.3°, indicating
a repulsion between In and the cyclopropane moiety. The
structures of syn-TS1 and TSI also reflect this repulsion
in that the former is an early transition state in comparison
to the latter: the forming C1—-C3 and C1—C4 bonds are
2.65 and 2.61 A in syn-TS1, while they are 2.47 and 2.32 A
in TS1.

Another possible pathway to the type I product begins with
the rotation of the C1=C2 double bond in intermediate 10 to
give syn-10, which can then give type I product as well (Figure 6).
A similar rotation process was computed by Echavarren in
Au-catalyzed cycloisomerization. However, this bond rotation
(via TS, gtation) Tequiring an activation energy of 29.3 kcal/mol,
is not favored in comparison to the homoallylic rearrangement
and [1,2]-H shift processes in the pathway of generating type II
nonconjugated dienes, which occur easily with activation free
energies of less than 14.6 kcal/mol. The difficulty associated
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Scheme S. Rationalization of Regioselectivity of the [1,2]-H Shifts from 15
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with this rotation can be attributed to the double-bond char-
acter of C1=C2 in 10 (1.38 A; see Figure 4).

4. Why Are Nonconjugated instead of Conjugated
Dienes Generated? Rationalization, Prediction, and
Experimental Verification. Rationalization. In the type II
pathway, we only discussed nonconjugated [1,2]-H shift pro-
cesses that generate the experimentally observed nonconju-
gated diene products. In addition to these, there should be
other two competitive conjugated [1,2]-H shift processes in-
volving the migration of the allylic hydrogen atoms (H* atoms)
in 15 (Figure 7). Two transition states, TSyqaneq and TSge, "
for these two competitive [1,2]-H shifts were located, showing
that they are about 3 kcal/mol higher in terms of Gibbs free
energy than the nonconjugated [1,2]-H shift transition states
with H and H¢ as the migrating atoms. This indicates that only
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nonconjugated dienes are generated exclusively, consistent with
Chatani’s experiments. However, chemical intuition suggested
that the conjugated [1,2]-H shifts should be favored both
kinetically (allylic C—H bond is weaker)'® and thermodynami-
cally (conjugated diene should be much more stable), in com-
parison to nonconjugated [1,2]-H shifts, making generation of
conjugated dienes favored. Therefore, what are the reasons for
this selectivity?

Two reasons can explain why conjugated [1,2]-H shifts are
disfavored compared with the nonconjugated [1,2]-H shifts. In
Scheme §, intermediate 15 can be regarded as a C2 carboca-
tion, where a positive charge resides in the C2 atom and the In
center. In both conjugated and nonconjugated [1,2]-H shift
transition states, the C1=C3 bonds coordinate to the posi-
tively charged cationic InCl,", suggesting that the C1 and C3
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atoms of the alkene parts in the five-membered rings of these
transition states have some positive charges. Conjugated [1,2]-H
shifts will generate positive charges at the C4 atoms in the cor-
responding transition states and the final products. The cationic C4
atoms in these structures are adjacent to the positively charged C1
and C3 atoms coordinated to InClL,", disfavoring the conjugated
[1,2]-H shifts. In contrast, the positive charge generated at the C8
atom in the transition states of nonconjugated [1,2]-H shifts can
be stabilized by the electron-donating methyl group attached at
the C8 atom, favoring the corresponding [1,2]-H shifts kinetically.
The nonconjugated [1,2]-H shifts are favored due to InCL*
cation coordination. Therefore, we call these processes cation
coordination assisted nonconjugated [1,2]-H shifts.

Another reason for the above preference can be explained by
the Hammond postulate.*” It is generally believed that a more
exothermic reaction has an earlier transition state and lower
activation energy in comparison to a less exothermic reaction.
Our calculations found that InClL,* coordinates to noncon-
jugated dienes much more strongly than conjugated diene
products by ca. 10 kcal/mol. This suggests that nonconjugated
[1,2]-H shift transition states are more stabilized with respect
to its counterparts, according to the Hammond postulate. We
point out here that, without coordination of InCl,*, the final
conjugated diene product is more stable than the noncon-
jugated diene by 14.5 kcal/mol. However, this thermodynamic
nature does not reflect the [1,2]-H shift processes with InCl,*
catalyst present, which prefer to generate the thermodynami-
cally more stable nonconjugated diene catalyst complexes. This
reflects the effect of cation coordination to the final dienes,
affecting the reaction’s thermodynamics (and also kinetics, on
the basis of the Hammond postulate).

The relative stability of InCl," complexes with noncon-
jugated and conjugated dienes is due to the geometry. The
cationic In(III) metal in InCl,(butene),” adopts a tetrahedral
configuration (Scheme 6). Calculations found that the alkene—

Scheme 6. Rationalization of Relative Complexations of
InCl," with Various Diene Ligands by Considering Relative
Binding Angles and Energies

i non-conjugated corjugated
bis(alkene) diene diene
cl,, C c, Cl c, Cl

In& “InF 2 I+ %
XH O W
InCl,(butene),* 6and 16 17
InCly(butene),* 6 16 17
ZA-In-B 114.6° 81.2° 78.1° 35.0°
binding energy? (kcal/mol) -75.2 -73.6 -73.6 -58.4

2binding energy = enthalpy(InCl,*-diene) - enthalpy(diene) - enthalpy(InCl,*)

In—alkene angle in InCl,(butene)," is 114.6°. However, complex
6, which has the two coordinated alkenes connected to each
other, is greatly distorted with an alkene—In—alkene angle of
81.2°, dramatically less than the optimal angle in InCl,(butene),".
This distortion is further increased in complex 17 with con-
jugated diene as the coordination ligand, as demonstrated by the
alkene—In—alkene angle of 35.0° in 17. Cation In(III) binds much
more strongly to nonconjugated diene than to conjugated diene,
reflecting this thermodynamic preference (73.6 vs 58.4 kcal/mol).
Consequently, InCl," prefers to coordinate to the nonconjugated
diene over the conjugated diene.

The above calculation results showed that cationic InCl, co-
ordination to the C1=C3 bond in the [1,2]-H shift transition
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states is very critical to favor the nonconjugated [1,2]-H shift.
However, if InCly or (InCly), is proposed as the real catalyst,
conjugated diene will be generated, in contrast to Chatani’s
experiments. This is because InCly or (InCly), is neutral and
the C=C bond in the five-membered ring of intermediate F
(Scheme 1) is not coordinated to the In metal. Consequently,
the above effects introduced by the cationic In species co-
ordination are absent in the [1,2]-H shift transition states when
the competing nonconjugated and conjugated [1,2]-H shifts are
compared. In these cases using neutral catalytic species, con-
jugated [1,2]-H shifts are favored both kinetically and thermo-
dynamically (the results are summarized in the Supporting
Information).

DFT Prediction and Experimental Verification of the
Generation of Conjugated Type Il Diene. On the basis of
the mechanistic insights shown in Scheme 5, we then predicted
that, through introducing a different R group, we could tune the
conjugated [1,2]-H shifts into favored ones with respect to the
nonconjugated [1,2]-H shifts in terms of activation energy
(Scheme 7a). Our transition state models suggest that an
electron-donating group (methyl) connecting to C8 is crucial in
stabilizing the hydride shift transition states (Scheme S). We
reasoned that changing the methyl group (in C8) to a hydrogen
atom (a much weaker electron-donating group) could switch
the previous selectivity.

To our delight, DFT calculations supported our hypothesis,
showing that generation of conjugated diene is favored in com-
parison to the nonconjugated [1,2]-H shifts (Scheme 7a). To
prove this prediction, we synthesized the methyl-substituted
enyne 19 and treated it with InCl; in DCE. To our excitement,
we isolated the computationally predicted conjugated type II
diene product 21* (only the trans isomer*' was obtained). In
addition, type I diene 20 was also obtained (the ratio of the two
products 20 and 21 is 1:1.1, as determined by 'H NMR
spectroscopy and GC of the reaction mixture). Further DFT
calculations after the experimental test found that generation of
the type I conjugated diene 20 from 22 is due to the
competitive C1—C4 cleavage pathway from intermediate 22
(details of the calculated energy surface and structures are
summarized in the Supporting Information).** The success in
obtaining conjugated diene 21 provides further support of the
reaction mechanism shown in Figure 2.

B CONCLUSIONS

In conclusion, through DFT calculations and a new experi-
mental investigation of the mechanism and regioselectivity of
InCl;-catalyzed cycloisomerization reactions of 1,6-enynes, we
propose that the catalytic species of this reaction is the in situ
generated InCl,*. Further ESI-HRMS identified the existence of
InCL* in acetonitrile solution. This finding of InCl," as the
catalytic species suggests that other reactions catalyzed by In(III)
species could also have cationic In(III) species as the real catalysts.

In addition, detailed information on the energies and
structures of the stationary points involved in the catalytic
cycle of the 1,6-enyne cycloisomerization catalyzed by InCl; has
been obtained (Figure 2). DFT calculations found that the
catalytic cycle of the cycloisomerization starts from InCl," co-
ordination to the alkyne of the substrate, generating a vinyl
cation. Then nonclassical cyclopropanation of the vinyl cation
to the alkene part of the substrate gives a homoallylic cation
(a nonclassical cyclopropane), which undergoes a novel homo-
allylic cation rearrangement involving a [1,3]-carbon shift
to give another homoallylic cation 1S. Finally, InCl," cation
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Scheme 7. (a) Calculation Predicted Selectivities of the [1,2]-H Shifts with Different Substituents at C8 and (b) InCl;-Catalyzed

Cycloisomerization of 19, Giving Conjugated Diene Products
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coordination assisted nonconjugated [1,2]-H shifts deliver the
nonconjugated diene products. The preference for generating
nonconjugated dienes over conjugated dienes is mainly due to
two reasons: coordination of the InCl," to the alkene part in
[1,2]-H shift transition states disfavors the conjugated [1,2]-H
shifts that generate cations adjacent to the positively charged
alkene, and coordination of InCl," to the nonconjugated diene
product is stronger than coordination to the conjugated diene,
making nonconjugated [1,2]-H shift transition states lower in
energy than conjugated [1,2]-H shift transition states on the
basis of the Hammond postulate. In addition to the mechanistic
insights, DFT calculations predicted that the conjugated [1,2]-H
shift selectivity could be switched when replacing the electron-
donating methyl group (which helps the nonconjugated [1,2]-H
shifts) to a hydrogen atom. This prediction of producing con-
jugated diene has been verified experimentally. Type II rather than
type I product formation can be understood by the preference of
trans-cyclopropanation of the vinyl cation to the alkene part of the
enyne substrate, which leads to type II products (Figure 6).*

B EXPERIMENTAL SECTION

Anhydrous solvents (THF, CH;CN, DCE, and CH,Cl,) were
obtained by distillation after treating them with appropriate dehydra-
tion reagents. The reaction course was followed by TLC (petroleum
ether—ethyl acetate) and GC analyses. Purification of the resulting
mixture involved concentration under vacuum and chromatographic
separation by using silica gel. All NMR spectra were recorded on a 400
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 spectra (HRMS) were performed by
the ESI ionization technique (using a quadrupole analyzer).
Synthesis of Dimethyl 2-Allyl-2-(pent-2-ynyl) malonate (1).
To a suspension of NaH (0.16 g, 6.6 mmol, washed with hexane) in
10 mL of THF was added dropwise dimethyl 2-allylmalonate” (1.23 g
5.5 mmol) at 0 °C over a period of 15 min. Then the mixture was
stirred at room temperature until the evolution of hydrogen gas sub-
sided. 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.
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After the mixture was stirred for an additional 12 h at room tem-
perature, 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 under vacuum. The residue was purified by column
chromatography on silica gel (eluted with PE/EA 30/1) to give 1 as
a colorless oil (2.27 g) in 72% yield. 1: colorless oil; '"H NMR (400 MHz,
CDCly) 6 5.64 (m, 1H), 5.16 (d, ] = 17.0 Hz, 1H), 5.12 (d, J = 10.2 Hg,
1H), 3.73 (s, 6H), 2.79 (d, ] = 7.5 Hz, 2H), 2.75 (s, 2H), 2.13 (q, ] =
7.4 Hz, 2H), 1.09 (t, ] = 7.5 Hz, 3H); *C NMR (101 MHz, CDCl;) §
170.5, 132.0, 119.5, 85.1, 73.5, 57.3, 52.6, 36.6, 23.0, 14.2, 12.3; FT-IR
(neat): v 1739, 1441, 1296, 1241 cm™'; HRMS (ESI) calcd for
C,;H,gNaO, [M + Na*] 261.1101, found 261.1097.

Synthesis of 9-Allyl-9-(pent-2-ynyl)-9H-fluorene (1'). A
hexane solution of "BuLi (3.0 mL, 1.6 M, 4.8 mmol) was added to a
solution of 9-allyl-9H-fluorene™ (500 mg, 2.42 mmol) in THF (20 mL)
at 0 °C. The resulting slurry was warmed to 25 °C and stirred for 2 h.
The solution was cooled to —78 °C, and 1-bromopent-2-yne (462 mg,
3.1 mmol) was added. The mixture was warmed to 25 °C and stirred
for 20 h. The reaction mixture was quenched with H,O, and the
aqueous mixture was extracted with Et,O. The organic layer was rinsed
with brine and dried with MgSO,. Purification by flash chromatog-
raphy (PE/EA 30/1 to 20/1) afforded 564 mg of 1’ as a pale yellow
solid (86% yield). 1': pale yellow solid; mp 54—57 °C; 'H NMR (400
MHz, CDCl;) § 7.70 (d, ] = 7.5 Hz, 2H), 7.57 (d, ] = 7.3 Hz, 2H),
7.35 (t, ] = 7.3 Hz, 2H), 7.30 (dd, ] = 10.6, 4.3 Hz, 2H), 5.27 (ddt, ] =
17.2, 10.1, 7.2 Hz, 1H), 4.88 (dd, ] = 17.0, 1.1 Hz, 1H), 4.76 (dd, ] =
10.1, 1.0 Hz, 1H), 2.89 (d, ] = 7.2 Hz, 2H), 2.57 (t, ] = 2.3 Hz, 2H),
2.19 (qt, J = 74, 2.3 Hz, 2H), 1.12 (t, ] = 7.5 Hz, 3H); *C NMR (100
MHz, CDCL) & 149.4, 140.4, 133.9, 127.4, 1269, 123.8, 119.7, 117.6,
84.1,77.3,76.5, 52.5, 41.3, 29.6, 14.1, 12.5; FT-IR (neat) v 3065, 2931,
2846, 1441, 968 cm™'; HRMS (ESI) caled for C,H,; [M + HY]
273.1643, found 273.1638.

General Procedure for the InCl;-Catalyzed 1,6-enyne Cyclo-
isomerizations of 1, 1/, and 197 in DCE using Chatani’s Pro-
cedure.’ To a mixture of anhydrous DCE (2.5 mL) and InCl
(5 or 10 mol %) under argon was added the 1,6-enyne (1, 1’ or 19,7
0.50 mmol). The resulting mixture was stirred at 80 °C for an
additional 2 h. The reaction mixture was cooled to room temperature,
and the reaction mixture was directly concentrated under vacuum.
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The residue was subjected to flash column chromatography on silica
gel (eluted with PE/EA 30/1 to 20/1) to give a mixture of diene
products and unconverted starting material. The ratios of diene
products and unconverted starting material were determined by GC
and 'H NMR. Inl; catalyzed 1,6-enyne (1) cycloisomerization in DCE
was carried out using a similar procedure (Scheme 3, entry f).

(E)-Dimethyl 3-(But-2-enyl)cyclopent-3-ene-1,1-dicarboxylate
(2-E) and (2)-Dimethyl 3-(But-2-enyl)cyclopent-3-ene-1,1-dicarboxy-
late (2-Z) Mixture (Scheme 3, Entry a): colotless oil; yield 74%; 2-E:
2-Z = 4:1 determined by '"H NMR. NMR of the major E isomer (2-E):
'"H NMR (400 MHz, CDCl;) § 5.51 — 5.37 (m, 2H), 522 (s, 1H),
5.15—5.07 (m, 2-Z), 3.73 (s, 2-Z and 2-E, 8H), 2.99 (s, 2H), 2.92 (s,
2H), 2.78 (d, ] = 6.6 Hz, 2-Z), 2.71 (s, 2H), 2.64 (d, ] = 7.4 Hz, 2-Z),
1.66 (d, J = 5.2 Hz, 3H), 1.61 (d, J = 6.6 Hz, 2-Z); *C NMR
(101 MHz, CDCl,) & 172.8, 141.0, 127.7, 126.8, 120.7, 59.0, 52.8,
43.1, 40.7, 33.9, 17.9; FT-IR (neat) v 1739, 1441, 1259, 1196, 1155
cm™; HRMS (ESI) caled for C;3H,{NaO, [M + Na*] 261.1101, found
261.1097.

(E)-3-(But-2-enyl)spiro[cyclopent[3]ene-1,9'-fluorene] (2'-E) and
(2)-3-(But-2-enyl)spiro[cyclopent[3]ene-1,9'-fluorene] (2'-Z) Mixture
(Scheme 4): yield 77%; pale yellow oil; 2'-E:2-Z = 2.6:1 determined
by NMR; 'H NMR (400 MHz, CDCL,) § 7.67 (d, ] = 7.3 Hz, 2H, 2-Z
and 2-E), 7.49 (d, ] = 7.1 Hz, 2H, 2-Z and 2-E), 7.34—7.23 (m, 4H,
2-Z and 2-E), 5.67—5.43 (m, 3H, 2-Z and 2-E), 2.88—2.95 (26.9 Hz,
2-7), 2.85 (s, 2H, 2-E), 2.78 (s, 2H, 2-E), 1.69 (d, ] = 4.5 Hz, 3H, 2-E),
1.66 (d, ] = 49 Hz, 2-E); *C NMR (101 MHz, CDCL;) § 154.3,
154.3, 1433, 142.7, 139.4, 1282, 127.6, 1272, 1269, 126.6, 1252,
123.1, 122.4, 119.6, 56.1, 56.0, 48.2, 46.0, 45.9, 34.6, 29.0, 17.8, 12.7;
FT-IR (neat) v 3304, 3062, 2099, 1643, 1482, 1445 cm™'; HRMS
(ESI) caled for C, H,; [M + H'] 273.1643, found 273.1638.

3-(2-Propenyl)-cyclopentene-1,1-dicarboxylic Acid Diethyl Ester
(20) and 3-(1-Propenyl)-cyclopentene-1,1-Dicarboxylic Acid Diethy!
Ester (21) (Scheme 7b). The ratio of 19, 20, and 21 determined by
GC is ca. 0.23:1.0:1.1, and the ratio determined by "H NMR is about
0.2:1.0:1.1. The combined yield (based on the recovered starting
material) of 20 and 21 (1:1.1) is 63%. Pure 20 and 21 can be sepa-
rated by column chromatography with silica gel inpregnated with
AgNO;. 20: colorless oil; 'H NMR (400 MHz, CDCl) § 5.60 (t, ] =
1.8 Hz, 1H), 4.94 (s, 1H), 4.90 (s, 1H), 3.75 (s, 6H), 3.19 (d, ] =
1.9 Hz, 2H), 3.13 (s, 2H), 1.90 (s, 3H); *C NMR (100 MHz, CDCl,)
5 172.6, 1414, 138.8, 123.7, 113.4, 589, 52.9, 41.2, 40.6, 20.4; FT-IR
(neat) v 2954, 2923, 2853, 1736, 1458, 1437, 1263, 1199, 1166, 1072
cm™'; HRMS (ESI) caled for C;,H (NaO, [M + Na*] 247.0941, found
247.0940. 21: colorless oil; "H NMR (400 MHz, CDCL;) 6 6.18 (d, ] =
15.6 Hz, 1H), 5.60 (dq, J = 15.6 Hz, ] = 6.6 Hz, 1H), 5.41 (s, 1H),
3.74 (s, 6H), 3.07 (s, 2H), 3.10 (d, ] = 1.4 Hz, 2H), 1.77 (d, ] =
6.6 Hz, 3H); *C NMR (100 MHz, CDCl;) § 172.5, 139.1, 127.1,
123.5, 58.7, 52.8, 40.6, 39.7, 18.2; FT-IR (neat) v 2955, 2916, 2849,
1735, 1435, 1249 cm™; HRMS (ESI) caled for C;,H;(NaO, [M + Na*]
247.0941, found 247.0940.

150 mol % InCl;-Catalyzed 1,6-enyne (1) Cycloisomerization
in CH;CN (Scheme 3, Entry c). To a mixture of anhydrous CH;CN
(2.5 mL) and InCl; (166 mg, 0.75 mmol) under argon was added 1
(119 mg, 0.50 mmol). The resulting mixture was stirred at 90 °C. After
1 h, the ratio of 1 to (2-E + 2-Z) was found to be about 1.2:1, deter-
mined by GC. Some insoluble species were found in the resulting reac-
tion mixture. The reaction mixture was directly concentrated under
vacuum. The residue was washed with petroleum ether three times,
until GC indicated the disappearance of the starting material in the
filtrate. In addition, GC confirmed that 2 was not found in all of the
filtrates. The resulting residue was dispersed in CH;CN (5 mL) as a
suspension (it was confirmed by GC that no 1 was in this mixture),
which was used for ES-FHRMS analysis. [(2+InClL,)*]: HRMS (ESI)
caled for C3H,4Cl,InO, 422.96147; found 422.961 18;
[((2),+InCL,)*]: HRMS (ESI) caled for C,qH34ClL,InOg 661.081 98,
found 661.080 91. InCl,~: HRMS-ESI (negative mode) calcd 254.779
80, found: 254.77980. 20 mol % InCl; (Scheme 3, entry b) and
400 mol % InCl; (Scheme 3, entry d) catalyzed 1,6-enyne (1) cyclo-
isomerizations in CH3CN used a similar procedure (see the Supporting
Information).
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General Procedure for the InCl;/AgX (X = SbF,, BF, OTf,
OCOCF;)-Catalyzed 1 Cycloisomerizations in DCE (Scheme 3,
Entry e). Anhydrous DCE (5.0 mL) was added to a mixture of InCl,
(11 mg, 0.05 mmol) and AgX (0.05 mmol) under argon. The mixture
was stirred at room temperature for 20 min. To the above mixture was
added 1 (119 mg, 0.50 mmol), and the resulting mixture was stirred at
80 °C for an additional 3 h. The reaction mixture was cooled to room
temperature and concentrated under vacuum. The residue was sub-
jected to flash column chromatography on silica gel (eluted with
PE/EA 30/1 to 20/1) to give a mixture of 1, 2-E, and 2-Z. The ratio of 1,
2-E, and 2-Z was determined by GC (see the Supporting Information
for details).
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