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Abstract: Previously, we found that InCl,* is the real cata-
lytic species in InCls-catalyzed type II cycloisomerization of
1,6-enynes for generating nonconjugated dienes. We further
used this cycloisomerization reaction as a mechanistic
probe to study whether GaCl;, GaBr;, InBr;, Inl; also have
GaCl,*, GaBr,*, InBr,%, and Inl,* as the real catalytic spe-
cies. Experimental and computational results from the
mechanistic probe reaction here support that the real cata-
lytic species are positively charged GaCl,*, GaBr,",
InBr,*, and Inl,*.

The Lewis acids of group IITA metals,"? including
B(IIDN),M" AT Ga(TIT)?* and In(TIT),>! have been
widely used as catalysts in synthesis. However, knowledge
of the real catalytic species of these precatalysts is limited
but is important for understanding and designing reactions.
To date, several significant advances in the in-depth under-
standing of these group IIIA metals have been made. For
example, it was found that Me,AICl has Me,Al* as the cat-
alytic species in the Diels—Alder reaction and Petasis—Ferri-
er rearrangements.”! Transition-metal-catalyzed type I, II,
and III cycloisomerizations of 1,6-enynes have been devel-
oped for the synthesis of dienes (Scheme 1)." InCl; and
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Scheme 1. Type I-11I cycloisomerization of 1,6-enynes.
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GaCl; can also be used as catalysts for these cycloisomeri-
zations. Recently, we found that InCl,* is the real catalytic
species in InCls-catalyzed type II cycloisomerization of 1,6-
enynes (Scheme 2a).®! Our DFT calculations found that,
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Scheme 2. Experimental and computational results of InCl;-catalyzed
type II cycloisomerization of 1,6-enynes.®! DCE = 1,2-dichloroethane.

using InCl; or its dimer as catalyst, the reaction would give
conjugated type II dienes instead of the experimentally ob-
tained nonconjugated diene (Scheme 2c).¥ Based on exper-
imental results that shown InCl; can dissociate into InCl,*
and InCl,”, we hypothesized that InCl,* was the real cata-
lyst in the InCl;-catalyzed cycloisomerization (Scheme 2b).
This hypothesis was further supported by DFT calculations.

The main reason for generating the nonconjugated diene
is the coordination of InCL,* to the alkene moiety in the
transition states, which induces positive charge in the
C1=C3 bond and makes the [1,2]-H shifts from the allylic
position to generate conjugated diene disfavored. In con-
trast, the nonconjugated [1,2]-H shifts from the ordinary
hydrogen atoms at the C8 position is further stabilized by
the methyl group when InCL,* is the catalyst. If InCl; was
the real catalyst, the C1=C3 bond would not coordinate to
In, which is already saturated in terms of coordination.
Consequently, [1,2]-H shifts from the allylic hydrogen atom
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at the C4 position are favored over the [1,2]-H shifts from
hydrogen atoms in the ordinary C8 position. This can be
understood in terms of the weaker allylic C—H bond (in
propene) compared with common sp* C—H bonds (in pro-
pane), 78.4 vs. 100.1 kcalmol . The discovery of InCl,*
as the real catalyst is helpful for understanding the present
cycloisomerization of 1,6-enynes and other In(III)[1e<
AI(TIT)* and Bi(TIT)M¥ catalyzed reactions as well.
Herein, we propose that we can use the type II cycloiso-
merization of 1 as a reaction probe to identify whether the
real catalytic species of other group IITA metals are neutral
or positively charged by checking the reaction products:
formation of nonconjugated dienes implies that the cata-
lysts could have their positively charged species as the real
catalysts (Scheme 3). Chatani and co-workers found that
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Scheme 3. GaCls-catalyzed type I cycloisomerization from Miyanohana
and Chatani and the present investigation.

GaCl; can catalyze the typel cycloisomerization of 1,6-
enynes (Scheme 3a).'”! However, all substrates they studied
did not contain a substituent in the alkyne moiety. We won-
dered if the GaCls-catalyzed cycloisomerization of 1 would
give either conjugated or nonconjugated type II dienes
(Scheme 3b). If nonconjugated dienes are generated, this
suggests that GaCl,* could be the real catalyst. If conjugat-
ed dienes are generated, GaCl; or (GaCl;), could be the
catalyst. Once we obtained experimental results, we used
calculations to find whether the DFT results match experi-
ments or not. With these studies together, we could then
know the real catalytic species of GaCl; in the cycloisomeri-
zation reaction. We also studied whether other GaX; and
InX; have their cationic species as the real catalysts by
using this reaction as the mechanistic probe.

We carried out the GaCl;-catalyzed cycloisomerization of
1 in DCE (Scheme 4). We found that nonconjugated type II
dienes 2 were generated with E/Z=2:1, similar to the
result from the reaction catalyzed by InCl;.** This suggests
that GaCl,™ could be the real catalyst. Cho found that
GaCl; in CH;CN dissociates into a mixture of the cation
(CH5CN),GaCl,* together with some other cations with
different coordinating ligands to Ga, and the anion
GaCl,”~.™ It was also found that ligands can facilitate
GaCl, dissociation."! To get further evidence of GaCl,* as
the catalytic species, a stoichiometric cycloisomerization re-
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Scheme 4. GaCl;-catalyzed cycloisomerization of 1 in DCE and CH;CN.
The E/Z ratio and the conversion were determined by NMR spectrosco-
py and GC, respectively.

action of 1 catalyzed by GaCl; (120 mol %) was carried out
in CH;CN solution at room temperature. In this case, non-
conjugated product 2 was detected by gas chromatography
with E/Z=2:1 (Scheme 4).*! With these experimental re-
sults, we then wanted to test whether DFT calculations also
support the hypothesis that GaCl,* is the catalytic species.

DFT calculations using the B3LYP functional!'®'”! (for
details, see Supporting Information) in the gas phase and
DCE solution supported that GaCl,* is the real catalyst
but not GaCl; or its dimer. Similar to the type II cycloiso-
merization of enyne catalyzed by InCl,*® the present reac-
tion also includes cyclopropanation, homoallylic rearrange-
ment (Scheme 5), and [1,2]-H shifts (Figure 1). The cyclo-
propanation (via TS1, 13.9 kcalmol™") and homoallylic rear-
rangement (via TS2, 8.5 kcalmol ') shown in Scheme 5 are
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Scheme 5. The cyclopropanation and homoallylic rearrangement pro-
cesses leading to homoallylic cation 9.

easy. These reactions transform the GaCl,*-1,6-enyne com-
plex 4 into a homoallylic cation, the intermediate 9, which
is the precursor for the following [1,2]-H-shift processes to
give either conjugated or nonconjugated type II dienes.

The generation of E-10 via TS,,,,_"*! from 9 requires an
activation free energy of 9.2 kcalmol™' whereas the genera-
tion of Z-10 requires an activation free energy of 9.8 kcal
mol™' (TS,;_.), which suggests that a mixture of E and Z
products is produced and the FE isomer is the major one
(Figure 2). TS, leading to the conjugated diene product is
disfavored in terms of Gibbs free energy by 3.2 kcalmol™
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Figure 2. Relative energies and structures of [1,2]-H shifts using GaCl, as the possible catalytic species (distances in A).

over TS,,..s_., Which indicates that no conjugated diene can
be formed. These results agree with the experiments in
Scheme 4. The preference for nonconjugated over conjugat-
ed [1,2]-H shift can be understood in terms of GaCl,* coor-
dination to the alkene moiety (C1=C3) in the conjugated
[1,2]-H shift transition state (TS,), as suggested by the short
distances of Ga—C1 (2.93 A) and Ga—C3 (2.87 A). This Ga
coordination disfavors the [1,2]-H shift from the allylic hy-
drogen atom of the positively charged C1=C3 bond. In con-
trast, the methyl group as an electron-donating group can
stabilize both TS, ,.s_ and TS,;_.. Also, the nonconjugated
[1,2]-H shift is more exothermic than the conjugated
[1,2]-H shift pathway, and this is another reason for the
preference of the former over the latter.’*?

We calculated the regiochemistry with GaCl; as the pos-
sible catalyst (Figure 2) and found that the conjugated H-
shift (GaCl;-TS,) is favored by 3.5 kcalmol ™' over the trans-
nonconjugated [1,2]-H shift transition state (GaCls-
TS ;ans_c)- This is in contrast to the experimental results
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given in Scheme 4, where only the nonconjugated dienes
were obtained. Therefore, we can rule out the possibility
that GaCl; acts as the real catalytic species (the dimer spe-
cies (GaCly), can also be ruled out, see the Supporting In-
formation). The favored conjugated [1,2]-H shift in this
case is that, in the transition state GaCl;-TS,, the Ga is sat-
uratedly coordinated and there is no coordination of
C1=C3 to the Ga atom. Consequently the more weakly
bound allylic hydrogen atom is easier to migrate than the
hydrogen atom connected to the sp® carbon. This is similar
to our previous understanding of type Il cycloisomeriza-
tions catalyzed by InCl;."¥

After establishing the use of type II cycloisomerization of
1 as the mechanistic probe for identifying the real catalytic
species, we wanted to use this to identify whether InBr; and
Inl; have their cationic species as the real catalysts
(Table 1). Previously, we found that Inl;-catalyzed cycloiso-
merization of 1 gave 2 in 75% yield.® When InBr, or
GaBr; were used as the catalyst, type II nonconjugated

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


www.AsianJOC.org

ASIAN JOURNAL
OF ORGANIC CHEMISTRY

Table 1. GaBr;-, InBr;-, and Inl;-catalyzed cycloisomerization of 1 in

DCE.
Me
E ] 10 mol% cat. E "/WME
E : E
DCE, 80 °C, time 2

1 E=CO,Me
Catalyst Time [h] Yield [%] EIZ
Inl; 2.0 75 3:1
InBr; 2.5 66 3:1
GaBr; 2.5 56 2:1

[a] Determined by NMR spectroscopy.

dienes 2 were also obtained, in 66 % and 56 % yield, respec-
tively. The stoichiometric cycloisomerization reactions of
1 carried out in CH;CN with Inl;, InBr;, or GaBr; also
gave the nonconjugated products (Table 2).") The results
of the DFT calculations in Scheme 6 show that InBr,",
InL,*, or GaBr,™ as the real catalytic species give the cor-
rect regiochemistry as obtained experimentally, that is, all
the nonconjugated H-shift transition states are more fa-
vored than the conjugated H-shift transition states. On the
other hand, calculations using monomeric neutral catalysts
Inl;, InBr;, or GaBr; gave the wrong regiochemistry. Based
on the experimental and DFT calculation results, we con-
clude that InBr,*, Inl,*, and GaBr," are the real catalytic
species in InBr;- and Inl;-catalyzed cycloisomerization of
1,6-enynes. This suggests that other InBr;, Inl;, and GaBr;

Table 2. GaBr;-, InBr;-, and Inl;-catalyzed cycloisomerization of 1 in

CH,CN.
EW "
E

2

Me

120 mol% cat.
TR .
CH3CN, RT, overnight
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catalyzed reactions could also have their cationic species as
the real catalysts.

In summary, by using the cycloisomerization of 1,6-
enynes as a mechanistic probe, our experimental and com-
putational results revealed that the catalytic species in
GaCls-, GaBr;-, InBr;-, and Inl;-catalyzed cycloisomeriza-
tion of 1,6-enynes 1 have the cationic species GaCl,*,
GaBr,™ InBr,*, and Inl,*, respectively, as the real catalysts.
This finding is important for understanding many GaX;-
(X=Cl or Br) and InX;-catalyzed (X=Cl, Br, or I) reac-
tions.

Experimental Section
GaCl;-Catalyzed 1,6-Enyne Cycloisomerizations of 1 in DCE.

1,6-Enyne 1 (0.50 mmol, 129 mg) was added to a mixture of anhydrous
DCE (2.5 mL) and GaCl; (10 mol %, 8.6 mg) under argon. The resulting
mixture was stirred at 80°C for an additional 1.5h. The reaction was
cooled to room temperature and the reaction mixture was directly con-
centrated under vacuum. The residue was purified by column chroma-
tography on silica gel (eluted with petroleum ether/ethyl acetate =30:1-
20:1) to give a mixture of diene products 2; 71 mg, 55% yield. The ratio
of diene products was determined by NMR (E/Z=2:1). Inl;- (75%
yield of 2, E/Z=3:1), InBr;- (66 % yield of 2, E/Z=3:1), and GaBr;-cat-
alyzed (56 % yield of 2, E/Z=2:1) 1,6-enyne cycloisomerization of 1 in
DCE were performed by a similar procedure.
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