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A catalytic amount of In(NTf,); effects the inter- and intramolecular addition of a f-ketoester to an o,w-diyne to produce a 1,3-
dimethylenecycloalkane derivative in a single step. This [1 + n] annulation reaction shows good functional group tolerance and allows the
synthesis of five- to seven-membered carbo- and heterocyclic as well as spirocyclic structures in moderate to excellent yields.

Construction of ring systems through a quick assembly of
multiple components continues to attract the interest of our
group’ and other researchers.>* Focusing on the addition of
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metal enolates to unactivated alkenes® and alkynes,® we
recently found that indium salts catalyzed the inter-® and
intramolecular addition reactions’ of a 1,3-dicarbonyl com-
pound to an unactivated alkyne.®® The efficiency of these
reactions was found to be very high, particularly for the
intramolecular reaction, which has been cross-checked
independently by Hatakeyama.® Therefore, we conjectured
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that it is possible to apply this indium catalysis to the one-
pot [1 + n] synthesis of carbocyclic and heterocyclic rings.
Herein, we report that the In(NTf;);-catalyzed reaction of
P-ketoesters and o,w-diynes takes place smoothly to afford
the expected [1 + n] annulation products, 1,3-dimethyl-
enecycloalkane derivatives (Scheme 1). This reaction, usually
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carried out in a 0.2 M toluene solution with 1 mol % of
catalyst loading at 150 °C, gives an excellent yield and
produces five- and six-membered rings with a simple
structure and a moderate yield in the synthesis of seven-
membered rings and of five- and six-membered rings with a
relatively complex structure.

A typical procedure for the formation of six-membered
rings as performed on a gram scale is as follows. A mixture
of ethyl acetoacetate 1a (1.06 g) and 1,6-heptadiyne 2a (0.86
g) in toluene (38 mL) was heated at 150 °C for a period of
3 h in the presence of 1 mol % of In(NTf,);, which was
found to be the most effective catalyst for intermolecular
cyclization in our previous studies.” After being cooled to
ambient temperature, the resulting mixture was passed
through a pad of Celite to remove the catalyst. After
evaporation, bulb-to-bulb distillation afforded 1.41 g of the
product 3aa (90% yield, Table 1, entry 1, in parentheses).
When this reaction was carried out on a 0.5 mmol scale,
and the resulting mixture was purified using silica gel column
chromatography, the expected 1,3-dimethylenecyclohexane
product 3aa was obtained in a 98% isolated yield (Table 1,
entry 1). The structure of the product was fully characterized
from the NMR spectra, mass spectrometry data, and elemen-
tal analysis.

Other examples of the reaction of -ketoesters with 1,6-
heptadiyne 2a are shown in Table 1. Benzyl and allyl acetates
that may be moderately acid-sensitive gave the cyclized
products in 97% (2 h) and 90% yields (12 h), respectively
(entries 2 and 3). We can ascribe the lower reactivity of the
allyl acetate 1¢ compared to 1a and 1b to the competitive
coordination of the alkene moiety of the allyl group and the
alkyne to the indium atom. The reactions of benzoyl- and
cinnamoylacetate, which produced some uncharacterizable
side products, afforded the cyclized products in lower yields
(entries 4 and 5). Other active methylene compounds, such
as f-ketoamide and malonic ester, did not participate well
in the reaction. (-Diketone (2,4-pentanedione) gave the
corresponding six-membered ring product in a high yield as
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Table 1. Reaction of -Ketoesters with 1,6-Heptadiyne®

R'OC_ CO,R?
J?\)OL I | "MNTE)s (1 mol %) 2
+ T f
2
R OR U 0.2 M toluene
1x 2a (1.2 equiv) 150 °C 3xa
entry substrate time product  yield?
o O
1 o (3h) 3aa  (90%)°
t 2h o,
1a 98%
2 29 2h 3ba 97%
Ao

1b
3 79 12h 3 90%
Mo/\/ ca ?

1c
4 79 19h 3d 77%
a %

Ph)J\w)J\OEt
O O

5 2h 3ea 78%
PhWOEt

“The data were obtained from reactions on a 0.2 mmol scale unless
otherwise noted. ” Isolated yield. © The reaction time and yield in parentheses
are for the 1 g scale reaction.

a mixture of 1,3-dimethylenecyclohexane and its olefin
isomer, a l-methyl-5-methylenecyclohex-1-ene derivative
(see the Supporting Information).

Next, we examined the reactions of ethyl acetoacetate 1a
with various other o,,w-diynes 2b—i (Table 2). The formation
of the simplest five-membered ring by the reaction with 1,5-
hexadiyne was performed at 100 °C to obtain a 1,3-
dimethylenecyclopentane product 3ab in a 79% isolated yield
(72 h, entry 1). We did not detect any of the initial
monoaddition product (i.e., without cyclization), as opposed
to the case of the seven-membered ring formation (vide
infra), where the second intramolecular cyclization was found
to be slow. The 1,2-diethynylbenzene afforded an indane
derivative 3ac in a 30% yield (at 100 °C after 48 h, entry
2). When these reactions were performed at 150 °C, the yield
of the desired product decreased (28% and trace amounts of
3ab and 3ac, respectively), while the amount of unidentified
product increased. Such a reactivity in the formation of five
membered-rings is presumably due to the ring strain of the
resulting dimethylenecyclopentane products.

In agreement with the results shown in Table 1, the
synthesis of six-membered rings took place in higher yields.
Thus, an o,a-dipropargyl malonate 2d afforded the expected
cyclized product 3ad in 78% yield (entry 3) and the
dipropargyl ether 2e gave the dimethylenetetrahydropyrane
derivative 3ae in a 70% yield (entry 4). The reaction of
2-nitrobenzensulfonyl (Ns)'® dipropargylamine 2f was com-
plete after 8 h at 150 °C and gave the cyclic amine 3af in
90% yield (entry 5). The reaction with 2,7-dibromo-9,9'-
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Table 2. Reaction of Ethyl Acetoacetate with o,w-Diynes
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“ Isolated yield. ® Reaction temperature was 100 °C. < exo-Olefin (3ah):
endo-olefin (3ah’) = 2:1. The o-alkynylidene compound was also obtained
in 10% yield. See the Supporting Information. ¢ Concentration was 0.05
M.

dipropargylfluorene 2g required a longer reaction time and
afforded a structurally intriguing spirofluorene compound 3ag
in 57% yield (entry 8). Note that the bromine atoms in the
starting material survived the reaction conditions, and the
dibromide product may serve as a useful starting material
for further development of organoelectronic materials.''
Seven-membered ring formation by the reaction of 1a with
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1,7-octadiyne (2h) took place slowly in a lower yield (entry
7) and produced an inseparable mixture of a 1,3-dimethyl-
enecycloheptane 3ah and its olefin isomer, the 1-methyl-6-
methylenecyclohept-1-ene derivative, 3ah’ in 30% and 15%
yields, respectively. The uncyclized monoaddition product
(as an o-alkylydene compound 4,°® see the Supporting
Information) also formed in a 10% yield, indicating that the
intramolecular addition is slow. The reaction of 2,2'-
diethynylbiphenyl 2i took place much faster than 1,7-
octadiyne (2h) to afford dibenzocycloheptane 3ai in a 71%
yield (entry 8) either because of the higher reactivity of the
arylacetylene structure or because of the lower degree of
freedom of the starting material. Attempts to form rings larger
than eight-membered rings have so far been unsuccessful.

The single-crystal X-ray structure of the spirofluorene
compound 3ag is shown in Figure 1. The 1,3-dimethylenecy-

Figure 1. ORTEP drawing of the spirocyclic compound 3ag (50%
probability for thermal ellipsoids). Hydrogen atoms are omitted for
clarity.

clohexane moiety is in a chair conformation, which places
the ester group flanked by the two exo-methylene groups.

In summary, we have shown that In(NTf,); catalyzes the
double addition of a -ketoester to an a,w-diyne to promote
the [1 + n] cyclization reaction. This reaction produces
densely functionalized cyclic compounds with minimal effort
and, hence, will be useful in further synthetic applications.
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