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It is generally accepted that an enolate anion does not undergoChart 1. Active Methylene Compounds Examined

intermolecular addition to a nonactivated-C multiple bond! o o o o o o
except for certain limited cas@sWe recently challenged this

conventional wisdom and reported that zinc enolate species derived )H/Loosz OC2Hs CGHSMO%HE*
from ester, amide, hydrazone, and imine undergo addition to 1a CeHs™ 1p 1e
ethylene and other olefins in high yieldThe reaction is useful (R, R2 = CHy) (R'=CHg, R2 = CHyCgHs)  (R" =CgHs, RZ = CHg)

also for enantioselective synthesiswfsubstituted ketones.We

report herein the result of our second challengjee addition of o 0 o o o O o O
enolate species to unactivated alkynes (eq 1). ﬁj)\oosz é/kochs M M
4 5 6 7

o o P '
t. In(OTf R OCH . o .
R1J\2(U\OCZH5 __ catin@Ts )?ﬁ SO Comparison among phenyl acetylene derivatives for the reaction
R1 neat R33 with 3-oxo-2-methylbutanoate (entries-4) indicated that pheny-
100-140 °C lacetylene2a is less reactive thagh (R® = 4-CH;OCgH,), and

We found that heating of a neat mixture of nearly stoichiometric more reactive tharc (R® = 4-CH;OCOGH,) and 2d (R® =
amounts of an active methylene compound and a terminal alkyne 4-CFsCeHa): The reaction becomes faster, but the yield becomes
at 100-140°C in the presence of a catalytic amount of In(QTf)  lower (entries 2-4) as the alkyne becomes more electron-rich. The
gives the desiredi-alkenylated carbonyl compound in a high to lower yield with the more reactive alkyne is due to the formation
excellent yield. The reaction possesses several synthetically attracOf high-molecular weight side product. The reaction is, however,
tive features: (1) Simp|e procedure a"owing |arge_sca|e preparation, entirely free of such side products for the less reactive substrates.
(2) high catalytic efficiency (turnover number up to 2000), (3) high The reaction with aliphatic alkynes also proceeded in high yield
yield, (4) perfect regioselectivity, (5) no requirement of solvent, (entries 5-7). As shown in entries 6 and 7, 1-alkynes bearing a
and (6) the ability to create densely functionalized molecules in a hearby oxygen functionality (i.e2e and 2f) also take part in the
single step without loss of any atoms in the starting materials. Thesereaction, while the propargyl ether substrate in eftryas rather
features make the new reaction particu|ar|y attractive among a few unstable under the reaction conditions. The addition to a Conjugated
other related reactions of similar nature reported in the literdture. €nyne compoun@h took place exclusively at the triple bond in

The following example illustrates the effectiveness of the process. 1,2-fashion to give the corresponding diene product in 94% yield
A mixture of ethyl 3-oxo-2-methylbutanoale (14.5 g, 0.10 mol), ~ (entry 8).

phenylacetylen@a (R® = CgHs) (12.3 g, 0.12 mol), and In(OTH) The reaction tolerates a wide range of structural variations of
(28.1 mg, 0.05 mol %) was heated under nitrogen at°ér 10 the active methylene compound. Tpetoester can bear a benzoyl
h. Distillation at 120°C (6.7 Pa) gave the desired product, ethyl group or can be a part of a ring structure (entriesl8). We can
2-acetyl-2-methyl-3-phenyl-3-butenoae(R!, R2 = CHs, R® = also usep-diketones, while they are slightly less reactive than

CsHs) as a single product (21.7 g, 92% yield; 99% vyield on a p-ketoester and need a small modification of the reaction conditions.
4-mmol scale with a chromatographic purification, Table 1, entry Thus, acetylacetone and 3-methyl-2,4-pentandione react with an
1). In(OTf)s was found to be the best catalyst after screening of a €xcess alkyne to give the desired compounds in high yield in the
number of metal triflate8 While the reaction is best carried outin ~ Presence of an equimolar mixture of 2.5 mol % In(QTEtN,
the absence of solvent, the mixture may be diluted with a solvent @nd n-BuLi.® In contrast, acetylacetone reacts with an alkyne to
such as toluene at the expense of the reaction rate. give cleanly thex-alkenylation product and give the product 100%
The generality of the reaction is illustrated with the results in in its enol form (entry 13J.
Table 1. The yield is essentially quantitative both for the active  All reactions shown above proceeded with perfect regioselectivity
methylene compound and for the alkyne, and the regioselectivity to form the new G-C bond at the €position of the 1-alkyne. On
was always 100% favoring the introduction of the carbonyl the other hand, a silyl acetyle@e[R® = Si(CHs),CeHs] undergoes
compound to the internal alkynic carbon atom. The use of excess the coupling reaction with completely reversed regioselectivity (eq
alkyne is beneficial when it is volatile, unreactive, or unstable under 2). The adduc8 has a trans olefinic double bond, indicating that
the reaction conditions. Internal alkynes are inert for the coupling the cis addition took place.
reactions under the present reaction conditions. Despite the high

0,
reaction temperature, no side products were formed due to 1a In(é)tTlIl)s(S(ﬁ;T;l)A) o 0
decarbonylation or self-condensation of the active methylene + e, %OCZHs (2
compounds. . ) neat, 100 °C, 18 h
p H—==—Si(CH5).CeHs 80% yield Si(CHy),CeHs
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Table 1. In(OTf)s-Catalyzed Alkenylation of Active Methylene
Compounds with 1-Alkynes#?

carbonyl 1-alkyne: R3CCH ield (% roduct
entry compd (equiv) yield (%) i
1 1a CgHsCCH: 2a (1.2) 99
2  1a  4CHLOCH,CCH:2b (12) 76 o 0
3 1a  4-(CH,0C0)CeH,CCH: 2¢ (1.2) 97 OC,Hs
4 1a  4CFCH.CCH:2d (1.2) 92
5 1a n-CgH413CCH: 2e (2.0) 99 R3
6 la  CH,O(CH,),CCH: 2f (2.0) 94
7 1la  C¢H,CH,0OCH,CCH: 2g (3.0) 80 o o
OC,Hs
8 1a @CCH :2h(5.0) 94
o o
OC,H
9 1b 2f (2.0) 95 cméﬁ 2
HaCO(CHy)4
o JNo)
10 1e 2 (2.0) gg Cots )ﬁc’cm
H3CO(CHz)4
o o
11 4 2a(1.2) 92 @S:ocws
CeHs
o o
12 5 2a(1.2) 94 @OC?HS
CGHS
OH O
13 6 2a (5.0) 97 )IK
CSHS
o o
14 7 2a (5.0) 88 %

CeHs

aThe reaction was carried out with 005 mol % of In(OTf) at 60—
140 °C for 4-18 h. See Supporting Information for detaitsThe alken-
ylation reaction can also be performed at-#80 °C by use of 10 mol %
catalyst.

On the basis of the regio- and stereoselectivity of the reaction,
we propose the following catalytic mechanism (see also Figure 1):
An indium enolate, generated by the reaction between In¢QTf)
and g-dicarbonyl compourid adds across the triple bond of
1l-alkyne, and the resulting alkenyl indium is protonated by the
p-dicarbonyl compound to regenerate the indium enolate. The
higher reactivity of electron-rich alkynes suggests that coordination
of the indium atom to the alkyne is important in this carbometalation
process. The observed regioselectivity of the addition follows the
general rule of carbometalation of alkynes and alkenes, the origin

TiQ  OTf
o) r{o
[ In(OTf)2
N _
R H
AL
— H
R H

Figure 1. A mechanistic rationale for the catalytic alkenylation.

of which we elucidated some time ag®We expect that the new
reaction described above will further expand the utilities of active
methylene compounds that have already been amply demonstrated
by numerous previous reports.
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