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Indium and gallium have emerged as useful metals in organic synthesis as a result of its intriguing chemical 
properties of reactivity, selectivity, and low toxicity. Although indium belongs to a main metal in group 13, its 
first ionization potential energy is very low and stable in H2O and O2. Therefore, indium-mediated organic 
reactions are of our current interest. On the basis of these properties of indium, many efficient indium-mediated 
organic reactions have been recently developed, such as the addition reactions of allylindium to carbonyl and 
iminium groups, the indium-mediated synthesis of 2-(2-hydroxyethyl)homoallenylsilanes, the indium- 
mediated allylation of keto esters with allyl halides, sonochemical Reformatsky reaction using indium, the 
indium-mediated selective introduction of allenyl and propargyl groups at C-4 position of 2-azetidinones, the 
indium-mediated Michael addition and Hosomi-Sakurai reactions, the indium-mediated 昌allylation, p- 
propargylation and P-allenylation onto %®unsaturated ketones, the highly efficient 1,4-addition of 1,3-diesters 
to conjugated enones by indium and TMSCl, and the intramolecular carboindation reactions. Also, we found 
gallium-mediated organic reactions such as addition reactions of propargylgallium to carbonyl group and 
regioselective allylgallation of terminal alkynes.
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Introduction

Recently, indium and gallium have emerged as useful 
metals in organic synthesis because of their intriguing 
chemical properties of reactivity, selectivity, and low toxi- 
city.1 Although indium belongs to a main metal in group 13, 
its first ionization potential energy is very low like that of 
sodium and lithium. However, indium is very stable in H2O 
and O2 contrary to sodium and lithium. Indium toxicity is 
very low although it is a heavy main metal. Therefore, 
indium-mediated organic reactions are of current interest. 
On the basis of these properties of indium, efficient indium- 
mediated organic reactions have been developed and applied 
in environment-friendly organic reactions.1 Generally, allyl- 
and propargyl-metal (indium and gallium) are prepared in 
situ from the reaction of metal with allyl and propargyl 
halides, respectively. Their first synthetic applications have 
been found in allylation reactions of carbonyl compounds 

and their derivatives under aqueous and anhydrous Barbier 
conditions.2 Especially, indium has now demonstrated itself 
as the metal of choice in performing many of these reactions. 
A variety of in situ generated organoindium reagents such as 
allylindiums, propargylindiums, and allenylindiums are of 
considerable value for regioselective and stereoselective 
allylation, propargylation, and allenylation of various carbonyl 
and imine compounds that produce the corresponding 
alcohols and amines.1 Therefore, indium-mediated Barbier
type allylation, allenylation, and propargylation of carbonyl 
compounds in organic and aqueous media have been studied 
extensively. In addition, a range of indium-mediated organic 
reactions have been found useful for Reformatsky reac- 
tions,3 Michael addition reactions,4 cross-coupling reac- 
tions,5 allylic substitution reactions,6 and the intermolecular 
addition of organoindium and organogallium reagents to 
C-C multiple bonds and nitriles.7 This account describes our 
recent findings in addition reactions of in situ generated
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organoindium and organogallium reagents derived from the 
group 13 metals (indium and gallium) and allyl halides and 
propargyl halides with a variety of electrophiles.

Preparation of Organoindium Reagents

Indium can be used in radical reaction and reduction, and 
it can be used as a Lewis acid to mediate a variety of organic 
reactions. Organoindium reagents can also be used to addi
tion, substitution, and cross-coupling reactions as nucleo
philes. In 1988, Butsugan et al. prepared allylic indium 
sesquihalide from the reaction of 2 equiv of indium with 3 
equiv of allyl iodide in DMF (eq. 1).2 However, Chan et al. 
proved in 1999 that this structure is wrong. He found that 
reaction of indium with allyl bromide produces allylindium 
in water (eq. 2).8 However, this reaction in DMF gives the 
mixture of allylindium and allylindium dibromide. Araki 
and Kim developed an efficient synthetic method for in situ 
generated allylindium derived from allyl acetate (eq. 3).9

ON cat-Pd, Ini, THF or

cat-Pd, In, lnCI3, THF-H2O

OAc 
赤X

(1)

(2)

(3)

In 2002, we found that the reaction of indium with 
propargyl bromide gave the mixture of propargylindium and 
allenylindium (eq. 4) in DMF-d? at room temperature (ratio 
of these two reagents; 1:6.5).10 On the basis of this result, 
Chan found that the reaction of indium with propargyl 
bromide produced allenylindium in water.11 But, this reac
tion in THF gave the mixture of allenylindium and allenyl- 
indium dibromide (eq. 5). Also, the reaction of indium 
bromide with propargyl bromide gave allenylindium dibro
mide in THF. Contrary to propargyl bromide, the reaction of 
indium with 4-bromo-2-butyne gave propargylindium and 
propargylindium dibromide (eq. 6). In the case of 3-bromo- 
1-butyne, allenylindium and allenylindium dibromide were 
produced (eq. 7).

DMF"
25 °C
多+ ^Q^^lnBrn (4)

1 6.5

Indium-Mediated Organic Reactions

Addition Reactions of Allylindium to Carbonyl and 
Iminium Groups.

Indium-Mediated Synthesis of 2-(2-Hydroxyethyl)- 
homoallenylsilanes: Allyl metal-mediated C-C bond 
formation is one of the fundamental processes in organic 
synthesis.12 Although allyl metal-mediated allylation of a 
variety of aldehydes and ketones received much attention, 
much less attention has been paid to homoallenylation of 
carbonyl compounds. As part of our continuing effort to 
synthesize 2-methyl-3 -trimethylsilylmethyl dihydrofuran 
derivatives from homoallenyl alcohols, we needed versatile 
methods to prepare 2-(2-hydroxyethyl)homoallenylsilanes.13 
To the best of our knowledge, none of methods that are 
based on the synthesis of 2-(2-hydroxyethyl)allylsilanes has 
been applied to the synthesis of 2-(2-hydroxyethyl)homo- 
allenylsilanes. Addition of organometallic reagents derived 
from the halomethylhomoallenylsilanes on aldehydes or 
ketones could be used to produce 2-(2-hydroxyethyl)homo- 
allenylsilane. However, it was not possible to prepare the 
corresponding Grignard reagents from halomethylhomo- 
allenylsilianes. In addition, Grignard reagents must be em
ployed in excess in the reactions with electrophiles having 
any acidic hydrogens. Therefore, we decided to take advant
age of indium-mediated allylations, and here, we demon
strate the indium-mediated homoallenylation of aldehydes 
and ketones.13,14

Homoallenylindium reagents in situ generated from the 
reaction of indium with 4-bromo-3 - [(trimethylsilyl)methyl]- 
1,2-butadiene reacted with a variety of aldehydes in DMF to 
produce 2-(2-hydroxyethyl)homoallenylsilanes in good to 
excellent yields at room temperature (Table 1). The 2- or 3- 
hydroxybenzaldehyde that contained labile hydrogen react
ed with homoallenylindium reagents to provide homoallen- 
ylsilanes. In the case of 4-formylbenzoic acid, the desired 
compound was produced in 88% yield. However, appli-

OH
RCHO + Br、＞^SiMe3

Table 1. Indium-Mediated Homoallenylation of Aldehydes

entry R yield (%)a entry R yield (%)a

1 Me 98 11 4-Cl-C6H4 86
2 n-Bu 84 12 2-NO2-C6H4 82
3 iso-Pro 77 13 4-MeO-C6H4 64
4 C6H11 54 14 2,6-(MeO)2-C6H3 71
5 PhCH2 67 15 2-HO-C6H4 89
6 PhCH2CH2 61 16 3-HO-C6H4 86
7 PhCH=CH 47 17 4-HO2C-C6H4 79
8 Ph 92 18 2-C4H3O 71
9 4-Me-C6H4 60 19 2-C4H3S 69
10 2-Br-C6H4 77

aAll reactions were carried out with indium reagent derived from an 
equimolar mixture of indium and homoallenylsilane in DMF at room 
temperature.
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Table 2. Reaction of Keto Esters with a Variety of Allyl Halides Using Indium

entry allyl halide product yield (%) entry allyl halide product yield (%)

"Solvent: MeOH:0.1 N HCl=1:4. "Solvent: THF:H2O=1:4. cDiastereomeric ratios which were determined by 1H NMR integration ratio of methyl 
groups of opposition. dcis/trans ratio and configuration of 1,3-dibromo-1-propene was retained. eSolvent: MeOH:0.2 N HCl=1:4. ^Solvent: H2O.

cation of the present method was restricted to ketones.
Indium-Mediated Allylation of Keto Esters with Allyl 

H이ides: The metal-mediated addition of allyl halides to 
aldehydes or ketones is one of the fundamental reactions in 
C-C bond formations, and it has become a well established 
method for the synthesis of homoallylic alcohols.12,15 Reac
tions of carbonyl compounds with allyl- and crotyl-metal 
reagents have been widely investigated.16 Recently, it has 
been reported that indium-mediated allylation of carbonyl 
compounds in aqueous media affords the corresponding 
homoallylic alcohols.1 These reactions in aqueous media are 
of especial interest because they offer the possibility of 
environmentally benign reaction conditions by reducing the 
burden of organic solvent disposal. Although numerous 
examples on the indium-mediated allylation in aqueous 
media of aldehydes and ketones have been reported,17 as far 
as we are aware, no systematic studies of the chemoselective 
allylation into 必keto esters have been published.

The chemoselective reactions of 1,n-dicarbonyl compounds 
with allyl halides using indium were investigated.必Keto- 
esters such as ethyl pyruvate, ethyl 3-methyl-2-oxobutyrate, 
and ethyl benzoyl formate reacted with a variety of allyl 
halides in the presence of indium to afford 必hydroxy-%汉 
unsaturated carbonyl compounds in good to excellent yields 
in MeOH/HCl at 25 oC (Table 2). For the allyl bromide, the 
presence of various substituents at a- or y-position exhibited 
little effects on both the reaction rates and yields. Ethyl 
acetoacetate or ethyl levulinate was treated with allylindium 
reagent to give hydroxy unsaturated carbonyl compounds in 
good yield. These results mean that both reactivity and 
selectivity are independent of the distance between carbonyl 
groups. The 2,3-butanedione or 1-phenyl-1,2-propanedione 
reacted with allylindium, producing monoallylation compounds 

as major products.18
Sonochemical Reformatsky Reaction Using Indium: 

Reformatsky reaction, which is regarded as one of the most 
fundamental reactions in C-C bond formations, is the 
reaction of a carbonyl compound with a-haloester in the 
presence of zinc metal to furnish 河hydroxyesters.19 The 
products are one of the most important intermediates in 
organic synthesis.20 Recently, several modified Reformatsky 
reactions using other metals have been reported.21 Although 
the application of ultrasound has been reported for zinc 
metal, promoters such as iodine and potassium iodide were 
needed sometimes to obtain the desired products in good 
yields.22 Our interests in extending the scope of the Refor
matsky reaction and subsequent application of indium metal 
to modern organic synthesis have led us to investigate 
indium mediated Reformatsky reaction.23

The sonochemical Reformatsky reaction of aldehydes or 
ketones with ethyl bromoacetate in the presence of indium 
afforded 河hydroxyesters in good to excellent yields under 
mild conditions (Table 3). Aldehydes having acidic hydro
gens such as 2- or 3-hydroxybenzaldehyde reacted with 
ethyl bromoacetate to provide the desired compounds with 
the same efficiency. In the case of ethyl 2-bromopropanoate 
and ethyl 2-bromo-2-methylpropanoate, the desired products 
were obtained in good yields. The reaction of aldehyde with 
indium reagent in the presence of ketone group proceeded 
chemoselectively.

Indium-Mediated Selective Introduction of Allenyl 
and Propargyl Groups at C-4 Position of 2-Azetidinones: 
Since 2-azetidinone nucleus has been used the central 
building block of 河lactam antibiotics, the functionalzation 
of the 2-azetidinone framework is pivotal for the develop
ment of new 河lactam antibitics.24 The selective introduction
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Table 3. Preparation of ^-Hydeoxyesters by In-Mediated Reactions 
of Carbonyl Compounds with Ethyl Bromoacetate

"Sonications were carried out at room temperature in a Fisher Scientific 
ultrasonic cleaner bath, which delivered a 43 kHz wave, with a fixed 
electrical power of 435 Watts.

entry R R' yield 
(%)a entry R R' yield 

(%)a

1 n-Bu H 95 6 2-NO2-C6H4 H 85
2 iso-Pr H 91 7 2-HO-C6H4 H 93
3 Ph H 97 8 2-C4H3S H 90
4 3-Br-C6H4 H 91 9 -(CH2)5- 82
5 2,6-(MeO)2-C6H4 H 90 10 4-Me-C6H4 Me 88

of ethynyl,25 allyl,26 allenyl,27 and propargyl28 groups at C-4 
position of 2-azetidinones is an especially intriguing and 
fundamental problem in the field of carbapenem syntheses 
because further functionalization of these groups has high 
potentials for the construction of the bicyclic nucleus.29 
Although a variety of allylations at C-4 position of 4- 
acetoxy-2-azetidinone have been reported,26 the methods of 
selective nucleophilic allenylation or propargylation are 
relatively few.27 Moreover, adjusting the regioselectivity of 
the reaction of propargyl metals with 4-acetoxy-2-azetidi- 
nones toward the synthesis of either 4-allenyl or 4-propargyl- 
2-azetidinones remains a formidable challenge to date.

The reaction of 4-acteoxy-2-azetidinones with organo- 
indium reagents in situ generated from indium and j-sub- 
stituted propargyl bromides in the presence of KI in DMF 
selectively produced 4-allenyl-2-azetidinones in good to 
excellent yields (Scheme 1). The ^-substituted propargyl 
bromides and indium selectively gave 4-propargyl-2- 
azetidinones. The 4-(1'-substituted allenyl)-2-azetidinones 
were treated with 5 mol % AuCl3 in CH2Cl2 to produce 
bicyclic ^-lactams in good yields.30

Indium-Mediated Michael Addition and Hosomi- 
Sakurai Reactions.

Regioselectivity of the Reactions of the Organoindium

Scheme 1

with 以,Q-Unsaturated Ketones: The addition reaction of 
organometallic reagents with aQ-enones is one of the 
powerful methods for C-C bond formation. Michael addition 
reaction has been normally achieved by using organocopper 
and organomagnesium reagents in the presence of additives 
such as copper halides.31 Our interest in extending the scope 
of the Michael addition reaction and subsequent application 
of indium to organic reaction32 has led us to investigate the 
reaction of organoindium reagents with a,Q-enones. Gener
ally, organoindium reagents reacted with a,Q-enals to afford 
1,2-addition products in good yields.33 The reaction of 4- 
phenyl-3 -buten-2-one, which is an unique example of a,Q- 
enone, with allylindiums produced a regioselective 1,2- 
addition product.17,33 However, there are few reports on the 
Michael addition reaction of a,Q-enones with organoindium 
reagents.4 Recently, it has been reported that indium- 
mediated allylation to 1,1-dicyano-2-arylethenes gives 1,4- 
addition products in aqueous media with good yields.4a 
Tetraorganoindate complexes react with a,Q-enones in 1,4- 
addition mode.4c The reaction of organoindium reagents 
with a,Q-unsaturated carbonyl compounds, in which two 
electron withdrawing groups were attached to alkenes, 
proceed in 1,2-addition mode, whereas 1,4-addition reaction 
took place with 1,1-dicyano-2-arylethenes, which are ex
tremely electron deficient olefins.4d Although a variety of ex
amples of the nucleophilic addition of organoindium 
reagents to aldehydes and ketones have been reported,34 
regioselectivity of the reaction of the organoindium reagents 
with a,Q-enones has not been systematically studied. 
Recently, indium-mediated propargylation and allenylation 
to carbonyl compounds has been reported.35 However, 1,4- 
propargylation and allenylation onto a,Q-enones are very 
difficult because 1,2-addition mode of propargyl or allenyl 
group is a major process. In addition, there has been no 
example on the indium-mediated Q-propargylation to a,Q- 
enones.36

Regioselectivity on the reactions of a,Q-enones with 
organoindiums such as in situ generated allylindium and 
allenylindium was systematically studied in the presence of 
TMSCl as an additive. The treatment of 2-cyclohexen-1- 
one, carvone, 2-cyclohepten-1-one, and chalcone with allyl
indium reagents produced the 1,4-addition products in good 
yields, while 2-cyclopenten-1-one, 2-methyl-2-cyclopenten- 
1-one, 4,4-dimethylcyclohexen-1 -one, 3-nonen-2-one, 4- 
hexen-3-one, and 4-phenyl-3 -buten-2-one afforded the 1,2- 
addition products (Scheme 2). Organoindium reagent deriv
ed from indium and propargyl bromide in Grignard type 
gave addition products in good yields, under which the 
successive addition of a,Q-enones and TMSCl were neces
sary. Although the organoindium reagent derived from pro
pargyl bromide produced the propargylated compound in 
Grignard type except 2-cyclohepten-1-one, the indium reagent 
obtained from 1 -bromo-2-butyne having j-methyl group 
gave the allenylation product in Barbier type.4f,37

The Catalytic Hosomi-Sakurai Reaction: When InCl3 

was added in a stoichiometric amount to a solution of 2- 
cyclohexen-1 -one in CDCL, the 1H NMR spectrum of the
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Scheme 2

resulting solution exhibited two peaks at 6.16 and 7.13 ppm 
which corresponds to the a- and ^-protons, respectively. 
Although the chemical shifts of the a- and ^-protons were 
shifted downfield relative to those of 2-cyclohexen-1-one, 
the a,Q-enone moiety was maintained. In contrast, the a,。- 
enone moiety was entirely consumed to produce allylic 
carbocation species in the presence of stoichiometric amounts 
of TiC» indicating that the titanium complex coordinates to 
a,Q-enone irreversibly. These results strongly imply that 
although InCl3 activates 2-cyclohexen- 1-one, the extent of 
the activation is weak enough to have reversible coordi
nation; thus, InCl3 may act as a catalyst in Hosomi-Sakurai 
reaction (Table 4). Surprisin이y, the 1,4-addition product was 
not produced at all with the catalytic amount of TiCl4 and 
AlCL regardless of the presence of TMSCl.38

The conjugate addition of allylsilanes to a,^-unsaturated 
carbonyl compounds, referred to as the Hosomi-Sakurai 
reaction, has been recognized as an efficient method for C-C 

bond formation.39 It has played an important role in the area 
of synthetic organic chemistry.40 Lewis acids employed in 
the Hosomi-Sakurai reactions are various, among which 
TiC», AlCl3, and BF3：OEt2 are in general the most effective 
for the allylations.39 Recently, indium(III) chloride-mediated 
Hosomi-Sakurai reactions have been reported.38,41 Despite 
the latest development, there is still a strong need for a 
simple and efficient method for the conjugate allylation of 
a"-enones.

We have demonstrated that a novel indium-mediated 
strategy can be achieved for 1,4-addition of allyltirmethyl- 
silane to a»Q-enones in dichloromethane in the presence of 
trimethylsilyl chloride as an additive under mild conditions. 
The process is simple to conduct and provides a diverse 
range of 6-oxoalkenes in good yields (Table 5). This proto
col is an appealing alternative to the existing Hosomi- 
Sakurai reaction because of its mild reaction conditions and

Table 4. Indium Trichloride-Catalyzed Hosomi-Sakurai Reaction 
with Allyltrimethylsilane

Table 5. Indium Trichloride-Catalyzed Hosomi-Sakurai Reaction 
with Allyltrimethylsilane

product yield (%) product yield (%) product yield (%)

aAllylbenzyldimethylsilane was used. "Diasteromeric ratio of a。. Ratio 
(cis:trans) of starting material=6:1.

product yield (%) product yield (%) product yield (%)

aAllylbenzyldimethylsilane was used. "Diasteromeric ratio of a：。. Ratio 
(cis:trans) of starting material=6:1.
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Table 6. Indium-Mediated Q-Allylation and Q-Propargylation onto a;Q-Unsaturated Ketones

entry halides product yield (%)a entry halides product yield (%)a

"Reaction performed with 10 equiv of enone, 1.0 equiv of In, 1.5 equiv of propargyl bromide, 1.2 equiv of Me?S and 1.05 equiv of TBSOTf, unless 
otherwise notes. "Phosphonium salt was used. c2-Cyclohexen-1 -one:In:allylbromide= 1.0:0.67:1.0. ^MezS was not used. eIsomeric ratio of crotyl 
bromide; cis:trans=1:5.々he ratios in parentheses indicate the diastereomeric ratio. g1 Equiv of Lil was used. hThe ratios in parentheses indicate 
diastereomeric ratio.

the properties of indium metal being advantageous over 
other metals.42

In-Mediated Q-Allylation, Q-Propargylation, and Q- 
Allenylation onto %Q-Unsaturated Ketones: Michael 
addition of organometallics to aQ-unsaturated carbonyl 
compounds is one of the most useful and important methods. 
It has been normally achieved by using organocopper and 
organomagnesium reagents in the presence of additives such 
as copper halide.31 Although Q-substituted silyl enol ethers 
are generally obtained from aQ-enones by 1,4-addition of 
organocopper reagents followed by enolate trapping, such 
procedures are sometimes inconvenient and the requisite 
reagents are difficult to obtain.43 Recently, the indium-medi- 
ated propargylation or allenylation to carbonyl compounds 
has been reported.44 However, 1,4-propargylation and allen- 
ylation onto a,Q-unsaturated ketones is very difficult because 
the 1,2-addition mode of propargyl or allenyl group is a 
major path. In addition, there is no example of the indium- 
mediated Q-propargylation to a，Q-unsaturated ketones.45

The 3-tert-butyldimethylsilyloxyalk-2-enylsulfonium salts, 
generated in situ from the reaction of a,Q-enones with 
dimethyl sulfide in the presence of TBSOTf, underwent a 
novel nucleophilic substitution with allylindiums to give 
silyl enol ethers of &-alkenyl ketones in good yields, which 
correspond to formal Michael addition products (Table 6).46 
In a similar manner, 1,4-propargylation of propargyl-indiums 
onto the sulfonium salts produced the corresponding silyl 
enol ethers of &-alkynyl ketones in good yields. Organo- 

indium reagents derived from 戸substituted propargyl bromide 
and indium afforded the corresponding silyl enol ethers of Q- 
allenyl ketones in good yields. The reaction proceeded via 
an addition-substitution mechanism involving the formation 
of allylic sulfonium salts. The presence of the intermediate 
sulfonium salt was confirmed by the observation of the low 
temperature 1H NMR.

Highly Efficient 1,4-Addition of 1,3-Diesters to Conju
gated Enones by Indium and TMSCl: The Michael reac
tion is one of the most efficient methods and has wide 
applications in organic synthesis.31,43,47 It is usually carried 
out with a base as the reagent. However, it suffers from some 
side reactions such as auto condensations, "is-additions, 
rearrangements, polymerizations, and 1,2-additions in the 
presence of strong bases. Despite the latest development, 
there is still strong need for highly efficient and mild 
methods for the corresponding 1,4-addition of 1,3-diesters to 
conjugated enones. Although the use of 1.0 equiv of TMSCl 
produced 1,2-addition product in low yield, we were able to 
obtain the desired product in 92% yield with 1 equiv of 
indium and 5 equiv of TMSCl within 30 min at room 
temperature. Reaction of 2-cyclohexen-1 -one with diethyl 
bromomalonate using 10 mol % of indium and 5 equiv of 
TMSCl did not proceed. THF was the solvent chosen from 
several reaction media screened.

Organoindium reagents derived from indium and diethyl 
bromomalonates were added to a wide range of conjugated 
enones in a 1,4-fashion in the presence of TMSCl in THF
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Table 7. Reactions of o,Q-Enones with Organoindium in the Pre
sence of TMSCl

under mild conditions, and the corresponding oxo-1,3- 
diesters were obtained in good to excellent yields (Table 7).48
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Intramolecular Carboindation Reactions. Despite the 
synthetic usefulness of intermolecular indium-mediated C-C 
bond formation,1 the corresponding indium-mediated intra
molecular cyclizations are mainly limited to the Pd-In- 
mediated arylative cyclizations of allenyl carbonyl com- 
pounds,49 intramolecular allylindation of terminal alkynes in 
aqueous media,50 cyclizations of tethered propargyl bromides 
to carbonyl compounds,51 atom-transfer cyclizations,52 and 
cyclizations via trans-hydrometallation of alkynes by InCl3 

and DIBAL-H.53 As part of our continuing effort to expand 
the synthetic utility of organoindium reagents, we found 
efficient intramolecular cyclizations of 1-bromo-2,7- and 
2,8-enynes with indium.54

Our initial study focused on the use of N-(E)-4-bromo-2- 
butenyl-N-propargyl-p-toluenesulfonamide. Although the 
treatment of this compound with 1 equiv of indium did not 
produce the desired product (25 oC, DMF), heating allyl 
bromide at 80 oC gave the cyclic compound in 82 % yield. 
The reaction of N-2-butenyl-4-iodo-N-propargyl-p-toluene- 
sulfonamide with indium gave the desired product in 80% 
yield (25 oC, 1 h). Addition of 3 equiv of potassium iodide as 
an additive to allyl bromide gave the best result and afforded 
the carbocycle in 83% yield (25 oC, 1 h). We believe that KI 
is involved in the generation of allyl iodide derivatives 
during the cyclization reaction because the indium-mediated 
cyclization of allyl bromide did not occur without KI at 25 
oC for 1 h.

The cyclization of 1-bromo-2,7- and 2,8-enynes mediated 
by indium in DMF produced five- and six-membered cyclic

Table 8. Cyclization of Terminal 1-Bromo-2,7- and 2,8-Enynes Mediated by Indium

enyne

In + Enyne + KI ---------------
DMF

Cyclic compound

product yield (%)a enyne product yield (%)a

aThe reaction performed with 1 equiv of indium and 3 equiv of KI unless otherwise notes. "dr=1.3:1. cdr=1:2.2. dKI was not used. eReaction performed 
with 1 equiv of indium without KI. ■/dr=1:3. gdr=1.1.6. "Dehalogenated compound was obtained in 9% yield.
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Scheme 3

compounds (Table 8). Although KI was a necessary additive 
in the cyclization of terminal 1-bromo-2,7-enynes to give the 
desired products at 25 oC, the reactions of terminal 1-bromo- 
2,8-enynes and internal 1-bromo-2,7-enynes with indium 
proceeded at 100 oC in DMF without KI. After cyclizations, 
the subsequent cross-coupling reaction and iodolysis increased 
the usefulness of this reaction (Scheme 3).

After N-(E)-4-bromo-2-butenyl-N-propargyl-〃-toluene- 
sulfonamide was treated with indium in the presence of KI 
in DMF at 25 oC for 1 h, the addition of 4 mol% Pd(PPh3)4, 
Lil (3 equiv) and 1 -iodo-4-nitrobenzene (3 equiv) to the 
reaction mixture gave the coupling product in 78% yield. 
Following the iodolysis (3 equiv I2, 25 oC, 18 h) under the 
same reaction conditions produced vinyl iodide in 58% yield.

G이lium-Mediated Organic Reactions

Addition Reactions of Propargylgallium to Carbonyl 
Group. The selective nucleophilic allenylations or proparg- 
ylations to carbonyl compounds toward the synthesis of 
either homoallenyl alcohols or homopropargyl alcohols are a 
very important class of organic transformations.12,55 To date 
various methods have been developed on the basis of 
nucleophilic character of propargylmetals obtained from 
propargyl halides and metals (Ti, Al, Si, Sc, In, Sn, Zn, Bi, 
Cd, and Sb).56 Surprisin이y, although organoindium reagents 
obtained from the reaction of indium with allyl halides, allyl 
acetates, and propargyl halides have been used extensively 
in carbonyl addition reactions,1,57 additions to C-C multiple 
bonds and nitrile,58 and cross-coupling reactions,5 the organo- 

gallium reagents prepared from gallium and allyl halides and 
propargyl halides have not been explored to a great extent.59 
Preparation of allylgalliums via direct reduction of allylic 
bromides using a catalytic amount of indium60 and selective 
allene formation10 using organoindium reagents generated 
from indium and /-substituted propargyl bromides led us to 
investigate the efficient and regioselective indium-catalyzed 
addition reactions of propargyl bromides to carbonyl com
pounds with gallium.61

When 3 -bromo- 1-(trimethylsilyl)-1 -propyne was used, the 
organoindium and organogallium reagents in the presence of 
5 mol% of indium gave the same results in yield (81%) and 
selectivity (a-attack). The reactions of organogallium reagents 
generated from propargyl bromides having substituents at 
the /-position and gallium in the presence of 5 mol% of 
indium with aldehydes and ketones selectively produced 
homoallenyl alcohols in good to excellent yields. Treatment 
of organogallium reagents obtained from propargyl bro
mides having substituents at the a-position and gallium in 
the presence of 5 mol% of indium with carbonyl compounds 
selectively afforded homo-propargyl alcohols (Scheme 4).

Regioselective Allylgallation of Terminal Alkynes. The 
carbometalation of C-C multiple bonds is a very important 
organic transformation.62 In particular, the development of 
allylmetalation of simple unactivated alkynes toward the 
synthesis of 1,4-dienes is valuable in organic syntheses 
because of the utility of 1,4-dienes and only limited number 
of allylmetals available for this purpose.63 To date various 
allylmetalations have been reported on the basis of nucleo
philic character of allylmetals obtained from allyl halides

R1 = alkyl, aryl R2 = H, Me

A + 5 m이 % In
애 ,R3 理土歹+ OH

THF, 25°C

R3= H, R4=H / R3= TMS, R4= H / R3= H, R4= Me 
R3= Me, Et, Ph / R4= H

a-attack major
y-attack major

Scheme 4
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Table 9. Allylgallation of Terminal Alkynes with Allyl Bromide and Galliuma

allyl bromide product yield (%)b allyl bromide product yield (%)b

"Reactions in Grignaed type performed with terminal acetylene (1 mmol), allylic bromide (8.0 mmol), and Ga (2.0 mmol) in THF at 70 oC, unless 
otherwise noted. "Isolated yield. cGC yield was obtained on the basis of an internal standard (dodecane). dAlkyne (1 mmol), allyl bromede (16 mmol),
and Ga (4 mmol) was used.

and metals (Ta, Zr, Zn, Al, Ti, Si, and Sn).63 Although the 
organoindium reagents in situ generated from the reaction of 
indium with allyl halides have been used extensively, 
organogallium reagents have not been explored to a great 
extent in organic syntheses.64 We demonstrated an efficient 
synthesis of 1,4-dienes via allylation of alkynes by organo- 
gallium reagents.

We first investigated various experimental conditions using 
phenylacetylene and allyl bromide. Among the reaction 
conditions examined, the best results were obtained with 2.0 
equiv of gallium and 8.0 equiv of allyl bromide in THF at 70 
oC for 4 h, which provided 1,4-diene in 95% yield.65 The 
reactions of terminal alkynes with allylgallium reagents in 
situ generated from gallium and allyl bromides gave the 
corresponding 1,4-dienes in good yield via Markovnikov 
addition in THF at 70 oC (Table 9).

Although the allylation of 5-hexyn-1-ol provided 5- 
methylene-7-octen-1-ol in 51% yield, 1-phenyl-2-propyn-1- 
ol gave 1-phenyl-1,2,5-hexatriene in 60% yield via anti- 
Markovnikov addition to the triple bond followed by 
elimination (Scheme 5). This implies that the changes in 
selectivity for the formation of 1 -phenyl-1,2,5-hexatriene via 
the anti-Markovnikov addition in the reaction of 1-phenyl-2- 
propyn-1-ol were caused by the coordination of the carbinol 
oxygen to an organogallium intermediate.

Scheme 5

Conclusions

In this account, we have described a number of very useful 
processes for C-C bond formation using organoindium 
reagents in situ generated from the reaction of indium with 
allyl halide and propargyl halide, respectively, via addition 
and substitution reactions. We demonstrated efficient addi
tion reactions of allylindium to carbonyl and iminium 
groups, indium-mediated synthesis of 2-(2-hydroxyethyl)- 
homoallenylsilanes, indium-mediated allylation of keto 
esters with allyl halides, and sonochemical Reformatsky 
reaction using indium. We found the indium-mediated 
selective introduction of allenyl and propargyl groups at C-4 
position of 2-azetidinones, indium-mediated ^-allylation, (3- 
propargylation and 3-allenylation onto a,3-unsaturated 
ketones, and highly efficient 1,4-addition of 1,3-diesters to 
conjugated enones by indium and TMSCl. Indium-mediated 
Michael addition and Hosomi-Sakurai reactions were develop
ed, and in this methodology, indium and indium trichloride 
could be used only in catalytic amounts. Intramolecular 
carboindation reactions were developed, and the resulting 
organoindium intermediates could undergo a variety of very 
useful subsequent transformations to give cyclic compounds. 
In addition, we found the addition reactions of propargyl
gallium to carbonyl group and regioselective allylgallation 
of terminal alkynes. In these methodologies, organoindium 
reagents were obtained in situ from indium and the corre
sponding halides. The reactions proceeded under relatively 
mild reaction conditions and tolerated a wide variety of 
functional groups, thus avoiding the protection-deprotection 
sequences.
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