
Enantioselective Indium-Catalyzed Transformations
Hélène Pellissier* 0000-0003-0773-5117

Aix-Marseille Univ, CNRS, Centrale Marseille, iSm2, Marseille, 
France
h.pellissier@univ-amu.fr

Corresponding Author

R R'

X
Y+

R

HX

R'

*
[In]*

R CO2R'

O

R''

XO

OMe

+
[In]*

O

R''

O

R

CO2R'

*

R CHO +
OH

R''R' OHC

R R'

R''

* *
[In]*

A + B [C]* D*
[In]*

Received: 01.12.2020
Accepted after revision: 08.01.2021
Published online: 09.02.2021
DOI: 10.1055/a-1348-9122; Art ID: ss-2020-z0615-r

Abstract This review updates the field of enantioselective indium-
catalyzed transformations of all types since 2012. It shows that asym-
metric indium catalysis, that suits the growing demand for greener pro-
cesses, offers a real opportunity to replace toxic metals in the near fu-
ture.
1 Introduction
2 Allylations, Propargylations, and Allenylations of Carbonyl Com-

pounds and Derivatives
2.1 Allylations
2.2 Propargylations and Allenylations
3 Cycloadditions
3.1 Hetero-Diels–Alder Cycloadditions
3.2 1,3-Dipolar Cycloadditions
4 Miscellaneous Reactions
5 Domino and Tandem Reactions
6 Conclusion

Keywords asymmetric indium catalysis, enantioselective reactions,
metal catalysis, chirality, asymmetric catalysis

1 Introduction

The traditional approach to catalysis using Lewis acids
is changing rapidly from single-use, air- and moisture-sen-
sitive metal complexes to less toxic, more stable, and more
air- and water-tolerant catalysts, such as indium. More than
a century after its discovery, indium, the chemistry of
which remained for a long time limited to its use in semi-
conductors and other materials, was demonstrated to be
able to mediate organic reactions, such as the Reformatsky
reaction reported in 1975 by Rieke and Chao,1 and the al-
lylation of carbonyl compounds reported in 1988 by Araki,
Ito, and Butsugan.2 Since then, indium has emerged as a
green metal of high potential in organic synthesis because
of its unique properties. Especially in the last decade, a
wide variety of highly enantioselective indium-catalyzed

processes have been developed spanning from basic reac-
tions, such as allylations, propargylations, and allenylations
of carbonyl compounds and derivatives, cycloadditions, cy-
clizations, alkylations of aldehydes, aldol condensations,
Michael additions, SN1 reactions, etc., to more complex and
modern processes, such as tandem and domino reactions
through either carbon–carbon or carbon–heteroatom bond
formation. Even if indium is a weaker Lewis acid than many
transition metals, indium catalysis suits the growing de-
mand for greener processes and offers a real opportunity to
replace toxic metals in the near future. The goal of this re-
view is to collect the major developments in enantioselec-
tive indium-catalyzed transformations published since
2012, since this field was most recently reviewed in 2013
by Li and Xu in a book chapter, covering the literature up to
2011.3 Previously, different reviews focusing on the general
field of indium catalysis were published,4 along with others
dealing with only racemic works.5 It must be noted that in
2016 a review on indium-mediated organic reactions was
published by Yang, Wang, and Long, albeit with no asym-
metric transformations.6 Moreover, reviews on organoindi-
um reagents have to be mentioned.7 The present review is
divided into four parts, dealing successively with enantio-
selective indium-catalyzed allylation/propargylation/allenyl-
ation reactions, cycloadditions, miscellaneous reactions,
and tandem/domino reactions.

2 Allylations, Propargylations, and Allenyla-
tions of Carbonyl Compounds and Derivatives

2.1 Allylations

Allylations of carbonyl compounds and derivatives such
as imines,7a,8 constitute key steps in the synthesis of drug
candidates, because both homoallylic alcohol and amine
products are useful building blocks for the synthesis of bio-



active heterocycles. In order to obtain these products enan-
tiomerically pure, various chiral catalysts have been devel-
oped to promote allylations, among which are chiral indi-
um complexes.9 The first enantioselective indium-mediated
allylation reaction was reported in 1999 by Loh and co-
workers, using a stoichiometric amount of (–)-cinchonidine
as chiral ligand, which allowed enantioselectivities of up to
75% ee to be obtained.10 The first asymmetric allylation
based on the use of a catalytic amount of chiral ligand was
disclosed later in 2005 by Cook and co-workers.11 It in-
volved hydrazones as electrophilic substrates and provided
up to 92% ee values when using 10 mol% of a BINOL-derived
ligand. Since then, other types of chiral ligands, including
bisoxazolines, amines, amino alcohols, and other BINOL-de-
rivatives etc., have been successfully investigated in these
reactions. For example, a chiral Pybox ligand was employed
by the Yoda group in 2013/2014 to develop the first highly
enantioselective indium-catalyzed allylation of isatins 1
with functionalized �-carbonyl allylstannanes 2.12 As illus-
trated in Scheme 1, this highly efficient process involved a
chiral indium catalyst at 10 mol% of catalyst loading, which
was in situ generated from In(OTf)3 and chiral Pybox ligand
3, in acetonitrile as solvent. It afforded a range of chiral am-
ide allylated acyclic 2-oxindoles 4 in generally both excel-
lent yields (88–>99%) and enantioselectivities (90–99% ee).
Indeed, various N-alkyl- and N-phenylisatins as well as N-
unsubstituted isatins (R1 = H) reacted smoothly with a se-
ries of N-alkyl and N-aryl �-amido allylstannanes. Only in
the case of a N,N-disubstituted �-amido derivative (R2 =
NMePh) lacking the amide NH proton was a much lower
yield (37%) and enantioselectivity (66% ee) obtained. This
result suggested that the NH-containing amide functional-
ity could play an important role in enhancing enantioselec-
tivity through specific binding interactions of the stanny-
lated reagent with chiral catalyst–substrate association. The
thus formed allylated products 4 were further converted
with complete retention of enantioselectivity by treatment
with p-TsOH in dichloromethane at room temperature into
the corresponding expected almost enantiopure spiro-

fused 2-oxindole/�-methylene-�-butyrolactones 5, which
were synthesized for the first time and constitute potent
biologically active products.13

Scheme 1  Amide allylation of isatins with functionalized allylstannanes

In 2014, the Yoda group applied these conditions to
challenging acyclic �-keto esters 6, thus performing the
first catalytic enantioselective amide allylation of these
substrates (Scheme 2).14 Indeed, acyclic �-keto esters 6
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reacted with functionalized allylstannanes 2 to give the
corresponding almost enantiopure homoallylic alcohols 7
in good to quantitative yields (72–99%). The process
showed a wide substrate scope for both of the two sub-
strates. Thus, many stannylated reagents 2 bearing either
aromatic or alkyl groups (R3) gave comparable excellent re-
sults. The reaction of benzoyl formates (R1 = Ph) provided
uniformly remarkable yields (96–99%) and enantioselectiv-
ities (96–99% ee) while that of methyl pyruvate (R1 = Me)
led to the corresponding product with comparable excellent
ee value (99% ee) albeit combined with a lower yield (72%).
These chiral products were further converted by treatment
with p-TsOH in DCE at 50 °C into the corresponding enan-
tiopure �-methylene-�-butyrolactones 8 in high yields (68–
99%) without noticeable degradation of the enantiopurity.

Scheme 2  Amide allylation of acyclic �-keto esters with functionalized 
allylstannanes

The Barbier-type allylation of ketones using allyl halides
and indium metal constitutes a direct route to homoallylic
alcohols.7 Most of the asymmetric versions of this reaction
have been developed in organic solvents. In 2017, Nakamura
and co-workers disclosed the first enantioselective Barbier-
type allylation of ketones performed in water, providing
high enantioselectivities of up to 89% ee.15 As shown in
Scheme 3, ketones 9 reacted at 0 °C with allyl bromide 10 in
the presence of 2 equivalents of indium and 10 mol% of chi-
ral bisimidazoline ligand 11 to afford the corresponding
chiral homoallylic alcohols 12 in moderate to high enantio-
selectivities (55–89% ee) and yields (40–99%). The catalyst
system was compatible with variously substituted ace-

tophenones (R = Me) and trifluoromethyl ketones (R = CF3).
The presence of halogen groups in para and meta positions
of the phenyl group of the ketone was compatible, leading
to good to high ee values (59–89% ee). That of electron-
donating groups (Ar = m-Tol, m-MeOC6H4) also allowed high
enantioselectivities (74–84% ee) to be achieved. The lowest
ee value (55% ee) was obtained in the reaction of the 3-thie-
nyl-substituted ketone (Ar = 3-thienyl).

Scheme 3  Barbier-type allylation of acyclic ketones with allyl bromide

While the use of indium(III) complexes as Lewis acids is
the most employed, that of indium(I) catalysts remains
much less developed. The particularity of these complexes
is that they can act as both Lewis acids and Lewis bases be-
cause they have both vacant p orbitals and a lone pair of
electrons. This potential ambiphilicity may offer a unique
reactivity and selectivity in catalysis. In 2010/2011, the
Kobayashi group firstly introduced asymmetric indium(I)
catalysis in allylation reactions.16 Indeed, they demonstrat-
ed the use of indium(I) catalysts for carbon–carbon bond
formation between boron-based pronucleophiles and vari-
ous electrophiles.17 For example, a chiral catalyst in situ
generated from 5 mol% of InI and the same quantity of chi-
ral oxazoline ligand 13 was found to promote at 0 °C the
asymmetric allylation of hydrazones 14 with allyl pinacol
boronate 15. The process performed in a mixture of toluene
and methanol as solvent led to the formation of the corre-
sponding chiral hydrazines 16 in uniformly excellent yields
(85–>99%), as presented in Scheme 4. High enantioselectiv-
ities (80–96% ee) were achieved in the reaction of a range of
variously substituted aromatic or heteroaromatic hydrazones
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while an aliphatic hydrazone (R = Cy) reacted with a much
lower enantioselectivity (30% ee).

The Kobayashi group also studied the asymmetric crot-
ylation (X = Me) of (hetero)aromatic hydrazones 14 with �-
methylallyl pinacol boronate 17a under the same reaction
conditions.17 As illustrated in Scheme 5, only the �-adducts
18a (X = Me) were generated as major anti-diastereomers
with good to high diastereoselectivities (75–90% de), high
yields (81–98%) and enantioselectivities (84–94% ee). Fur-
thermore, comparable results (71–89% yield, 94–98% de,
81–86% ee) were achieved in the asymmetric �-chloro-
allylation (X = Cl) of aromatic hydrazones 14 with �-chloro-
allyl pinacol boronate 17b, affording the corresponding
chiral �-anti-chlorinated products 18b (X = Cl).

Scheme 5  Crotylation and �-chloroallylation of hydrazones with crotyl 
and �-chloroallyl pinacol boronates

In addition, the Kobayashi group selected another indi-
um(I)-based catalyst to promote the asymmetric allylation
of N,O-aminals 19 with allyl pinacol boronate 15.17 The in-
dium(I)-based catalyst was generated from 6.5 mol% of chi-
ral phosphoramide 20 and 5 mol% of InCl in a mixture of
toluene and cyclopentyl methyl ether (CPME) as solvent. A
range of (hetero)aromatic and aliphatic N,O-aminals 19
were compatible with this catalyst system, providing the

corresponding chiral homoallylic amines 21 in excellent
yields (88–99%) and good to high enantioselectivities (72–
96% ee), as shown in Scheme 6.

Scheme 6  Allylation of N,O-aminals with allyl pinacol boronate

3-Aminooxindoles bearing a tetrasubstituted carbon
stereocenter at the 3-position are widely found in the core
skeletons of many bioactive (natural) products and, conse-
quently, their synthesis is widely developed. On the other
hand, the asymmetric allylation of isatimines remained a
challenge until 2016 when Cai and Chen reported a highly
enantioselective allylation of N-aryl-isatimines 22 with all-
yltributyltin (23) promoted by 2.5 mol% of a chiral indium
catalyst in situ generated from In(OTf)3 and chiral imidaz-
olylpyridine ligand 24 (Scheme 7).18 The transformation
was carried out at room temperature in methanol as sol-
vent, delivering the corresponding chiral 3-allyl-3-aminoo-
xindoles 25 in uniformly high yields (81–91%) combined
with moderate to excellent enantioselectivities (43–97%
ee). A range of variously substituted N-aryl-isatimines 22
were compatible, but it was found that N1-unsubstituted
isatins (R1 = H) allowed higher ee values to be obtained (60–
97% ee) in comparison with N1-phenyl- or N1-alkyl-substi-
tuted isatins (43–74% ee). To explain the stereoselectivity of
the process, the authors proposed the formation of an allyl-
coordinated transition state with the allyl group positioned
in close proximity to the ketimine group (Scheme 7). In this
context, the enantioselective allylation occurred through
the Re-face of the ketimine, resulting in the formation of the
(S)-configured amine.

In 2005, Cook and co-workers reported the �rst exam-
ple of enantioselective indium-mediated allylation of hy-
drazones with allyl iodide using 10 mol% of (R)-3,3�-bis(tri-
fluoromethyl)-BINOL ligand to a�ord the corresponding
chiral homoallylic amines with enantioselectivities of up to
92% ee.11 In 2016, they found that using a new type of chiral
ligands in these reactions, such as chiral perfluoroalkylsul-
fonate BINOLs, improved the enantioselectivity of these re-
actions to 99% ee (Scheme 8).19 Indeed, when the allylation

Scheme 4  Allylation of hydrazones with allyl pinacol boronate

+

13 (5 mol%)

toluene/MeOH, 0 °C

R = Ph, p-Tol, p-PhC6H4, p-MeOC6H4, m-MeOC6H4, o-MeOC6H4,
p-HOC6H4, p-Me2NC6H4, p-O2NC6H4, 2-thienyl, 3-furyl, 2-Naph, pyridyl:
85–>99% yield, 80–96% ee
R = Cy: 87% yield, 30% ee

14

15
16

B(Pin)

InI (5 mol%)

CN

O

N

Ph
N

R

R

Ph

HN

HN

O
Ph

PhNHBz

NHBz

+

13 (5 mol%)

toluene/MeOH, 0 °C

Ar = Ph, p-Tol, p-MeOC6H4, m-MeOC6H4, p-HOC6H4, 2-thienyl, 3-furyl, 2-Naph
X = Me, Cl

14

17a,b

anti-18a,b

B(Pin)

InI (5 mol%)

CN

O

N

Ph
N

Ar

Ar

Ph

HN

71–>99% yield
  75–98% de
  81–94% ee

HN

O
Ph

PhNHBz

NHBz

X

X

+ Ar

HN
NHBz

X

major  minor

syn-18a,b

+

20 (6.5 mol%)

toluene/CPME, 23 °C

R = Ph, p-Tol, p-FC6H4, p-MeOC6H4, o-FC6H4, m-F3CC6H4, m-Tol,
2-thienyl, 3-furyl, 2-Naph, m-Tol, Cy, n-Hept

19

15
21

B(Pin)

InCl (5 mol%)

NHBz

R

R

NHBz

88–99% yield
  72–96% ee

Ar

Ar

O

O
P

O

OH

Ar = 3,5-(t-Bu)2-4-MeOC6H2

OMe



of a series of (hetero)aromatic and aliphatic hydrazones 26
with allyl iodide 27 (X = I) or bromide 10 (X = Br) was pro-
moted by a combination of 2 equivalents of indium with 10
mol% of BINOL-derived ligand 28 in THF, it resulted in the
formation of the corresponding chiral amines 29 in high
yields (82–98%) and good to excellent enantioselectivities
(70–99% ee). Especially (hetero)aromatic hydrazones pro-
vided uniformly very high ee values (87–99% ee) while a
lower enantioselectivity (70% ee) was obtained in the reac-
tion of an aliphatic hydrazine (R = BnCH2). Interestingly, the
BINOL-derived catalyst could be easily recovered by chro-
matography on silica gel and recycled without loss of activ-
ity and enantioselectivity.

In 2017, the Yoda group described the enantioselective
amide allylation of �-iminoamides 30 with N-substituted �-
amido-allylstannanes 2.20 The reaction employed 20 mol%
of InCl3 as precatalyst and 25 mol% of chiral BINOL deriva-
tive 31 as ligand in the presence of 10 mol% of ZnCl2 as an
additive in acetonitrile as solvent. It afforded, at 0 °C, a se-
ries of chiral homoallylic amines 32 in uniformly excellent

yields (92–99%). In the reaction of phenyl �-iminoamides
(Ar = Ph) eventually bearing electron-donating or electron-
withdrawing groups on the phenyl ring, uniformly high en-
antioselectivities (82–96% ee) were achieved while a lower
ee value (57% ee) was obtained when a naphthyl-substitut-
ed substrate (Ar = 1-Naph) was employed. To demonstrate
the utility of this novel methodology, the thus formed chiral
amines were converted by treatment with Boc2O under ba-
sic conditions into the corresponding biologically interest-
ing �-methylene-�-butyrolactams 33 with high yields (90–
98%) and retention of enantioselectivity (Scheme 9).

2.2 Propargylations and Allenylations

Chiral homopropargylic alcohols constitute key inter-
mediates in the synthesis of many complex molecules, in-
cluding biologically active products. Among metals em-
ployed to promote propargylation reactions of carbonyl
compounds and derivatives, indium has attracted a special
attention from chemists, due to its associated mild reaction
conditions, as well as its wide functional group compatibili-
ty. The first indium-mediated asymmetric propargylation
of aldehydes was pioneered by Loh and co-workers, in
2003.21 It involved a stoichiometric amount of cinchonidine
as chiral ligand, providing enantioselectivities of up to 84%
ee. Since then, several other types of chiral ligands have
been investigated in these transformations, but it must be
recognized that this field has remained much less devel-
oped than that of asymmetric allylations. As a rare example,
an asymmetric Barbier-type propargylation of aldehydes 34
with propargyl bromide (35) was developed by Singaram
and co-workers, in 2012.22 The process was mediated by 2
equivalents of indium and the same quantity of chiral 1,2-
amino alcohol 36 as ligand in THF, leading to the corre-
sponding chiral homopropargylic alcohols 37 in moderate
to high yields (53–90%) and enantioselectivities (74–95%
ee), as illustrated in Scheme 10. The catalyst system tolerated

Scheme 7  Allylation of isatimines with allyltributyltin
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(hetero)aromatic as well as aliphatic aldehydes. However,
this methodology was not applicable to the propargylation
of ketones. Moreover, a significant drawback of this meth-
odology was related to the requirement for a superstoichio-
metric amount of chiral ligand.

Scheme 10  Barbier-type propargylation of aldehydes with propargyl 
bromide

�-Alkynyl amides represent useful building blocks for
the synthesis of many heterocyclic systems. Their most di-
rect and economic synthesis is based on amido-functional-
ized propargylation of aldehydes. Surprisingly, it is only in
2019 that the first example of this methodology was de-
scribed by the Yoda group.23 It involved the amide propar-

gylation of aromatic and aliphatic aldehydes 34 with newly
prepared stannyl allenyl amides 38 achieved in the pres-
ence of only catalytic amounts of InCl3 (20 mol%) as precat-
alyst, chiral BINOL-derived ligand 39 (25 mol%), and ZnCl2
(20 mol%) as an additive. As depicted in Scheme 11, a range
of chiral amide-functionalized homopropargylic alcohols
40 were synthesized at room temperature in acetonitrile as
solvent with good to high yields (66–91%) and moderate to
excellent enantioselectivities (60–96% ee). Generally, the
reaction of aromatic aldehydes provided higher enantio-
selectivities (72–96% ee) than that of aliphatic aldehydes
(R = n-Non, t-Bu, 60–66% ee).

Scheme 9  Amide allylation of �-iminoamides with �-amido allylstan-
nanes
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In 2012, the Kobayashi group reported the asymmetric
allenylation of N,O-aminal 19 with allenyl pinacol boronate
41 promoted by a catalyst system composed of 10 mol% of
InCl and 13 mol% of chiral silver BINOL-phosphate 42.17 Per-
formed in toluene at 23 °C, the reaction afforded regioselec-
tively chiral homoallenyl carbamate 43 as major product in
71% yield and 86% ee (Scheme 12).

3 Cycloadditions

3.1 Hetero-Diels–Alder Cycloadditions

In 1999, Frost and co-workers disclosed the first use of
In(OTf)3 to promote hetero-Diels–Alder reactions.24 Indeed,
in the presence of only 0.5 mol% of this catalyst the imino-
Diels–Alder reaction between imines and dienes provided
the cycloadducts in excellent yields. Then in 2012, Luo and
co-workers disclosed the first regio- and enantioselective
hetero-Diels–Alder cycloaddition of �,�-unsaturated �-keto
esters 44 with cyclopentadiene and monosubstituted cyclo-
pentadienes 45 as well as disubstituted cyclopentadienes
46 catalyzed by a unique binary-acid catalyst system com-
posed of InBr3 and chiral phosphoric acid 47.25 This dual
catalyst was extremely active since only 1 mol% and 2 mol%
of catalyst loading in InBr3 and chiral phosphoric acid, re-
spectively, were sufficient to promote the transformation.
As shown in Scheme 13, unsubstituted and monosubstitut-
ed cyclopentadienes 45 reacted with aryl �,�-unsaturated
�-keto esters 44 to give a mixture of expected enantiopure
hetero-Diels–Alder products 48 as major products along
with carbon-Diels–Alder cycloadducts 49 as minor prod-
ucts in 78:22 to 87:13 ratios. Both the yields of the reaction
(88–99%) and enantiopurities of the major products (98–
>99% ee) were excellent. In the case of disubstituted cyclo-
pentadienes 46, the reactions with both aryl and alkyl �,�-
unsaturated methyl �-keto esters 44 proceeded exclusively
to give the corresponding chiral hetero-Diels–Alder cyc-
loadducts 50 as single regioisomers. Moreover, these prod-
ucts were obtained almost enantiopure (94–>99% ee) in
high to quantitative yields (85–99%).

The asymmetric hetero-Diels–Alder cycloaddition of
Danishefsky’s dienes with aldehydes is also very attractive
since the formed enantioenriched oxygen-containing six-
membered heterocycles generated in this reaction are ver-
satile building blocks for the synthesis of numerous biologi-
cally active compounds. In this context, in 2013 Loh and
Zhao developed the enantioselective indium-catalyzed het-
ero-Diels–Alder of glyoxylates 6 (R2 = H) with Danishefsky’s
diene 51 (R3 = H) (Scheme 14).26 The reaction was catalyzed
at room temperature in dichloromethane as solvent by a
combination of 10 mol% of InI3 and 12 mol% of chiral Pybox

ligand 52 and gave the corresponding chiral cycloadducts
53 in good yields (59–80%) and moderate to high enantio-
selectivities (50–93% ee). The best enantioselectivities (92–
93% ee) were achieved in the reaction of tert-butyl glyoxyl-
ate (R1 = t-Bu) while much lower ee values were obtained
with less sterically hindered esters (R1 = i-Pr: 70% ee, R1 =
Me, Et: 50–63% ee). The scope of the process could be ex-
tended to more challenging �-keto esters 6 (R2 � H) which
reacted with Danishefsky’s dienes 51 to afford the corre-
sponding chiral cycloadducts 53 in variable yields (10–84%)
and enantioselectivities (30–95% ee). Again, the steric hin-
drance of the �-keto ester played a key role in both the yield
and enantioselectivity of the reaction. For example, they
were found much lower (10–48% yield, 30% ee) when the
substituents at the �-position of the carbonyl group were
bromomethyl and isopropyl whereas the presence of meth-
yl and linear (trimethylsilyl)ethynyl groups allowed much
better ee values (87–95% ee) and yields (52–84%) to be
achieved.

Scheme 13  Hetero-Diels–Alder reactions of �,�-unsaturated �-keto 
esters with cyclopentadienes
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Scheme 14  Hetero-Diels–Alder reaction of �-carbonyl esters with 
Danishefsky’s dienes

The related hetero-Diels–Alder cycloaddition of allenes
with �,�-unsaturated conjugated compounds also provides
a powerful tool for the rapid construction of six-membered
heterocycles.27 Surprisingly, even if various organocatalytic
asymmetric versions of this methodology have been suc-
cessfully developed, the first asymmetric metal-catalyzed
version was only reported in 2017 by Luo, Lv, and co-work-
ers by involving an indium catalyst.28 As illustrated in
Scheme 15, the cycloaddition of �,�-unsaturated �-keto es-
ters 44 with non-activated allenes 54 was promoted at
room temperature by a combination of 5 mol% of InBr3 and
10 mol% of chiral silver phosphate 55 in chloroform as sol-
vent. The corresponding chiral dihydropyrans 56 were pro-
duced as major Z-isomers in moderate to high yields (35–
90%) and moderate to excellent enantioselectivities (66–
99% ee). The reaction of monosubstituted allenes all provid-
ed uniformly excellent ee values (87–99% ee) while that of

1,1-disubstituted allenes generally gave lower enantio-
selectivities (66–93% ee).

Chiral O,O-acetals are versatile structural motifs in
many natural products and bioactive compounds, such as
carbohydrates, chromene acetal derivatives, and spiroketal
polyketides. In 2018, Luo, Lv, and co-workers disclosed a
novel route to these products based on the first catalytic
enantioselective hetero-Diels–Alder reaction of �,�-unsatu-
rated �-keto esters 44 with alkoxyallenes 57.29 This process
was catalyzed by a combination of 5 mol% of InCl with the
same quantity of chiral phosphoric acid 58. Performed at
room temperature in ethyl acetate as solvent, it yielded re-
gioselectively the corresponding chiral cyclic O,O-acetals 59
in moderate to quantitative yields (40–99%) and uniformly
excellent enantioselectivities (89–99% ee), as shown in
Scheme 16.

3.2 1,3-Dipolar Cycloadditions

The 1,3-dipolar cycloaddition is a powerful reaction be-
tween 1,3-dipoles, such as nitrones, and dipolarophiles to
produce five-membered-ring systems.30 In 2017, Shibasaki,
Kumagai, and Zhang reported an enantioselective indium-
catalyzed 1,3-dipolar cycloaddition between nitrones 60
and �,�-unsaturated 7-azaindoline amides 61 (Scheme
17).31 The catalyst was in situ generated in THF as solvent
from 10 mol% of In(OTf)3 and 12 mol% of chiral bishy-
droxamic acid 62. The process was exo-selective and led at
room temperature to the corresponding exo-cycloadducts
63 with good to high yields (67–93%), uniformly high enan-
tioselectivities (79–99% ee) and moderate to almost com-
plete exo-selectivity (exo/endo = 83:17 to >95:5). The use of
�,�-unsaturated 7-azaindoline amides as dipolarophiles
was crucial to elicit both high reactivity and stereoselectivi-
ty. The best diastereo- and enantioselectivities (>90% de,
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Scheme 15  Hetero-Diels–Alder reaction of �,�-unsaturated �-keto 
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83–99% ee) were achieved in the reaction of aromatic/ali-
phatic nitrones 60 to give products 63 while slightly lower
enantioselectivities (79–90% ee) combined with moderate
to high exo-selectivities (66–86% de) were obtained in the
reaction of aliphatic/aliphatic nitrones 60 with �,�-unsatu-
rated 7-azaindoline amides 61 to give the corresponding
products 64 in high yields (83–91%) by using a related chiral
bishydroxamic acid 65 as ligand (Scheme 17).

Scheme 17  1,3-Dipolar cycloadditions of nitrones with �,�-unsaturat-
ed 7-azaindoline amides

4 Miscellaneous Reactions

The intermolecular carbonyl-ene reaction is one of the
most economic methods for the construction of carbon–
carbon bonds because it involves simple and readily avail-
able starting materials.32 Many catalytic asymmetric ver-
sions of this transformation have been developed so far.
Among them, is an enantioselective indium-catalyzed in-
termolecular carbonyl-ene reaction between trisubstituted
alkenes 66 and glyoxylates 67 reported in 2015 by Loh, Xu,
and co-workers.33 The catalyst employed was in situ gener-
ated at room temperature from 10 mol% of InCl3 and 12
mol% of chiral Pybox ligand 52 in DCE as solvent, allowing a
range of chiral homoallylic alcohols 68 to be simply synthe-
sized with high anti-diastereoselectivities (76–98% de),
homogeneously excellent enantioselectivities (89–99% ee),

and moderate to high yields (55–90%), as shown in Scheme
18. Various electron-donating and electron-withdrawing
groups were tolerated on the phenyl ring of the aryl substit-
uent (Ar) of the trisubstituted alkenes, providing compara-
ble results. It was found that the geometry of the starting
alkene was essential for a high reactivity. For example, only
trans-alkenes allowed good yields to be achieved.

Scheme 18  Carbonyl-ene reaction of trisubstituted alkenes with gly-
oxylates

Earlier in 2012, chiral N,N�-dioxide ligand 69 was em-
ployed by Feng and co-workers at only 3.3 mol% of catalyst
loading in combination with 3 mol% of In(OTf)3 to catalyze
the enantioselective ring-opening of aromatic meso-epox-
ides 70 with aromatic amines 71.34 Performed at 0 °C in THF
as solvent, the reaction led to the corresponding chiral 1,2-
amino alcohols 72 in both excellent enantioselectivities
(91–99% ee) and yields (89–99%), as presented in Scheme
19.

Scheme 19  Ring-opening of aromatic meso-epoxides with aromatic 
amines
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In another context, in 2012 Cozzi and co-workers devel-
oped the enantioselective indium-catalyzed �-alkylation of
aliphatic aldehydes 73 with benzylic alcohols 74 (Scheme
20).35 The process was performed at room temperature in
hexane as solvent in the presence of 20 mol% of In(OTf)3
and the same quantity of chiral imidazolidinone 75. Evolv-
ing through a SN1-type mechanism, the process yielded the
corresponding chiral aldehydes 76 in good to excellent
yields (60–90%), uniformly high enantioselectivities (80–
96% ee) and zero to moderate diastereoselectivities (0–66%
de). The wide scope reflects the compatibility of indium
with a range of functional groups exhibited on the benzylic
alcohols (R3), such as esters, amides, protected amines, and
alcohols. Moreover, heteroaromatic substituents were tol-
erated, although providing moderate diastereoselectivities
(R3 = 2- and 3-thienyl: 4–34% de). In almost all examples,
the presence of a p-NMe2C6H4 group (R2 = NMe2) on the
benzylic alcohol was found essential for obtaining high
yields. It must be noted that the formed products constitut-
ed useful intermediates for the synthesis of biologically ac-
tive chiral diarylethane products.

Scheme 20  �-Alkylation of aldehydes with benzylic alcohols

In 2014, a related catalyst system was also applied by
Cozzi and co-workers to the asymmetric �-alkylation of
n-octanal (73a) with allylic and propargylic alcohols.36 As
depicted in Scheme 21, the use of 20 mol% of chiral imidaz-
olidinone 77 combined with the same quantity of InBr3 in
dichloromethane at 0 °C allowed the asymmetric �-allyla-
tion of n-octanal (73a) with aromatic allylic alcohols 78 to
give the corresponding chiral homoallylic aldehydes 79 as
major syn-products with moderate diastereoselectivities
(34–50% de) and good yields (53–71%) along with uniform-
ly high enantioselectivities (85–91% ee). Then, the �-alkyl-
ation of n-octanal (73a) with propargylic alcohols 80 was
also investigated. In this case, a related catalyst system com-
posed of 20 mol% of chiral imidazolidinone 81 and 20 mol%
of In(OTf)3 was found optimal to produce, at 0 °C, the corre-
sponding chiral homopropargylic aldehydes 82. Interest-
ingly, the reaction was performed in water and yielded the
products as major anti-diastereomers with moderate dia-

stereoselectivities (42–44% de) albeit combined with al-
most quantitative yields (94–97%) and homogeneously ex-
cellent ee values (97–98% ee). In these reactions (Schemes
20 and 21), the role of indium was supposed to assist the
formation of the benzylic, allylic, or propargylic carbenium
ion from the starting alcohol while the amine organocata-
lyst formed the corresponding enamine of the starting alde-
hyde which then attacked this carbenium ion.

Scheme 21  �-Alkylations of n-octanal with allylic and propargylic alco-
hols

In the same area, Rueping and co-workers developed
the enantioselective �-arylation of aldehydes 73 with quin-
oline acetals 83 (Scheme 22).37 In this case, the dual catalyst
system consisted of 10 mol% of In(OTf)3 as Lewis acid and
20 mol% of chiral imidazolidinone 75 as organocatalyst. The
process was performed in toluene at 0 °C, resulting in the
formation of chiral quinolines 84 in good yields (63–85%),
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low to moderate diastereoselectivities (28–60% de), and
good to excellent enantioselectivities (71–97% ee). The
presence of both electron-donating and electron-with-
drawing groups (R1) on the quinoline unit was compatible,
providing the corresponding dihydroquinoline derivatives
in high enantioselectivities. Moreover, different unfunc-
tionalized aldehydes varying in chain length were well tol-
erated. The utility of the methodology was demonstrated
by converting products into valuable tetrahydroquinolines,
2-substituted quinolines, and bridged quinoline derivatives.

Another type of dual catalysis was employed in 2013 by
Ratovelomanana-Vidal, Michelet, and co-workers to pro-
mote the asymmetric cyclization of disubstituted formyl
alkynes 85 into the corresponding chiral functionalized
cyclopentanes 86.38 The organocatalyst was simple achiral
cyclohexylamine and the Lewis acid and chiral indium
complex derived from 20 mol% of InCl3 and 22 mol% of
(R)-BINAM (Scheme 23). The reaction performed in ben-
zene at 20 °C led to cyclic chiral products 86 in both moder-
ate yields (25–48%) and enantioselectivities (56–68% ee).
However, the authors demonstrated that replacing the indi-
um catalyst by a chiral copper complex derived from 6
mol% of Cu(OTf)2 and 7.5 mol% of (R)-MeOBIPHEP allowed
higher enantioselectivities to be reached (94% ee).

Scheme 23  Cyclization of disubstituted formyl alkynes

The vinylogous Mukaiyama aldol reaction, especially
the �-selective aldol process, is a key transformation since it
provides 	-hydroxy-�,�-unsaturated carbonyl compounds
which are attractive targets for medicinal chemistry.39 So
far, most of chiral catalysts used in asymmetric vinylogous
Mukaiyama aldol reactions of simple ester-derived dienol
ethers are copper and titanium complexes. In 2015, Feng,
Lin, and co-workers showed that a chiral indium catalyst
generated in situ from 10 mol% of In(OTf)3 and 20 mol% of
chiral N,N�-dioxide 87 was able at –20 °C to highly efficient-
ly promote the enantioselective vinylogous Mukaiyama al-
dol reaction of methyl crotonate derived silyl dienol ester
88 with aldehydes 34 to afford the corresponding chiral 	-
hydroxy-�,�-unsaturated esters 89 in moderate to quantita-
tive yields (45–99%) and uniformly high ee values (82–98%
ee) (Scheme 24).40 The catalyst system was compatible with

various aromatic aldehydes bearing either electron-with-
drawing or electron-donating substituents at different posi-
tions on the phenyl ring (86–98% ee). Generally, ortho-
substituted aldehydes gave slightly lower yields and enantio-
selectivities than meta- and para-substituted ones. Ring-
condensed 1-naphthaldehyde and heteroaromatic 2-fural-
dehyde were also suitable, affording the corresponding
products in 96–99% yield and 92–94% ee. Interestingly, even
aliphatic aldehydes were also tolerated, leading to the cor-
responding products with high ee values (83–98% ee) albeit
with generally lower yields (45–88%) than aromatic alde-
hydes. The methodology was applied to the synthesis of
natural bioactive products, such as (R)-	-decalactone,
(3R,5R)-valerolactone, and (4R,6R,10R,12R)-verbalactone.

Scheme 24  Vinylogous Mukaiyama aldol reaction of aldehydes with a 
silyl dienol ester

The asymmetric Mukaiyama–Michael reaction allows
an easy access to enantioenriched 1,5-dicarbonyl com-
pounds. In this context, in 2018 Singh and co-workers de-
veloped the enantioselective indium-catalyzed Mukaiya-
ma–Michael addition of silyl enol ethers 90 to �,�-unsatu-
rated 2-acylimidazoles 91.41 The reaction occurred at 0 °C in
chloroform as solvent in the presence of a chiral indium
catalyst generated in situ from 10 mol% of In(OTf)3 and 12
mol% of chiral indapybox ligand ent-52. It resulted in the
formation of chiral 1,5-dicarbonyl compounds 92 in gener-
ally high yields (76–92%) and low to excellent enantioselec-
tivities (18–94% ee), as illustrated in Scheme 25. The cata-
lyst system was compatible with a variety of aromatic �,�-
unsaturated 2-acylimidazoles and silyl enol ethers, both ex-
hibiting electron-withdrawing and electron-donating sub-
stituents on the phenyl groups. Very importantly, the au-
thors found that by simply switching from indium to scan-
dium (Sc(OTf)3), the reaction afforded the enantiomeric
products by using the same ligand.
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Scheme 25  Michael addition of silyl enol ethers to �,�-unsaturated 
2-acylimidazoles

5 Domino and Tandem Reactions

Domino and tandem processes allow very complex mol-
ecules to be synthesized in a single vessel without involving
costly isolation and purification of intermediates.42 Among
these one-pot reactions, domino processes are especially
economic and convenient since they occur under strictly
the same reaction conditions.43 As an example based on
asymmetric indium catalysis, is the enantioselective domi-
no redox isomerization/intramolecular Michael reaction of
propargyl alcohols 93 reported in 2012 by the Trost
group.44 Actually, this process was based on a multicataly-
sis, involving 3 mol% of In(OTf)3, 3 mol% of (in-
denide)Ru(PPh3)2Cl, and 30 mol% of chiral cinchona alkaloid
94 as organocatalyst. It led to the corresponding chiral cy-
cloalkanes 95 in low to excellent enantioselectivities (14–
97% ee) and good yields (60–83%), as presented in Scheme
26. Chiral six-membered products (n = 2) were in most cas-
es obtained with high ee values (84–97% ee) excepted in the
reaction of a primary propargylic alcohol (R = H: 14% ee). A
low enantioselectivity (22% ee) was also obtained in the
formation of a five-membered product (n = 1). A possible
mechanism depicted in Scheme 26 proposed the conver-
sion of propargyl alcohol 93 into the corresponding �,�-un-
saturated carbonyl compound 96 via 1,2-hydride migration
promoted by ruthenium/indium catalysis. Then, a subse-
quent intramolecular Michael addition evolving through
iminium catalysis in the presence of the cinchona alkaloid
primary amine as organocatalyst generated carbocycle A,
which upon hydrolysis led to final ketone 95.

An asymmetric synthesis of tetrahydrocarbazoles was
based in 2015 by Tang, Zhang, and co-workers on an enanti-
oselective tandem ring-opening/Conia-ene cyclization reac-
tion of alkynylindoles 97 with donor-acceptor cyclopro-
panes 98.45 The one-pot process was successively catalyzed
by a chiral copper catalyst in situ generated from 10 mol%
of Cu(OTf)2 and 10 mol% of chiral bisoxazoline ligand 99 in
toluene at 40 °C, and by 20 mol% of InCl3 in the presence of

10 mol% of DBU at 120 °C in the same solvent. As shown in
Scheme 27, the copper-catalyzed asymmetric ring-opening
reaction of cyclopropanes 98 with alkynylindoles 97 result-
ed in the formation of malonate intermediates 100 which
further underwent a Conia-ene cyclization under indium
catalysis to give the final chiral 1,2,3,4-tetrahydrocarba-
zoles 101 in good yields (63–87%) and moderate to high en-
antioselectivities (57–94% ee). The catalyst system tolerated
the presence of various substituents on the phenyl ring of
the indole substrates (R1) and a variety of donor-acceptor
cyclopropanes were compatible. Even cyclopropanes bear-
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Scheme 26  Domino redox isomerization/intramolecular Michael reac-
tion of propargyl alcohols
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ing heterocyclic substituents, such as 2-furyl and 2-thienyl
groups, provided the corresponding products in good yields
(68–71%) albeit with moderate enantioselectivities (57–
77% ee).

Scheme 27  Tandem ring-opening/Conia-ene cyclization reaction of 
alkynylindoles with donor-acceptor cyclopropanes

In 2017, Luo, Lv, and Zhong developed the enantioselec-
tive indium-catalyzed domino Michael/cyclization reaction
of �,�-unsaturated �-keto esters 44 with diazo esters 102
(Scheme 28).46 The reaction was promoted at room tem-
perature by a combination of 5 mol% of InBr3 and the same
quantity of chiral calcium phosphate 103 in DCE as solvent,
delivering the corresponding functionalized chiral cyclo-

propanes 104 as single diastereo- and enantiomers (>99%
ee) in moderate to good yields (50–77%). The presence of
di�erent ester groups on both diazo esters (R2) and �,�-un-
saturated �-keto esters (R3) were well tolerated, providing
similar excellent results. Only aliphatic diazo esters were
compatible while no reaction occurred with an aromatic di-
azo ester (R1 = Ph). A number of aromatic �,�-unsaturated
�-keto esters bearing either electron-withdrawing or elec-
tron-donating groups could be equally applied with compa-
rable enantioselectivity. Even an heteroaromatic �,�-unsat-
urated �-keto ester (Ar = 2-thienyl) delivered the corre-
sponding cyclopropane with 67% yield and >99% ee. In
contrast, an aliphatic �,�-unsaturated �-keto esters (Me in-
stead of Ar) underwent the reaction with both low yield
(33%) and enantioselectivity (18% ee).

The importance of indane scaffolds in medicinal chem-
istry is well known.47 In this context, in 2017 the Enders
group disclosed a novel route to chiral methyleneindanes
based on an enantioselective tandem Michael/Conia-ene
cyclization reaction of 2-ethynyl-�-nitrostyrenes 105 with
malonates 106 (Scheme 29).48 The first step of the se-
quence, consisting of the Michael addition of the malonates
to the nitrostyrenes, was organocatalyzed at room tem-
perature by only 0.5–5 mol% of chiral squaramide 107 in di-
chloromethane as solvent to give intermediates 108. In a
second step, the latter underwent a Conia-ene cyclization
catalyzed by 10 mol% of In(OTf)3 in toluene at 80 °C, which
resulted in the formation of the corresponding chiral meth-
yleneindanes 109 in variable yields (14–98%) and good to
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excellent enantioselectivities (76–96% ee). Generally, alkyl
malonates reacted with better enantioselectivities (82–96%
ee) than aryl ones (76–86% ee).

In 2018, Feng and co-workers described the first exam-
ple of asymmetric domino insertion/Claisen rearrangement
reaction of N-sulfonyl-1,2,3-triazoles 110 with allylic alco-
hol esters 111, which was based on a bimetallic relay cata-
lytic system involving an achiral rhodium complex and a
chiral indium catalyst (Scheme 30).49 Indeed, in the pres-
ence of 1.25 mol% of Rh2(esp)2, 2 mol% of In(OTf)3, and 2
mol% of chiral N,N�-dioxide ligand 112, the transformation
afforded a range of chiral �-vinylated-�-oxo-�-amino esters
113 in good to quantitative yields (60–99%) and good to ex-
cellent diastereo- (70–>90% de) and enantioselectivities
(66–96% ee). Several allylic alcohols were tolerated, afford-
ing the corresponding products in generally excellent stereo-
selectivities. Regardless of the steric hindrance of the ester
groups, all the allylic alcohol esters provided comparable

excellent enantioselectivities whereas the diastereoselec-
tivities decreased gradually from methyl ester to tert-butyl
ester (90% de for R3 = OMe, 80% de for R3 = Oi-Pr, and 70% de
for R3 = Ot-Bu). Moreover, a range of 1-tosyl-substituted
1,2,3-triazoles exhibiting electronically diverse aryl groups
(R1) smoothly underwent the reaction with excellent enan-
tio- and diastereoselectivities while the reaction of an ali-
phatic sulfonyl group (R2 = Me) provided a lower enantiose-
lectivity (66% ee). Even an allylic alcohol bearing a benzoyl
group (R3 = Ph) was also suitable for the catalyst system,
since it afforded the corresponding 1,4-diketone in good
yield (74%) and diastereo- and enantioselectivities (74% de
and 88% ee). A mechanism based on a dual relay catalysis is
depicted in Scheme 30. In the presence of the achiral rhodi-
um catalyst, Rh(II)-bound imino carbene intermediate B
was generated. Then, O-insertion of the allylic alcohol into
the latter led to zwitterionic intermediate C. Through a sub-
sequent proton transfer and release of Rh(II) catalyst, (Z)-

Scheme 30  Domino insertion/Claisen rearrangement reaction of N-sulfonyl-1,2,3-triazoles with allylic alcohol esters

112 (2 mol%)

110

111

In(OTf)3 (2 mol%)

+ toluene, 80 °C

R1 = Ph, p-Tol, p-MeOC6H4, p-FC6H4, p-ClC6H4, p-BrC6H4, p-F3CC6H4,
m-FC6H4, m-ClC6H4, m-BrC6H4, m-Tol, m-MeOC6H4, o-FC6H4, 2-thienyl,
2-Naph, BnCO, cyclohexen-1-yl, PrCO, BnCH2CO, Bz
R2 = p-Tol, Me
R3 = OEt, OMe, Oi-Pr, Ot-Bu, Ph

Rh2(esp)2 (1.25 mol%)

113

60–99% yield
 70–>90% de
  66–96% ee

N N

O

O

Ph

Et

O

OEt

Ph

4Å MS
N N

N

R1

SO2R2

HO

COR3

O

R1

NHSO2R2

COR3

mechanism:

110

N N
N

R1

SO2R2

N2

Rh2L2

Rh2L2

R1
NSO2R2

B

C
111

HO

COR3 O

COR3

H

NSO2R2

Rh2L2

R1

Rh catalysis

COR3

O

R1

NHSO2R2

D

R1

O

NH
R2O2S

R3

O R1

O

N
H

R3

O

L*-In(OTf)3

S O

OR2

[In]*

In catalysis

O

R3

O

H
H

N
SH O

OR2

R1

[In]*

113



allylic vinyl ether intermediate D was generated, which
subsequently underwent an asymmetric Claisen rearrange-
ment in the presence of the chiral indium catalyst to give
the final product.

Another type of allylic alcohol esters, such as Morita–
Baylis–Hillman reagents 114, was also investigated in these
reactions.49 In this case, the optimal catalyst system was
composed of 5 mol% of In(OTf)3, 1.25 mol% of Rh2(esp)2, and
5 mol% of a related chiral N,N�-dioxide ligand 115 in toluene
at 50 °C (Scheme 31). Under these optimized conditions,
the reaction of Morita–Baylis–Hillman reagents 114 with
N-tosyl-1,2,3-triazoles 110 afforded the corresponding chi-
ral 	-oxo-�-amino esters 116 in good to quantitative yields
(61–99%) and good to high ee values (56–88% ee). It was
found that the electronic nature of the aryl groups (R1) at
the N-tosyl-1,2,3-triazoles had a limited effect on the re-
sults. The lowest enantioselectivities (56–72% ee) were ob-
tained in the reaction of n-propyl- and benzyl-substituted
1,2,3-triazoles.

Scheme 31  Domino insertion/Claisen rearrangement reaction of 
N-tosyl-1,2,3-triazoles with Morita–Baylis–Hillman reagents

6 Conclusion

As a less toxic, more stable, and more air- and water-tol-
erant metal, indium has gained a significant importance in
green catalysis. While underestimated for a long time, indi-
um catalysts are now more frequently applied to promote
all types of transformations. Especially, a spectacular devel-
opment of highly enantioselective indium-catalyzed reac-
tions has emerged in the last decade. This review updates
this field since the beginning of 2012, demonstrating that
asymmetric indium catalysis has a bright future. The diver-
sity of the chiral indium complexes employed reflects that
of the asymmetric reactions successfully developed, includ-
ing allylations, propargylations, allenylations, cycloaddi-
tions, cyclizations, alkylations of aldehydes, aldol condensa-
tions, Michael additions, SN1 reactions and, tandem and
domino reactions among other reactions. In these generally
very highly enantioselective processes, a wide variety of

chiral ligands have been already successfully chelated to in-
dium, such as bisoxazolines, oxazolines, bisimidazolines,
imidazolines, imidazolidinones, N,N�-dioxides, 1,2-amino
alcohols, BINOL derivatives, 1,4-diamines such as BINAM,
cinchona alkaloids, bishydroxamic acids, and phosphoric
acids, among others. For example, various indium(III) chiral
catalysts have allowed the first highly enantioselective al-
lylations of isatins and acyclic �-keto esters with function-
alized �-carbonyl allylstannanes with 99% ee; allylation of
N-aryl-isatimines with allyltributyltin with 97% ee; and
amide allylation of �-iminoamides with N-substituted �-
amido allylstannanes with 96% ee to be achieved. More
rarely employed indium(I) chiral complexes also gave excel-
lent ee values in allylations, such as that of (hetero)aromatic
hydrazones and N,O-aminals with allyl pinacol boronate
(96% ee). In addition, the first propargylation of aldehydes
with stannylated allenyl amides was achieved with 96% ee.
In the area of cycloadditions, the first hetero-Diels–Alder
cycloaddition of �,�-unsaturated �-keto esters with disub-
stituted cyclopentadienes was regioselectively performed
with >99% ee. Similar ee values were described in the first
indium-catalyzed hetero-Diels–Alder cycloaddition of al-
lenes with �,�-unsaturated conjugated compounds as well
as in the first catalytic hetero-Diels–Alder reaction of �,�-
unsaturated �-keto esters with alkoxyallenes. Very good re-
sults (99% ee) were also disclosed for 1,3-dipolar cycloaddi-
tion between nitrones and �,�-unsaturated 7-azaindoline
amides and in intermolecular carbonyl-ene reaction be-
tween trisubstituted alkenes and glyoxylates. Many other
types of transformations catalyzed by indium(III) chiral
complexes also provided remarkable ee values, such as ring-
opening reactions of aromatic meso-epoxides with aromat-
ic amines (99% ee); �-alkylation/allylation/alkylation reac-
tions of aliphatic aldehydes with benzylic (96% ee), allylic
(90% ee), and propargylic (98% ee) alcohols; �-arylation of
aldehydes with quinoline acetals (97% ee); vinylogous Mu-
kaiyama aldol reaction of methyl crotonate derived silyl di-
enol ester with aldehydes (98% ee); Mukaiyama Michael ad-
dition of silyl enol ethers to �,�-unsaturated 2-acylimidaz-
oles (94% ee); and domino Michael/cyclization reaction of
�,�-unsaturated �-keto esters with diazo esters (>99% ee).
Moreover, multicatalysis, combining an indium catalyst
with either another metal, such as rhodium, copper, or ru-
thenium, or an organocatalyst, has generated promising re-
sults in domino and tandem reactions. For example, enanti-
oselectivities of 97% ee were achieved in a domino redox
isomerization/intramolecular Michael reaction of propargyl
alcohols to afford chiral cycloalkanes catalyzed by a combi-
nation of indium-, ruthenium-, and organocatalysts. More-
over, a novel route to chiral methyleneindanes was based on
an enantioselective tandem Michael/Conia-ene cyclization
reaction of 2-ethynyl-�-nitrostyrenes with malonates cata-
lyzed by a combination of organo- and indium catalysts
with 96% ee. An asymmetric tandem ring-opening/Conia-
ene cyclization reaction of alkynylindoles with donor-
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acceptor cyclopropanes was successively catalyzed by a
dual copper/indium catalyst system to give 1,2,3,4-tetrahy-
drocarbazoles with 94% ee. Another dual metal catalysis
based on indium and rhodium was used to promote the
first asymmetric domino insertion/Claisen rearrangement
reaction of N-sulfonyl-1,2,3-triazoles with allylic alcohol
esters, giving rise to �-vinylated-�-oxo-�-amino esters with
96% ee.

The stability and low toxicity of indium makes indium
catalysis suit the growing demand for more environmental-
ly benign processes and offers a real opportunity to replace
other toxic and expensive metals in the near future. This re-
view demonstrates that indium brings a novel potential for
green catalysis and that this original field is growing very
rapidly. Even if remarkable results have already been de-
scribed, challenges remain, such as the use of indium in
more multicatalyzed processes, especially those based on
the combination of indium with organocatalysts. Moreover,
more applications in the total synthesis of important bio-
logically active and natural products are needed.
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