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Chiral-2-substituted indolines are an important class of compounds with numerous applications in
organic synthesis and as constituents of a number of biologically active molecules. Consequently, there
has been a continued interest in the development of efficient methods for the syntheses of this class of
chiral compounds. In this review, a detailed survey of the important efforts toward the synthesis of enan-
tioenriched 2-substituted indolines by means of the kinetic resolution or the use of a chiral auxiliary in
stoichiometric or catalytic processes is provided. The resolution of racemic mixtures through diastereo-
meric separation is not considered in the article.
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1. Introduction

The indoline skeleton is a ubiquitous scaffold found in a range of
biologically active alkaloid natural products1–3 and pharmaceuti-
cally active compounds.4 Indolines have also been successfully em-
ployed as chiral auxiliaries in asymmetric synthesis.5 Among the
various classes of chiral indolines, 2-substituted indolines6 enjoy
a coverted status due to their prevalence in Nature associated with
diverse biological activities as found in many compounds such as
Benzastatin E (Fig. 1).7 The structural component of pharmaceutical
small molecule Pentopril8 (angiotensin converting enzyme (ACE)
inhibitor) is largely built upon (S)-indoline-2-carboxylic acid.9
ll rights reserved.

).
With such a wide range of potential uses, chiral-2-substituted ind-
olines are an important class of compounds drawing increased syn-
thetic interest. It has driven the development of methods to
construct or, more commonly, to functionalize the indoline back-
bone. Consequently, a number of efficient strategies have been
CO2Et
(+)-Benzastatin E Pentopril

Figure 1. Some biologically active 2-substituted indoline compounds.
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Scheme 2. Enzyme catalyzed hydrolysis of N-protected indoline-2-carboxylic acid
methyl ester. Reagents and conditions: (i) Candida antarctica, 0.1 M phosphate
buffer (pH 7), 60 �C.
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developed for synthesizing these chiral compounds. To date there
is no systematic review available on this topic.

The present review is intended to be a resource for organic
chemists, providing a collection of the important efforts toward
the synthesis of enantioenriched 2-substituted indolines by means
of the kinetic resolution or the use of a chiral auxiliary in stoichi-
ometric or catalytic processes. In Section 2, the approaches by ki-
netic resolution of racemic 2-substituted indolines is discussed
first. In Section 3, the asymmetric synthesis by the stoichiometric
use of the chiral auxiliary is considered. In Section 4, the asymmet-
ric catalysis leading to chiral-2-substituted indolines is dealt with.
The later part of this review focuses on the methods based on the
synthetic transformations of a chiral starting material. It should be
noted that the resolution of racemic mixtures by diastereomeric
separation is outside the scope of this article.

2. Kinetic resolution of 2-substituted indolines

Kinetic resolution is an interesting protocol to afford the indi-
vidual enantiomers from various racemic mixtures.10 This is one
of the most widely adopted methodology for the asymmetric entry
into 2-substituted indolines. Both enzymatic and non-enzymatic
approaches have been established for the resolution of these
substrates.

2.1. Enzymatic kinetic resolution

The enzymatic resolution of racemic indolines has been limited
to only a couple of examples in which good enantiomeric excesses
are obtained, but low conversions were achieved using subtilisin as
the biocatalyst.11 The chemoenzymatic resolution of 2-alkyl indo-
line was first described by Wong et al. in 1996.12 They used a novel
enzymatic method (lipase and protease) for the enantioselective
acylation of various amines. This process was applied for the reso-
lution of racemic 2-methyl indoline 1a. The enzymatic reaction
was carried out for 92 h with subtilisin BPN and diallyl carbonate
to give carbamate 2 with 93% ee and in 6% yield (Scheme 1). Car-
bamate 2 was subsequently reduced to the N-methyl derivative
3a using LiAlH4.
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Scheme 1. Enantioselective acylation of 2-methyl indoline with diallyl carbonate.
Reagents and conditions: (i) diallyl carbonate (1.5 mmol), phosphate buffer (0.1 M,
pH 8.0, 10 mL), subtilisin BPN (50 mg), rt, 92 h, 6% yield, 93% ee; (ii) LiAlH4

(8.7 equiv), ether, 0 �C, 2 h, 93%.

Scheme 3. Enzymatic kinetic resolution of 1 with allyl carbonate 6.
Sugai et al. reported a novel method for the enantioselective
hydrolysis of N-protected indoline-2-carboxylic acid methyl ester
4 catalyzed by Candida antarctica in good yield (Scheme 2).13 The
enzyme-catalyzed hydrolysis of cbz-protected indoline 2-carbox-
ylic acid ester 4a at 85 �C proceeded with an E-value of 120, at a
conversion of 30% to give the product (S)-5a (97.2% ee) and the
unreacted substrate (R)-4a (41.4% ee). The reaction of the Boc-pro-
tected indoline-2-carboxylic acid ester rac-4b proceeded efficiently
at a lower temperature (60 �C), with a conversion of 49.9% and an
E-value over 1000. In this case, the (S)-carboxylic acid 5b was ob-
tained with >99:9% ee and the unreacted (R)-ester 4b was resolved
with 99.6% ee.
In 2006, Gotor-Fernandez et al. developed an efficient chemoen-
zymatic route for the production of enantiomerically pure indo-
lines.14 C. antarctica lipase A (CAL-A) proved to be an excellent
enzyme for the kinetic resolution of 2-substituted-indolines, while
C. antarctica lipase B (CAL-B) showed greater efficiency in the ki-
netic resolution of 3-methylindoline. Different parameters such
as the alkoxycarbonylating agent, temperature, solvent, and the
amount of enzyme, amine, and carbonate were studied in order
to establish the optimal reaction conditions. The combination of li-
pase with allylcarbonate 6 in TBME as a solvent at 45 �C has al-
lowed the isolation of the carbamate 2 and (S)-2-methyl indoline
1a with a high level of enantiopurity (Scheme 3).
2.2. Non-enzymatic kinetic resolution

It is only relatively recently that the widespread application of
non-enzymatic kinetic resolution (or dynamic kinetic resolution)
has gained popularity within the synthetic community.15 In this
context, both chiral reagents and chiral catalysts are utilized for
the non-enzymatic resolutions of 2-alkyl indolines.

2.2.1. Chiral reagents
Krasnov et al. reported a non-enzymatic kinetic resolution of 2-

methyl indoline leading to the (S)-enantiomer by using (S)-naprox-
en acyl chloride 7 as the resolving agent.16 The reaction is depicted
in Scheme 4. The acylation of racemic 2-methyl indoline 1a with
0.5 equiv of (S)-naproxen chloride in the absence of any tertiary
amine resulted in the kinetic resolution with predominant forma-
tion of (S,S)-diastereoisomeric amide 8 (76% de). The recrystalliza-
tion of 8 followed by acid hydrolysis gave (S)-methylindoline 1a in
27% yield relative to the starting racemic amine. The (R)-isomer of
1a can be isolated from acidic solutions in 76% ee.

The same authors have developed a complementary method for
obtaining the (R)-enantiomer of 1a in high enantiomeric excess by
using another chiral agent, N-tosyl-(S)-prolyl chloride 9.17 The
interaction of 9 with racemic indoline 1a in a 1:2 molar ratio re-
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Scheme 4. Non-enzymatic kinetic resolution of 2-methyl indoline using (S)-
naproxen acyl chloride 7.
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sulted in the predominant formation of corresponding (R,S)-amide
10. Further acid hydrolysis of the latter made it possible to obtain
the (R)-methyl indoline in 38% ee (Scheme 5).
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Scheme 7. Kinetic resolution of 2-substituted indolines via Pd-catalyzed allylic
amination.
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Scheme 5. Non-enzymatic kinetic resolution of 2-methyl indoline using N-tosyl-
(S)-prolyl chloride 9.
2.2.2. Chiral catalysts in kinetic resolution
In 2006, Fu et al. reported a non-enzymatic kinetic resolution of

indolines through catalytic N-acylation by using a chiral catalyst
13, which is a ferrocene analogue of DMAP (Scheme 6).18
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Scheme 6. Non-enzymatic kinetic resolution of indolines through catalytic N-
acylation by using chiral catalyst 13.

Table 1
Kinetic resolution of indolines 1

Entry R 15 1 s

Yie ld% ee% Yield% ee%

1 Ph 1b 42 89 50 83 44
2 Allyl 1c 48 65 47 43 7
3 iPr 1d 49 65 48 58 8
4 nPr 1e 40 61 48 36 6
5 p-MeOC6H4 1f 38 92 46 80 59
6 p-FC6H4 1g 34 90 40 82 48
7 p-ClC6H4 1h 38 86 43 94 47
After considerable studies on the effect of various reaction
parameters on the efficiency of the kinetic resolution of 2-methy-
lindoline 1a, they found that the addition of LiBr in the presence of
18-crown-6 was essential for obtaining highest selectivity (s value
23). To further improve the selectivity factor (s = kR/kS), a new pla-
nar-chiral PPY derivative 13 was designed wherein the chiral envi-
ronment was tuned through the use of a more bulky
cyclopentadienyl group. They have established that an array of 2-
substituted indolines (R = Me, nPr, CH2CH2Ph, CH2OTBS) can be
kinetically resolved with good selectivity factors (14–26) under
these optimized reaction conditions.

Recently, Hou et al. realized the kinetic resolution of 2-substi-
tuted indolines via a Pd-catalyzed allylic amination in high yields
and high enantioselectivities with an s factor of up to 59.19 Among
the various chiral ligands investigated, the Trost’s ligand 16
showed its superiority for this transformation. High enantioselec-
tivities were obtained when 2-arylindolines were used, indepen-
dent of the electronic nature of the aryl substituent at the
2-position of the indolines. For example, the kinetic resolution of
2-phenyl indoline (rac-1b) through the Pd-catalyzed allylic amina-
tion with branched allylic carbonate 14 provided the N-allylated
indolines 15 in 42% yield and 89% ee, accompanied by the recov-
ered indoline (S)-1b in 50% yield and 83%, ee with an s factor of
44 (Scheme 7).
In the case of alkyl or allyl groups at the 2-position of the ind-
oline, good ee’s were obtained, but the s value was lower (Table
1). This methodology provided the first example for the kinetic res-
olution of nucleophiles via a transition-metal-catalyzed allylic sub-
stitution reaction.
3. Stoichiometric asymmetric synthesis

A few stoichiometric approaches have been described for the
asymmetric synthesis of 2-indolines. As part of the studies on asym-
metric synthesis using circularly polarized light, in 1976, Nicoud and
Kagan succeeded in the synthesis of N-methyl 2-phenyl indoline by
asymmetric photocyclization of N-methyl N-phenyl enamine, but
with very low enantiomeric excess.20 The first synthetically useful
stoichiometric approach for the preparation of enantiopure 2-
substituted indolines was developed by Beak et al. in 1997 by utiliz-
ing the asymmetric lithiation-substitution strategy. They found that
N-Boc indoline 17 can be deprotonated regioselectively at the 2-po-
sition with s-BuLi/(�)-sparteine and allowed to react with various
electrophiles to afford 2-substituted N-Boc indolines 18, along with
traces of N-Boc-7-substituted indolines 19, in excellent enantiose-
lectivity and in variable yields (Scheme 8).21
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The regioselectivity of this lithiation-substitution was found to
be significantly influenced by the choice of ligand and solvent, a
20:1 regioselectivity was observed with (�)-sparteine in cumene
at �78 �C. The scope of this lithiation-substitution was investi-
gated with various electrophiles and the details are summarized
in Table 2.
Table 2
Electrophiles used for asymmetric deprotonation of indoline 17

Electrophile E Yield% era

Me3SnCl SnMe3 18a 70 99:1
CO2 CO2Me 18b 65 99:1
PhCHO CH(OHPh 18c 61, 13 98:2, 91:9b

Me2SO4 Me 18d 52 98.5:1.5
TMSCl TMS 18e 57 97.5:2.5
PH2CO C(OH)Ph2 18f 11 92.5:7.5
C3H5Br CH2CH@CH2 18g 28 68:32
C3H5Cl CH2CH@CH2 18h 18 65:35
C3H5Cl/DMPU CH2CH@CH2 18i 15 99:1

a er = enantiomeric ratio.
b Ratio of the diastereomers.
When the 7-position of the N-Boc indoline was blocked by a
chloro substituent 20, the lithiation-substitution can be carried
out at the 2-position to provide 2,7-disubstituted indolines with
good yields and ees. It is noteworthy that, the organolithium inter-
mediates (S)-21 and (S)-22 formed in these reactions (Scheme 9)
are configurationally stable and react stereoselectively with a vari-
ety of electrophiles.
N
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R = Cl, 20

N

R O
t-BuO

Li
s-BuLi

(-)-sparteine N
BocR

E

 ee = 34-99%, yield=11-90%

E+

R = H,  21
R = Cl, 22

R = H,  18
R = Cl,  23

Scheme 9. Formation of configurationally stable organolithium intermediates (S)-
21 and (S)-22.
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Scheme 11. Catalytic asymmetric hydrogenation of indoles.
In a recent report, Ruano et al. outlined an interesting strategy
for the preparation of enantiopure fluorinated indolines 27 from
2-p-tolylsulfinyl alkylbenzenes through anionic–anionic asymmet-
ric tandem reactions.22 This approach involves the direct reaction
of N-PMP-fluorinated imine 25 with 2-(p-toluenesulfinyl) alkyl-
benzene 24 in the presence of LDA (Scheme 10). Almost complete
stereoselectivity and mild conditions are the key features of these
tandem processes, which include the unusual intramolecular
nucleophilic aromatic substitution of a p-tolylsulfinyl group by
the amide anion as the key reaction.
4. Catalytic enantioselective reactions

The synthesis of enantiopure products by asymmetric catalysis
represents one of the most important areas in modern synthetic
chemistry. Unsurprisingly, a number of catalytic approaches have
been employed for the asymmetric synthesis of 2-substituted
indolines.

4.1. Asymmetric hydrogenation reaction

Kuwano et al. succeeded in the synthesis of enantioenriched 2-
alkyl indolines 12 with up to 95% ee via the catalytic asymmetric
hydrogenation of N-acetyl indoles by using a rhodium catalyst.23

This was the first example of highly enantioselective hydrogenation
of five-membered heteroaromatic compounds using asymmetric
catalysis. The enantioselective hydrogenation of N-protected in-
doles was successfully carried out by the use of the rhodium cata-
lyst generated in situ from [Rh(nbd)2]SbF6 and the chiral
bisphosphine PhTRAP, which can form a trans-chelate complex
with a transition metal atom. The PhTRAP–rhodium catalyst re-
quired a base (e.g., Cs2CO3) for the achievement of high enantiose-
lectivity. Various 2-substituted N-acetylindoles 28 were converted
into the corresponding chiral indolines 12 with up to 95% ee. The
enantioselectivity of this reaction was significantly affected by the
substituent on the nitrogen of the substrate (Scheme 11, Type 1).23b
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The same authors have also developed a chiral ruthenium-
based catalyst for the asymmetric hydrogenation of various N-
Boc-protected indoles.24 For example, in the presence of the ruthe-
nium complex generated from an appropriate ruthenium precursor
and the chiral bisphosphine PhTRAP ligand, they have successfully
carried out the enantioselective hydrogenation of N-Boc-2-sub-
stitiuted indoles 28. When the PhTRAP was replaced by other phos-
phines, the ruthenium catalyst failed to deliver indoline 18
(Scheme 11, Type 2).

Buchwald et al. have utilized the catalytic asymmetric hydroge-
nation reaction toward the synthesis of chiral-2-substituted indo-
lines.25 They offered the prospect for the preparation of (S)-N-
acetylindoline-2-carboxylate methyl ester 33 in 99% ee through
an asymmetric hydrogenation of the dehydro aminoester 31 fol-
lowed by the palladium-catalyzed intramolecular coupling of the
resulting enantiomerically enriched amine 32 (Scheme 12). Here,
enamide 31 was prepared by a Heck coupling reaction of o-bromoi-
odobenzene 29 with methyl-2-acetamidoacrylate 30.
N
Ac

CO2Me

 100 oC, 4 h
93%

(99% ee)
Br

NHAc

CO2Me
Pd(dba)3, P(o-tolyl)3

Cs2CO3, Toluene,

Br
NHAc

CO2Me

Br NHAc

CO2MeI Pd(OAc)2
Et3N

100 oC, 2.5 h

+

[(COD)2Rh]+OTf-

(S,S)-Et-DuPHOS
H2 (2 atm)
MeOH, rt, 2 h

3029 31

3233

Scheme 12. Catalytic asymmetric hydrogenation of enamide 31 toward the
synthesis of chiral 2-indoline 33.
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Chan et al. provided an isolated example for the generation of
the chiral 2,3,3-indoline 36 by an iridium-catalyzed asymmetric
hydrogenation of 2,3,3-trimethylindolenine 34 in the presence of
chiral ligand 35 (Scheme 13).26
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4.2. Intramolecular amination reaction

Chemler et al. disclosed a novel and mechanistically distinct
copper-catalyzed enantioselective intramolecular aminooxygen-
ation of olefins in the presence of TEMPO leading to the synthesis
of chiral 2-indolines and pyrrolidines. After a detailed ligand
screening study for the asymmetric induction, they noticed that
both enantiomers of the 4,5-cis-diphenyl bisoxazoline ligands are
optimal for this transformation. Under these conditions, the N-to-
syl-2-allyl aniline 37a cyclized in 97% yield providing 2-substituted
indoline 38 in high ee (Scheme 14, Type 1).27
As part of the investigation on the hydroamination reactions
catalyzed by chiral lanthanide amide ate complexes, Collin et al. at-
tempted the asymmetric synthesis of 2-methyl indoline 1 from 2-
allyl aniline 37b (Scheme 14, Type 2). The targeted cyclization oc-
curred slowly at 110 �C over four days and the chiral ytterbiumate
catalyst failed to induce any enantioselectivity for this transforma-
tion.28 The asymmetric hydroamination of this kind of substrate
was first achieved by Scott et al. in the presence of a zirconium cat-
alyst.29 Although the enantioselectivity obtained was modest (20%
ee), the N-methyl-2-allylaniline 37c cyclized efficiently to give 3a.
The most promising result in this category of transformation was
reported by Bergman et al. in 2006, by utilizing a novel zirconium
bis(amido)complex generated by the combination of diphosphinic
amide ligand and Zr(NMe2)4 catalyst.30 They have demonstrated
the asymmetric hydroamination of 2-allylaniline 37b to afford N-
trifluoroacetyl-2-methyl indoline 3b in 70% ee and 93% yield
(Scheme 14, Type 2).

Yang et al. developed an interesting methodology for the direct
access to enantioenriched and structurally versatile indolines, by a
Pd(II)-catalyzed enantioselective oxidative tandem cyclization
reactions (Scheme 15). For example, the reaction of the substrate
39 using (�)-sparteine as the chiral ligand and molecular oxygen
as the oxidant provided the chiral-2-indoline derivative 40 in
70% yield and 86% ee.31
4.3. Phase-transfer catalysis

Johnston et al. recently reported enantioselective indoline ann-
ulations in two steps, leading to enantioenriched 2-substituted
indolines starting from an aromatic dibromide (Scheme 16). The
sequence involves an enantioselective phase-transfer-catalyzed
glycine Schiff base alkylation with o-bromo benzylbromide 41 fol-
lowed by free radical-mediated aryl amination to deliver either
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amination.

2198 S. Anas, H. B. Kagan / Tetrahedron: Asymmetry 20 (2009) 2193–2199
enantiomer of indoline amino ester 45 with high ee.32 Using the
Corey protocol for alkylation, they found that the cinchonidinium
salt 43 provided the (S)-phenylalanine derivative 44 in good yield
and with high enantiomeric excess. Exposure of the resulting aryl
halide to tri-n-butyltin hydride in the presence of AIBN furnished
the cyclization product 45 in excellent yield.

The same authors recently pursued a variation on this theme
that targeted the 2,3-disubstituted indoline ring system, by
retaining the convergency offered by the basic modular assembly
beginning from a protected glycine Schiff base 42.33 The phase-
transfer-catalyzed Michael addition of 42 to activated styrene
derivatives 46 and subsequent free radical-mediated aryl amina-
tion provided various 2,3-disubstituted indolines 47 (Scheme 17).
The asymmetric version of this reaction remains unexplored.
N
CO2tBu

Br

1. NaOH.H2O

2. TBTH, AIBN
+

Ph Ph

EWG

N Ph

CO2
tBu

Ph

BnEt3N  Cl

47 either diastereomer

EWG

46 42

EWG = CN, CO2Et

Scheme 17. Phase-transfer-catalyzed Michael addition/free radical-mediated aryl
amination.
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Scheme 19. Domino Cu-catalyzed amidation/nucleophilic substitution reaction.
Reagents and conditions: (i) n-BuLi, BF3�Et2O, THF, �78 �C–rt, 1 h; (ii) AgCO2CF3, I2,
CHCl3, rt, 1.5 h; (iii) CuI, DMEDA, THF, 80 �C, 16 h, 94%.
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Scheme 20. Catalytic activation of the leaving group in a SN2 reaction.
5. Chiral synthons strategy

In addition to the aforementioned routes, some synthetic trans-
formations of a chiral starting material are available, which may
lead to the synthesis of enantioenriched 2- or 2,3-substituted ind-
olines. Jackson et al. presented a simple and effective access to
enantiomerically pure 2-substituted indolines using a sequential
palladium-catalyzed processes (Scheme 18).34 The chemistry
involved in this protocol was the application of the Pd-catalyzed
coupling of a chiral amino organozinc reagent 49 with 2-bromoi-
odobenzene 29, followed by Buchwald’s palladium-catalyzed
intramolecular amination of the resulting amine 50. The organo-
zinc reagents 49 were prepared by the treatment of iodide 48 with
activated zinc dust in DMF at 0 �C. The yields in the initial coupling
were modest (36–52%), but the cyclization yields were satisfactory
(63–87%). The cyclization occurs without any racemization of
amine derivatives 50, and all the products 18 were enantiomeri-
cally pure.
Buchwald et al. reported an efficient one-pot procedure for the
synthesis of chiral 2-ethylindolines based on a domino Cu-cata-
lyzed amidation/nucleophilic substitution reaction (Scheme 19).
The copper-catalyzed reaction of (2S)-iodophenethyl mesylate 53
with carbamate 54 in THF resulted in the formation of (2S)-ethyl
indoline 18j in excellent yield.35 The enantiomerically pure mesy-
late 53 was obtained by n-BuLi mediated-ring opening of (S)-1,2-
epoxy butane 52 with bromobenzene 51 in the presence of
BF3�Et2O followed by the subsequent treatment with AgCO2CF3

and powdered iodine.
An efficient access to enantiopure 2-methyl indoline by a novel
catalytic activation of the leaving group in a SN2 reaction has been
described by Nishizawa et al. The (2S)-anilinopropyl-ethynyl ben-
zoate 56 (100% ee) prepared from the corresponding amino alcohol
55, reacted smoothly with catalytic amounts of Hg(OTf)2 to give
(R)-2-methyl indoline derivative 57 in 80% yield and 98% ee.36 It
should be noted that, the reaction on enantiomerically pure sec-
ondary alcohol derivative resulted in inversion of stereochemistry
(Scheme 20).



S. Anas, H. B. Kagan / Tetrahedron: Asymmetry 20 (2009) 2193–2199 2199
Yu et al. recently developed a promising C–H bond iodination/
intramolecular amination route for the synthesis of the enantio-
pure indoline 2-carboxylic esters from natural amino acids phenyl
alanine and tyrosine (Scheme 21).37 The PdII-catalyzed iodination
of the aminoacid derivative 58 in presence of PhI(OAc)2 and I2 fol-
lowed by CuI mediated intramolecular amination of the diiodo-
product 59 resulted in the formation of indoline 2-carboxylic
acid derivative in excellent yields.
N
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R
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CO2Me
R

ii
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I

I

R

 59a, 68%
59b, 52%

60a, 92%
60b, 91%
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Scheme 21. PdII-catalyzed iodination and CuI mediated intramolecular amination.
Reagents and conditions: (i) Pd(OAc)2, PhI(OAC)2, I2, NaHCO3, DMF, 130 �C, 72 h; (ii)
CuI, 1 equiv NaHCO3, DMF, 130 �C, 24 h.
6. Conclusions

The widespread occurrence and interesting biological activities
of enantiopure 2-substituted indolines make them important tar-
gets for synthesis. Consequently, a number of useful methodolo-
gies have been developed for the asymmetric entry into this class
of compounds. This review article revealed that only a few exam-
ples of catalytic processes are described for the generation of 2-
substituted indolines in high enantiomeric excess. Therefore the
search for novel and efficient methods involving easily available
starting materials and convenient reaction remains to be explored.
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