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ABSTRACT

A palladium-catalyzed asymmetric allylic alkylation of 3-substituted indoles using P/olefin ligands was successfully achieved to afford a variety of
indolenines containing a quaternary carbon stereocenter in high yields with up to 87% ee. Significantly, this reaction provides a concise access to
a stereoisomer of the natural product Angelicastigmin.

Regio- and enantioselective functionalization of indoles
has become an extremely attractive subject in synthetic
chemistry because indole moieties are widely present in
biologically or medically important compounds.1 In

contrast to the intensive studies on asymmetric C-3 alkyla-
tions of 3-unsubstituted indoles through either Friedel�
Crafts reactions2 or allylic alkylations,3 transition-metal-
catalyzed allylic alkylation of 3-substitituted indoles for
the generation of highly desirable indolenines containing a
quaternary carbon stereocenter have rarelybeen reported.4�7

In 2005, Tamaru and co-workers described a C-3 selective
Pd-catalyzed alkylation of indoles promoted by triethyl-
borane using allyl alcohols (Scheme1).7a Subsequently, the
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Trost group reported an asymmetric version of this
transformation.7b Recently, Rawal and co-workers devel-
oped a general and high-yielding method for Pd-catalyzed
alkylation of indoles using allyl carbonates (Scheme 1).7c

Significantly, the same group successfully expanded nu-
cleophiles to benzyl carbonates very recently.7d However,
to the best of our knowledge, the asymmetric version of
this reaction with allyl carbonates has not been reported
except that You and co-workers described an asymmetric
intramolecular reaction lately.7e Searching for a suitable
chiral ligand to realize this asymmetric reaction is still of
great interest.

As part of our general interest in the development of
novel chiral olefin ligands8�10 for asymmetric catalysis, we
found that P/olefin ligands were highly effective for Pd-
catalyzed asymmetric alkylations of indoles, pyrroles, and
oximes.10d�g Herein, we report our primary efforts on the
Pd-catalyzed asymmetric alkylation of 3-substituted in-
doles with allyl carbonates using P/olefin ligands.
The asymmetric palladium-catalyzed allylic alkylation

of 3-substituted indoles was examinedwith 3-methylindole
(1a) and allyl carbonate 2a using chiral P/terminal-olefin
ligands 4a and 4b (Scheme 2). It was found that 93% yield
and 76% ee were obtained with phosphite/olefin ligand
4b. A controlled experiment using ligand 4c gave prod-
uct 3a with a contrary absolute configuration in lower
yield and ee, which indicates that the olefin moieties are
essential for the obtained high reactivity and enantio-
selectivity (Scheme 2).

Scheme 1. Pd-Catalyzed Allylic Alkylations of 3-Substituted
Indoles

Scheme 2. Initial Studies on Pd-Catalyzed Asymmetric Allylic
Alkylations of 3-Substituted Indoles with P/Olefin Ligands

Table 1. Optimization of Reaction Conditionsa

entry

allyl

carbonates base solvent

time

(h)

yieldb

(%)

eec

(%)

1 2a BSA toluene 15 93 76

2 2b BSA toluene 13 94 78

3 2c BSA toluene 13 91 80

4 2b BSA CH2Cl2 23 67 66

5 2b BSA dioxane 22 76 68

6 2b BSA CH3CN 18 53 48

7 2b BSA benzene 16 89 70

8 2b Et3N toluene 26 94 80

9 2b Na2CO3 toluene 21 36 77

10 2b K2CO3 toluene 2 96 80

11 2b Cs2CO3 toluene 2 98 74

12 2b --- toluene 17 32 80

aAll reactions were carried out with 1a (0.20 mmol), 2 (0.24 mmol),
Pd/4b = 1/1 (5 mol % Pd), base (0.24 mmol), solvent (1.5 mL) unless
otherwise stated. b Isolated yield based on 1a. cThe ee was determined by
chiral HPLC.
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With this promising result in hand, a variety of reaction
conditions including allyl carbonates, bases, and solvents
were next examined. As shown in Table 1, the asymmetric
reactions of allyl carbonates 2a�c and indole 1a gave
similar yields and ee’s (entries 1�3). Solvents and bases
were found to have obvious impacts on both reactivity and
selectivity, and the combination of toluene and K2CO3

gave the optimal results (Table 1, entries 2, 4�11). The
alkylation reaction can still proceed without addition of
any bases, but led a lower yield (Table 1, entry 12).
Under the optimal reaction condition (Table 1, entry

10), phosphite/olefin ligands 4d�k were then tested

(Figure 1). Ligand 4d bearing a (R)-binaphthyl skeleton
gave the desired product 3a in 97% yield with 50% ee for
the contrary absolute configuration. Ligand 4e derived
from 3,30-Ph2BINOL led a very low ee. Ligand 4f incor-
porated with internal olefin was also effective for this
transformation. Moreover, the amine moieties (ligands
4g�k) were found to have a large effect on the enantios-
electivity.Overall, in termof both reactivity and selectivity,
ligand 4b proved to be a better ligand for this reaction.
Subsequently, using 5 mol % of palladium and ligand

4b, the allyl carbonate scope was investigated for the
alkylation of indole 1a in toluene in the presence of
K2CO3 as base. As shown in Table 2, a wide range of
arylallyl carbonates 2a�k were well tolerated for this
reaction to give the corresponding indolenines 3a�k in
90�97% yields with 72�87% ee’s (entries 1�11). It is
noteworthy that ortho-substituted cinnamyl carbonates

Figure 1. Selective chiral P/olefin ligands for Pd-catalyzed asym-
metric allylic alkylation of 3-substituted indole 1a.

Table 2. Pd(0)-Catalyzed Asymmetric Allylic Alkylation of
3-Methylindole (1a)a

entry product (3) time (h) yieldb (%) eec (%)

1 3a: R = Ph 2 96 80

2 3b: R = 4-CF3C6H4 2 91 74

3 3c: R = 4-ClC6H4 2 90 78

4 3d: R = 3-ClC6H4 2 95 72

5 3e: R = 3-MeOC6H4 2 94 82

6 3f: R = 2-ClC6H4 2 96 87

7 3g: R = 2-MeOC6H4 2 97 86

8 3h: R = 2-BnOC6H4 2.5 92 83

9 3i: R = 2-iPrOC6H4 5.5 95 82

10 3j: R = 2-MeC6H4 2 95 83

11 3k: R = 1-naphthyl 2 94 77

12 3l: R = H 4 90 47

aAll reactions were carried out with indole 1a (0.40 mmol), 2
(0.48mmol), [PdCl(C3H5)]2 (2.5mol%), 4b (5mol%),K2CO3 (0.48mmol),
toluene (1.5mL) unless otherwise stated. b Isolatedyieldbasedon1a. cThe ee
was determined by chiral HPLC.

Table 3. Pd(0)-Catalyzed Asymmetric Allylic Alkylation of
3-Substituted Indolesa

aAll reactions were carried out with indole 1 (0.40 mmol), 2 (0.48
mmol), [PdCl(C3H5)]2 (2.5 mol %), 4b (5 mol %), K2CO3 (0.48 mmol),
toluene (1.5 mL) unless otherwise stated. b Isolated yield based on 1.
cThe ee was determined by chiral HPLC.
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2f�j gavehigher ee’s (Table 2, entries 1�5vs 6�10). Simple
allyl carbonate 2l was also an effective substrate for this
reaction to furnish the desired product 3l in high yield but
with moderate ee (Table 2, entry 12).
The asymmetric allyl alkylation can be further extended

to a variety of 3-substituted indoles, and all these reactions
can proceed smoothly to give the desired indolenines 3m�r

in high yields with 71�86% ee’s (Table 3, entries 1�6).
When tetrahydrocarbazole 1h was employed as a sub-
strate, the reactionwent relatively slower to afford product
3s in 89% yield with 34% ee (Table 3, entry 7). Interest-
ingly, asymmetric allyl alkylation of 3-substituted indole 1i
bearing a pendant nucleophile with carbonate 2c can occur
an intramolecular addition to afford product 3t in 76%
yield with 76% ee accompanied with a small amount
of further N-alkylation byproducts (19% yield, 75% ee)
(Table 3, entry 8).
The application of this established method for the

natural product synthesis was next examined. Angelicas-
tigmin, a new alkaloid, was isolated from the root of
Angelica polymorpha maxim by Pachaly and co-workers
in 2000.11 To our pleasure, using 2.5 mol % of Pd/ent-4b
catalysts, the asymmetric allyl alkylation of 3-substituted
indole 1j with carbonate 2d can quickly construct com-
pound 3u in 96% yield with 10:1 dr (Scheme 3). Followed
bydeprotectionof theBocandTBSgroups, andhydrolysis
of the ester group, compound 5, a stereoisomer of Angel-
icastigmin, can be conveniently synthesized in good yield
(Scheme 3).12,13

In summary, a palladium-catalyzed asymmetric allylic
alkylation of 3-substituted indoles with allyl carbonates

was realized using chiral phosphite/olefin ligands, and a
wide range of highly desirable indolenines bearing a qua-
ternary carbon stereocenter were obtained in high yields
with up to 87% ee. Particularly, this method provides a
quick access to one stereoisomer of the natural product
Angelicastigmin. Further studies on expanding the sub-
strate scope and exploring their applications in the syn-
thesis of important compounds are underway in our
laboratory.
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Scheme 3. Tentative Synthesis of Angelicastigmin
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