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ABSTRACT: A general and efficient Pd/sulfoxide-phosphine
complex-catalyzed direct asymmetric N-allylic alkylation of indoles
has been developed to allow for the preparation of various N-
allylated indoles in generally good yields with excellent enantiose-
lectivities. This catalytic system could also be extended to other N-
containing heterocycles with good results.

Chiral indole derivatives represent a ubiquitous class of
privileged nitrogen-containing heterocycles with wide

occurrence in numerous biologically active natural products
and pharmaceuticals, and are valuable building blocks in the
synthesis of indole-based polycyclic heterocycles.1 As a result, a
great deal of research has been devoted to the development of
efficient strategies for catalytic asymmetric functionalization of
indoles.2 In this context, the majority of the known methods are
typically based on the inherent nucleophilicity of the C3- or C2-
position of indoles as exemplified by their enantioselective 1,2- or
1,4-additions to electron-deficient CC and CX (X = O or
N) systems3 as well as asymmetric allylic alkylation (AAA).4,5 In
stark contrast, the direct catalytic asymmetric functionalization at
the N1-position of indoles remains largely underdeveloped.
Recently, intensive exploration of the N1-reactivity of the indole
core by fine-tuning its electronic properties or rational design of
precursors by several research groups including ours has resulted
in several efficient and highly stereoselective approaches to N-
alkylated indole derivatives.6 Notably, the resulting N-function-
alized products are also useful building blocks for the
construction of various biologically active and chiral polycyclic
indolyl alkaloids, such as vinpocetine, yuremamine, and
flinderoles (Scheme 1).
In particular, the transition-metal- or small organic molecule-

catalyzed enantioselective N-allylic alkylation of indoles has
attracted considerable attention as the resulting highly function-
alized products enable further manipulations to various indole
derivatives.7 Pioneered by Trost’s work on palladium-catalyzed
N-allylic alkylation of (bis)indole lactams and glyoxamide,7a

Hartwig’s group in 2009 described the first example of an Ir/
phosphoramidite-catalyzed highly enantioselective N-allylation
of electron-deficient or C3-substituted indoles with achiral linear
allylic carbonates as allylic precursors (Scheme 2, eq 1).7b,c You
and co-workers recently developed a powerful Ir-catalyzed one-
pot procedure for the highly enantioselective formation ofN-allyl
indole derivatives, wherein a sequential allylic alkylation/

oxidation of indolines using a stoichiometric amount of DDQ
as an oxidant was involved (Scheme 2, eq 2).7d,e It should be
noted that organocatalytic N-allylic alkylation of indoles
developed by the group of Chen7f usingMorita−Baylis−Hillman
carbonates as electrophiles has also provided an efficient entry to
N-allylation of indoles with high functional group compatibility
and enantioselectivities. Despite these impressive advances, it
would still be beneficial to develop more efficient and general
methods for direct enantioselective allylic alkylation at the N1-
position of indoles that are tolerant with various substituents and
use easily available starting materials. Based on our recent
experience on the indole chemistry and asymmetric catalysis with
chiral sulfoxide-phosphines,6i,8 we recently achieved a general
Pd-catalyzed direct N-allylic alkylation of indoles with these
ligands to give the corresponding valuable N-allylated indole
derivatives in consistently high yields and enantioselectivities
(Scheme 2, eq 3). Herein, we wish to communicate our
preliminary results.
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Scheme 1. Biologically Active N-Functionalized Indole
Alkaloids
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At the outset, we first examined our previously developed
sulfoxide-phosphine ligands 4 in the model reaction between
methylindole-2-carboxylate 1a and racemic (E)-1,3-diphenylallyl
acetate 2a (Table 1). Gratifyingly, all of the palladium catalyst

systems generated from [Pd(C3H5)Cl]2 and sulfoxide-phos-
phine ligands 4 proved to be suitable for the reaction in the
presence of Cs2CO3 as the base in CH2Cl2, affording the desired
N-alkylated indole 3aa with 91−99% yields and 97−98% ee
(Table 1, entries 1−7). In accordance with our previous
observation,8b,c ligand 4c was also confirmed to be optimal in
terms of reaction efficiency and stereoselectivity (Table 1, entry

3). Importantly, the use of the corresponding enantiomeric
ligand ent-4a could also furnish the opposite configuration of
product 3aa in good yield with excellent ee (Table 1, entry 8).
Notably, the air and moisture stable ligand 4c also allowed the
reaction to be performed under air with no deleterious effect on
the results (Table 1, entry 9). In contrast, the use of Trost’s ligand
5 led to no formation of the expected product under the current
reaction conditions (Table 1, entry 10). Further optimization of
other reaction parameters such as metal sources, temperature,
and bases gave the optimal conditions: the combination of 2 mol
% of [Pd(C3H5)Cl]2 and 4 mol % of ligand 4c as the catalyst, 3.0
equiv of Cs2CO3 as the base, and 40 °C in CH2Cl2 (99% yield,
97% ee) (Table 1, entry 3).9

First, a wide variety of indoles were subjected to the above-
mentioned optimal conditions to prove the generality of this
methodology (Scheme 3). In contrast to Hartwig’s study,7b all
the indoles with various aliphatic or electron-withdrawing groups
at the C3-position reacted very well to afford the corresponding
alkylated indoles 3ba−3fa with good yields (67−98%) and
enantioselectivities (90−98% ee). Moreover, a range of syntheti-
cally useful residues R1 connected to the C2-position of the
indoles were also well accommodated, furnishing the products
3ga−3ja in high yields (74−97%) and with excellent ee values
(93−98% ee). Surprisingly, the reaction with 2-vinyl indole 1i
only gave rise to the N/C-dialkylated product 3ia as a single
diastereomer with 95:5 dr and 93% ee.7i,9 Notably, the reaction
with sterically encumbered indoles 1k−1m bearing substituents
at both the C2- and C3-positions also proceeded smoothly to
give the N-allylated indoles 3ka−3ma with satisfactory results
(58−95% yield, 75−94% ee). Also, indole 1n with a strongly
electron-withdrawing nitro group incorporated into the phenyl
ring gave the products 3na in 87% yield with 98% ee. More
importantly, multisubstituted indoles 1o−1t with electron-
withdrawing and -donating groups at the C-2, C-3, and phenyl
ring can be also well employed to yield the N-allylation products
in 73−96% yield with 89−96% ee with the exception of 1p, which
underwent the allylic alkylation at the C3 position of indole to
afford the product 3pa in 87% yield with 93% ee.
Encouraged by these promising results, we then continued to

simply evaluate the scope of allyl acetates. For example, the
incorporation of the methyl group into the para-position of the
aromatic ring of allyl acetate 2b resulted in the product 3abwith a
95% yield and 96% ee, while racemic (E)-1,3-di(meta-chloro-
ephenyl) allylic acetate 3c could also react very smoothly to give
the expected product 3ac in 89% yield with 95% ee. Interestingly,
the reaction with 1-methyl-3-phenyl allyl acetate 2d showed high
regioselectivity with 3ad being isolated in 98% yield with only
65% ee. Unfortunately, cyclic acetates such as 2e proved to be
ineffective under the current catalyst system, giving the expected
product 3aewith only 23% ee. Finally, the absolute configuration
of 3ba was determined to be R by comparison of its optical
rotation ([α]D

20 = +78.60 (c = 1.0, CHCl3)) with that of an
identical compound from You’s study,7h and all otherN-allylated
products were tentatively assigned by analogy.
To further extend the substrate scope of this methodology, we

also briefly examined a range of other nucleophilic nitrogen-
containing heterocycles such as imidazole, benzotriazole, and
benzimidazole because of the established biological activities of
these compounds and their derivatives (Scheme 4).10 Using 2a as
an allylic precursor, the reactions with unactivated imidazole,
pyrrole, benzoimidazole, and benzotriazole all proceeded
smoothly to give the corresponding N-allylated products 6a−
6d with good yields and enantioselectivities (64−96% yield, 57−

Scheme 2. Transition-Metal-Catalyzed Enantioselective N-
Allylation of Indoles

Table 1. Screening of Ligandsa

entry t (h) ligand yieldb (%) eec (%)

1 26 4a 98 97
2 26 4b 99 97
3 7 4c 99 97
4 19 4d 96 98
5 19 4e 91 97
6 19 4f 99 97
7 26 4g 92 97
8 24 ent-4a 96 −94
9d 11 4c 91 96
10 24 5 −e −

aUnless noted, reactions were performed with 1a (0.30 mmol), 2a
(0.45 mmol), [Pd(C3H5)Cl]2 (2 mol %), 4 (4 mol %), Cs2CO3 (0.90
mmol) in CH2Cl2 (3.0 mL) at 40 °C for the time indicated. bIsolated
yield. cDetermined by chiral HPLC analysis. dThe reaction was
performed under air. eNo desired product.
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96% ee). Thus, the reaction provides a complementary method
for N-alkylation of those privileged heterocycles.6f,7c

A gram-scale reaction with 1a and 2a under the standard
conditions also proceeded well to afford N-allylated product 3aa
with excellent results (98% yield, >99% ee), implying that this
method is amenable to large-scale production (Scheme 5a).
Notably, the reaction withN-Boc tryptamine 1u as a nucleophile
resulted in the synthesis of 3ua with a 90% yield and 96% ee,
which could be a potentially useful synthon for the construction
of yuremamine analogues.6i,7d,11

In conclusion, we have developed a general and efficient Pd-
catalyzed direct asymmetric N-allylic alkylation of indoles and
other biologically related N-heterocycles using our own
sulfoxide-phosphine. The reaction gave the corresponding N-

allylated products in consistently good yields and with excellent
enantioselectivities. Further expansion of the substrate scope is
currently underway.
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