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The asymmetric construction of a stereogenic carbon center
with four non-hydrogen substituents, that is, a quaternary
carbon atom, represents one of the most challenging and
demanding topics in the synthesis of natural products and
chiral drugs.[1] The construction of quaternary carbon centers
bearing a nitrogen atom, which is a fairly ubiquitous structure
in natural alkaloids,[2] has drawn increasing attention and
several catalytic asymmetric procedures have been success-
fully developed.[3] The catalytic asymmetric Friedel–Crafts
reaction has attracted much attention over the past decades as
a versatile C�C bond-forming process, and great progress has
been reported.[4] However, to the best of our knowledge, no
efficient method has been reported for the creation of a
nitrogen-containing quaternary carbon center by using the
asymmetric Friedel–Crafts reaction.[5] Herein, we describe an
enantioselective Friedel–Crafts reaction of indoles (2) with a-
aryl enamides 3 catalyzed by chiral Brønsted acids 1[6] to
provide chiral tertiary amines 4 with a quaternary carbon
center in excellent yields and high enantioselectivities
(Scheme 1).[7] It is noteworthy that while the enamides have

generally been used as nucleophiles in acid-catalyzed reac-
tions,[8] the a-aryl enamides 3 have played the role of the
electrophile in the reaction with indoles.[9]

The initial reaction of indole (2a) and a-phenyl enamide
(3a) was performed at room temperature in dichloromethane
in the presence of 10 mol% of the chiral binol-based
phosphoric acid 1a as the catalyst (binol= 2,2’-dihydroxy-
1,1’-binaphthyl). The Friedel–Crafts product, N-(1-(3-
indolyl)-1-phenylethyl)acetamide (4aa) was obtained in
74% yield but with almost no enantioselectivity (Table 1,

entry 1). We then concentrated on the modification of the
structure of the chiral phosphoric acid catalyst. A series of
chiral phosphoric acids 1 with different substituents at the
3,3’-positions of the binaphthyl ring were prepared and tested
in the reaction of indole (2a) and a-phenyl enamide (3a). The
sterically congested phosphoric acid catalysts were found to
be crucial for achieving high enantioselectivity, with the
catalyst 1 j bearing bulky 2,4,6-triisopropylphenyl groups at

Scheme 1. Asymmetric Friedel–Crafts reaction of indole (2a) and
N-(1-phenylvinyl)acetamide (3a) catalyzed by a chiral Brønsted acid.

Table 1: Chiral Brønsted acid catalyzed asymmetric Friedel–Crafts reac-
tion of 2a and 3a.[a]

Entry Catalyst Solvent t [h] Yield [%][b] ee [%][c]

1 1a CH2Cl2 3 74 4
2 1b CH2Cl2 3 79 32
3 1c CH2Cl2 3 84 35
4 1d CH2Cl2 3 87 10
5 1e CH2Cl2 6 52 66
6 1 f CH2Cl2 6 54 22
7 1g CH2Cl2 6 72 38
8 1h CH2Cl2 6 78 72
9 1 i CH2Cl2 6 58 25
10 1 j CH2Cl2 6 64 91
11[d] 1 j CH2Cl2 6 90 91
12[d] 1 j DCE 6 90 91
13[d] 1 j benzene 6 97 92
14[d] 1 j toluene 6 99 92
15[d] 1 j xylene 6 99 91
16[d,e] 1 j toluene 14 99 91
17[d,f ] 1 j toluene 40 98 94
18[d] 1 j tBuOMe 14 n.r.[g] –
19[d] 1 j THF 14 n.r. –
20[d] 1 j dioxane 14 n.r. –

[a] Unless otherwise noted, all reactions were performed with 0.14 mmol
of 2a, 0.10 mmol of 3a, 0.01 mmol of 1 in 1.5 mL solvents at RT. [b] Yield
of isolated product. [c] Determined by chiral HPLC on a Chiralpak AD-H
column. [d] 90 mg of 4-@ molecular sieves were added. [e] 5 mol%
catalyst was used. [f ] The reaction was performed at 0 8C. [g] No reaction.[*] Dr. Y.-X. Jia, J. Zhong, Dr. S.-F. Zhu, C.-M. Zhang, Prof. Q.-L. Zhou
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the 3,3’-positions being the most enantioselective (91% ee,
entry 10). The yield of the Friedel–Crafts product was only
moderate (64%) because of hydrolysis of the enamide
substrate. This hydrolysis was prevented when 4-7 molecular
sieves were added, and the yield was remarkably improved
from 64% to 90% without diminishing the enantioselectivity
(entry 11). The reaction could also be performed in
CH2ClCH2Cl (DCE), benzene, toluene, and xylene to give
the desired product in high yields and high enantioselectiv-
ities (entries 12–15). However, the reaction was fully prohib-
ited in coordinating solvents such as tBuOCH3, THF, and
dioxane (entries 18–20). Decreasing the reaction temperature
to 0 8C slightly enhanced the enantioselectivity to 94% ee, but
a longer reaction time was needed (entry 17).

Awide array of indole derivatives 2 and a-aryl enamides 3
were investigated in the asymmetric Friedel–Crafts reaction
in the presence of catalyst 1j under the optimal reaction
conditions (Table 2). All the substituted a-aryl enamides and

indole derivatives underwent the Friedel–Crafts reaction
smoothly to give the corresponding products in excellent
yields. The a-aryl enamides with either an electron-donating
or -withdrawing substituent at the meta or para position gave
high enantioselectivities, thus showing that the electronic
nature of the substituents in the enamide substrates has very
little effect on the enantioselectivity (Table 2, entries 1–9).
However, by contrast, ortho substituents in the a-aryl
enamides strongly diminished both the reactivity and enan-

tioselectivity of the reaction. For example, the reaction of 2-
methoxy-substituted a-aryl enamide 3j needed 3 days at 25 8C
to generate the Friedel–Crafts product in only 73% ee value
(Table 2, entry 10). The reaction of the enamide 3k with a 2-
chloro substituent under the same conditions gave only a
trace amount of the Friedel–Crafts product (Table 2,
entry 11). Besides the substituted a-phenyl enamides, the
naphthyl enamide 3 l also gave the asymmetric Friedel–Crafts
product in high yield and enantioselectivity (Table 2,
entry 12). Treatment of indole with N-(1-phenyl-propenyl)a-
cetamide orN-(1-tert-butyl-vinyl)acetamide gave no reaction,
even at 80 8C. Various substituted indoles have also been
investigated in the Friedel–Crafts reaction with a-phenyl
enamide. The corresponding tertiary amine products were
obtained in excellent yields with high enantiomeric excess
(Table 2, entries 13–15).

WhenN-methylindole (2e) andN-methyl enamide 5 were
prepared and treated with enamide 3a and indole, respec-
tively, no reaction was observed (Scheme 2), thereby demon-

strating that the hydrogen atoms on the N atoms of both the
indole and enamide moieties are crucial for the activation of
the reactants by phosphoric acid catalysts 1 in this Friedel–
Crafts reaction. A proposed reaction model calls for the chiral
phosphoric acid catalyst to activate the indole and enamide
moieties through two hydrogen bonds. The enamide forms an
equilibrium with the corresponding ketimine, which is
protonated and activated by the chiral phosphoric acid to
accept the nucleophilic attack of the indole. The failure of the
reaction of the N-methylated enamide 5 with indole is
consistent with this mechanism, as the enamide 5 can not be
converted into its imine version.[10] The fact that N-methyl-
indole (2e) gives no reaction supports the necessary existence
of the hydrogen bond between the N-H atom of the indole
and the phosphoric acid. The indole attacks the ketimine from
theRe face, thereby affording the Friedel–Crafts product with
an S configuration (Scheme 3), which was confirmed by X-ray
measurement of a single crystal of product 4ad (Figure 1).[11]

In summary, we have developed an asymmetric Friedel–
Crafts reaction of indoles with a-aryl enamides catalyzed by
chiral phosphoric acids that provides simple and direct access
to chiral amines with a quaternary carbon atom in high

Table 2: Chiral Brønsted acid catalyzed asymmetric Friedel–Crafts
reaction of indoles 2 and enamides 3.[a]

Entry R1 Ar Product (%) ee [%][b]

1 H (2a) C6H5 (3a) 4aa (98) 94
2 H (2a) 4-MeC6H4 (3b) 4ab (99) 92
3 H (2a) 4-MeOC6H4 (3c) 4ac (94) 90
4 H (2a) 4-BrC6H4 (3d) 4ad (98) 92 (S)[c]

5 H (2a) 4-CF3C6H4 (3e) 4ae (98) 93
6 H (2a) 3-MeC6H4 (3 f) 4af (97) 90
7 H (2a) 3-MeOC6H4 (3g) 4ag (99) 97
8 H (2a) 3-ClC6H4 (3h) 4ah (99) 92
9 H (2a) 3,4-Me2C6H4 (3 i) 4ai (99) 95
10[d] H (2a) 2-MeOC6H4 (3 j) 4aj (95) 73
11[d] H (2a) 2-ClC6H4 (3k) 4ak (trace) 31
12 H (2a) 2-naphthyl (3 l) 4al (95) 92
13 4-OH (2b) C6H5 (3a) 4ba (95) 86
14 5-Br (2c) C6H5 (3a) 4ca (98) 90
15 5-MeO (2d) C6H5 (3a) 4da (99) 92

[a] The reaction conditions were the same as those in Table 1, entry 17, at
0–25 8C, 6–48 h. [b] For analysis of the ee values of the products, see the
Supporting Information. [c] Absolute configuration determined by
single-crystal X-ray diffraction analysis. [d] At 25 8C for 3 days.

Scheme 2. Chiral phosphoric acid catalyzed Friedel–Crafts reactions of
N-methylindole (2e) and N-methylated enamide (5).
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enantioselectivities. Further applications of the present enan-
tioselective protocol to other reactions are in progress.
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Scheme 3. Proposed reaction model.

Figure 1. X-ray structure of (S)-4ad.
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