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ABSTRACT

Chiral ferrocenyl heterobidentate P/S ligands bearing both central and planar chirality were prepared from ( S)-Ugi’s amine via a three-step
modular synthesis. Through systematic screening and optimization, L8 was found to be the best ligand for Pd-catalyzed asymmetric allylic
alkylation of indoles with ee’s up to 96% being attained.

Stereoselective functionalization of indoles is a subject of
significance because of the common occurrence of indole
moieties in many bioactive natural products and phar-
maceuticals.1 Lewis acid promoted Friedel-Crafts reac-
tions have been explored extensively for enantioselective
alkylation of indoles at the C-3 position, and high catalyst
loading (10 mol %) was often required for achieving
satisfactory yields and enantiopurities.2 While Pd-catalyzed
asymmetric allylic alkylation is a powerful approach for
stereoselective C-C bond formation,3 its application in
enantioselective indole functionalization has limited prece-
dent in the literature.

In 1999, Kočovský and co-workers first reported that
electron-rich aromatics (including indoles) could be alkylated
with allyl acetates under the Mo(II)-catalyzed conditions.4a

Recently, Umani-Ronchi and co-workers documented an
elegant study on Pd-catalyzed indole alkylation with allylic
carbonates,4b and the related intramolecular enantioselective

reactions4c have been accomplished. As part of our continuing
effort in designing new catalyst systems for the enantiose-
lective C-C bond formation,5 herein we describe an efficient
Pd-catalyzed asymmetric allylic alkylation of indoles by a
new class of chiral P/S ligandsL1-L8 based on ferrocene
and heterocyclic scaffolds. Heterobidentate chiral P/S ligands
have received considerable interest in recent years.5a,6 By
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virtue of the steric and electronic differences of the P/S donor
sets, some highly enantioselective catalytic reactions includ-
ing allylic substitution,5a,6c,6ehydrogenation,6d Diels-Alder,6b

and 1,3-dipolar cycloaddition6a reactions have been devel-
oped. In this work, we employed enantiopure (S)-Ugi’s
amine7b as a chiral building block to create some structurally
diverse ferrocene-based heterobidentate P/S ligands via a
modular synthetic route. Through systemic evaluation of the
ligand library and optimization studies,L8 was found to be
the best ligand for the enantioselective indole alkylation with
product enantioselectivity up to 96% ee.

Initially, we examined a panel of well-established chiral
phosphine ligands for effecting alkylation of unsubstituted
indole with 1,3-diphenyl-2-propenyl acetate under catalytic
conditions: [Pd(η3-C3H5)Cl]2 (2.5 mol %), ligands (5 mol
%), and K2CO3 (2 equiv) in CH2Cl2 for 24 h. In most cases,
the alkylated product was produced in low enantioselectivity
(<30% ee), and the best result (55% yield and 92% ee) was
obtained by employing the (S)-P-Phos ligand (Scheme 1).

In search of more effective chiral ligands for the enantio-
selective indole alkylation, we considered chelating P/S
ligands based on ferrocenyl sulfides containing central and
planar chirality to be valuable candidates because these
ligands are known to promote enantioselective Pd-catalyzed

allylic substitution reactions.6e In this work, we prepared a
new class of chiral ferrocene-based P/S ligandsL1-L8 by
a three-step synthesis (Scheme 2). Diastereoselectiveortho-

lithiation of (S)-Ugi’s amine7 followed by quenching with
various disulfides gave the amino-thioethers3. Heating
3 with imidazole or benzimidazole in AcOH afforded4
with retention of configuration at the central chirality.
Phosphination of4 afforded ligandsL1-L8 in 48-76%
yields.L1-L8 are air-stable compounds and can be handled
in air.

At the beginning, we set out to testL1-containing
imidazole and SPh moieties for the indole alkylation reaction.
Treatment of1a (0.3 mmol) and 1,3-diphenyl-2-propenyl
acetate (0.36 mmol) withL1 (5 mol %) and [Pd(η3-C3H5)-
Cl]2 (2.5 mol %) in CH2Cl2 in the presence of K2CO3 (2
equiv) for 18 h produced the desired adduct2a in 60% yield
and 38% ee (Table 1, entry 1). Having established the
catalytic activity of the chelating P/S ligand, we subsequently
turned to examining the effect of the thioether (SR) group
[R ) p-Tol (L2), Me (L3), Et (L4), i-Pr (L5), Cy (L6), and
t-Bu (L7)] on the reactivity and enantioselectivity.

Table 1 depicts the results of the alkylation of indole upon
variation of the thioether group. LigandL2 with a p-tolyl
substituent afforded the alkylated product in 65% yield and
32% ee (entry 2), comparable to the results ofL1 (cf. entry
1). Employing ligands with primary alkyl substituents (i.e.,
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Scheme 1. Pd-Catalyzed Asymmetric Allylic Alkylation of
Indole 1a with 1,3-Diphenyl-2-propenyl Acetate

Scheme 2. Preparation of P/S Ligands
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L3 andL4) led to progressively improved product yields of
69% and 73% and higher enantioselectivities of 61% ee and
65% ee, respectively (entries 3 and 4). Enantioselectivities
of 80% and 75% were attained with ligandsL5 (R ) i-Pr)
and L6 (R ) Cy) with the product yields being 43% and
63%, respectively (entries 5 and 6). However, employing
ligand L7 with a bulkier t-Bu substituent resulted in poor
enantioselectivity of 4% ee (entry 7).

Taking into account the steric requirement, we are gratified
that the best results of 78% product yield and 86% ee were
obtained when employing ligandL8 bearing a benzimidazole
scaffold and a SEt group for the indole alkylation reaction
(entry 8). According to the report by Umani-Ronchi and
co-workers, methyl 1,3-diphenyl-2-propenyl carbonate was
a more effective substrate for the Pd-catalyzed indole
alkylation reaction. In this work, when methyl 1,3-diphenyl-
2-propenyl carbonate was treated with indole,2awas formed
in comparable enantioselectivity (83% ee) vs the analogous
reaction with 1,3-diphenyl-3-propenyl acetate (86% ee),
albeit with lower product yield (45%, entry 9).

For further reaction optimization, the solvent effect was
also investigated. The best results were obtained (95% ee
and 74% product yield) with CH3CN as solvent (entry 15).
Moreover, Li2CO3, Na2CO3, and Cs2CO3 failed to give better
enantioselectivities and yields than K2CO3 under identical

reaction conditions (entries 16-18). The catalyst containing
(S)-P-Phos are less active, though 96% ee was obtained (entry
19).

With the optimal catalyst combination and reaction condi-
tions in hand, the scope of the reaction with different indoles
1b-i was then investigated (Table 2). It is noteworthy that
the 5-substituted and 7-substituted indoles with both elec-
tron-withdrawing (Cl, Br) and electron-donating (Me, OMe,
OBn) groups, as well as 2-substituted indoles (Ph, Me), were
well tolerated in the reaction, and the desired adducts2b-i
were formed with only small differentiation of enantio-
selectivities (92-96%). Over 99.5% ee was also attained
after a single recrystallization of Boc-protected adduct2b
(entry 2).

The absolute configuration and binding mode of ligand
L8 was established by an X-ray crystallographic study. An
ORTEP representation of the [Pd(L8)Cl2] is shown in Figure

Table 1. Optimization of Reaction Conditionsa

entry ligand solvent base yield (%)b ee (%)c

1 L1 CH2Cl2 K2CO3 60 38
2 L2 CH2Cl2 K2CO3 65 32
3 L3 CH2Cl2 K2CO3 69 61
4 L4 CH2Cl2 K2CO3 73 65
5 L5 CH2Cl2 K2CO3 43 80
6 L6 CH2Cl2 K2CO3 63 75
7 L7 CH2Cl2 K2CO3 65 4
8 L8 CH2Cl2 K2CO3 78 86
9d L8 CH2Cl2 K2CO3 45 83

10 L8 THF K2CO3 63 62
11 L8 toluene K2CO3 79 59
12 L8 DCE K2CO3 72 66
13 L8 DME K2CO3 70 58
14 L8 EtOAc K2CO3 77 81
15 L8 CH3CN K2CO3 74 95
16 L8 CH3CN Li2CO3 49 56
17 L8 CH3CN Na2CO3 69 71
18 L8 CH3CN Cs2CO3 22 92
19 (S)-P-Phos CH3CN K2CO3 34 96

a Conditions: indole1a (0.3 mmol), [Pd(η3-C3H5)Cl]2 (2.5 mol %),
ligand (5 mol %), 1,3-diphenyl-2-propenyl acetate (1.2 equiv), base (2 equiv)
in solvent (2 mL).b Isolated yield.c Enantiomeric excesses were determined
by chiral HPLC with theN-Boc-protected derivative of2a (see Supporting
Information).d Methyl 1,3-diphenyl-2-propenyl carbonate was used instead
of 1,3-diphenyl-2-propenyl acetate.

Table 2. Scope of Indolesa

a Conditions: indole1 (0.3 mmol), [Pd(η3-C3H5)Cl]2 (2.5 mol %), ligand
(5 mol %), 1,3-diphenyl-2-propenyl acetate (1.2 equiv), K2CO3 (2 equiv)
in CH3CN (2 mL).b Isolated yield.c Enantiomeric excesses were determined
by chiral HPLC with theN-Boc-protected derivatives of2 (see Supporting
Information).d After a single recrystallization.
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1. Only one epimer of the ethyl substituent on the sulfur
donor was observed in an anti-orientation with respect to

the iron atom of ferrocene. A similar structural observation
has been reported by Carretero and co-workers.6f In addition,
the strongertranseffect exerted by the phosphorus donor is
reflected in the difference in Pd-Cl bond lengthstrans to
the phosphorus atom [2.353(1) Å] andtrans to the sulfur
atom [2.289(3) Å].

In summary, we have succeeded in preparing a new class
of air-stable ferrocenyl P/S ligands with heterocyclic moi-
eties, and their application in the enantioselective Pd-
catalyzed allylic alkylation of indoles was achieved with high
enantioselectivities (96% ee) irrespective of the steric or
electronic nature of indoles.
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Figure 1. Molecular structure of [Pd(L8)Cl2] at 35% probability
level.
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