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Abstract: Asymmetric coupling proceeds effi-
ciently between propargylic acetates, cycloalkenes
and electron-rich heteroarenes including indoles,
pyrroles, activated furans and thiophenes. 2,3-
Disubstituted tetrahydrofurans and pyrrolidines
are produced in trans configuration and excellent
enantiomeric ratios. The reaction proceeds via
Wacker-type attack of nucleophilic heteroarenes
on alkenes activated by allenyl PdII species.

Asymmetric Friedel–Crafts alkylation allows
direct incorporation of heteroarenes, such as
indoles, pyrroles and some other electron-rich
(hetero)arenes, into useful chiral building blocks.
In these reactions, diverse types of alkylating
reagents with innate polar bonds can be used,
including carbonyl compounds, imines, epoxides
and aziridines, allylic electrophiles and Michael
acceptors.[1] Some of these catalytic methods have
been applied in total syntheses of bioactive
natural products.[2]

Unactivated alkenes are an alternative and
attractive class of alkylating reagents. Alkenes
can survive under many reaction conditions
entailed in a multi-step synthesis, and can be
activated to react with heteroarenes once prop-
erly activated. For example, alkenes can be read-
ily activated by electrophilic metal complexes (Pt,
Pd and Au) towards nucleophilic attack by pendant indoles
and pyrroles to form 5- or 6-membered rings (Figure 1 a).[3]

The intermolecular version proved to be more challenging.
Chen et al. recently disclosed stereoselective g-selective
addition of indoles to alkenes activated by palladacycles in
situ derived from N-8-quinolinyl-amides (Figure 1b).[4]

Asymmetric heteroarylation of alkenes is deemed to be
even more difficult without aid of a directing group or
covalent linkage to metal centers, because of inherent

difficulty in controlling conformations of alkenes during
external attack.

In another type of reaction pathway, low-valent late
transition metals (Ni,[5] Rh[6] and Ir[7]) were reported to cleave
heteroaryl C�H bonds and then promote asymmetric
b-insertion to pendant alkenes.[8] The intermolecular insertion
of this type, however, is also challenging and such examples
are limited. In Fe- or Co-catalyzed directed alkylation of
indoles, insertion into styrene occurred in good ee values, but
stoichiometric amounts of Grignard reagents were needed to
in situ produce active low-valent metal catalysts.[9] In iridium-
catalyzed enantioselective alkylation of indoles and other
heteroarenes, insertion was limited to reactive bicyclic
norbornenes and alike (Figure 1c), as disclosed by Hartwig
et al.[10] Recently, Sigman et al. reported that in oxidative
Heck reaction, in situ generated indolyl Pd species underwent
b-insertion of acyclic alkenols in good enantiomeric ratios
(Figure 1d).[11] Additionally, Zhu et al. reported that oxadia-
zoles and other heteroarenes containing acidified C�H
bonds were in situ deprotonated by bases and intercepted
alkyl palladium species, which were produced from asym-
metric Heck-type cyclization.[12]

Figure 1. Asymmetric heteroarylation of alkenes based on a,b,e) Wacker-type nucleo-
philic attack and c,d) b-insertion of heteroaryl metal species.
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Previously, we reported Pd-catalyzed enantioselective
Wacker-type coupling of propargylic acetates, cycloalkenes
and weak O- and N-nucleophiles, such as alcohols, water and
(hetero)arylamines.[13] Herein, we extend the Wacker reac-
tivity to nucleophilic heteroarenes including indoles, pyrroles
and some activated furans and thiophenes, as well as some
anilines. The three-component coupling produces trans
adducts in excellent enantiomeric ratios, without the aid of
directing groups (Figure 1e).

Substituted pyrrolidines and tetrahydrofurans are among
the most frequently used heterocycles in pharmaceuticals.[14]

In recent years, incorporation of saturated azacycles, in place
of unsaturated azaarenes, has become a common strategy to
increase chance of clinical success of drugs.[15] But catalytic
methods to access 2,3-disubstituted pyrrolidines and tetrahy-
drofurans are still limited.[16] The allene functionality in the
products are useful intermediates in stereoselective synthe-
sis.[17] Many catalytic methods are now available for stereo-
and regioselective transformations of allenes.[18]

We used a model reaction of propargylic acetate 2a, 2,3-
dihydrofuran (2 equiv) and 1,2-dimethylindole 3 a (3 equiv).
In our initial study, common diphosphines including Segphos,
Difluorphos and P-Phos did not produce active Pd catalysts.
To our gratification, a Pd catalyst of electron-deficient MeO-
biphep L1 carrying P-furyl substituents[19] promoted forma-
tion of desired adduct 4a in good yield and 90% ee
(Scheme 1a). Minor side products included a ternary adduct
with acetic acid 4a’ and, to a lesser extent, another ternary
adduct with formic acid. In comparison, a Pd catalyst of
parent MeO-biphep[20] having P-phenyl groups led to forma-
tion 4a in 13 % yield, along with reduction of propargylic
acetate to 4a’’ (56 % yield) as main side reaction.

Stirring of Pd(cod)Cl2 and L1 generated complex
(L1)PdCl2 as yellow precipitate in acetonitrile. The isolated
complex provided similar results in the model reaction and
also improved its reproducibility (Scheme 1b). Thus, 1 mol%
Pd complex of L1 was sufficient to promote full conversion
and gave adduct 4a in 73 % yield and 90% ee. Complexes of
modified MeO-biphep�s L2 and L3 carrying P-benzofuryl and
P-thienyl groups, respectively, were less reactive, in compar-
ison. Sodium formate was found to be optimal to reduce
(L1)PdCl2 to generate the active Pd0 catalyst in situ, but it also
led to 10 % of side product 4a’’. Potassium formate led to
61% of 4a in the model reaction, whereas neither K3PO4 nor
NEt3 produced an active catalyst at all.

Intuitively, the choice of polar solvents was crucial to
stabilizing a cationic allenyl palladium complex, a key species
in the catalytic cycle. 4a was formed in 73 % and 63% yields
in the model reaction in acetonitrile and ethylene carbonate,
respectively. The yields were much lower in some polar
solvents, 23 % in EtOH, 31% in iPrOH and 43% in CH2Cl2,
whereas no desired product was formed in DMF, DMSO and
dioxane.

Palladium dichloride complex of L1 (1 mol%) was
successfully applied to reactions of 2,3-dihydrofuran with
different propargylic acetates, carrying both electron-donat-
ing methoxy and electron-withdrawing ester groups on aryl
rings (4c, 4 f) (Scheme 2). The reaction also tolerated aryl
fluoride and bromide (4g–h). Furthermore, the C3-substitu-
ents can be thienyl and cycloalkenyl rings (4 i–j). However,
omission of two methyl groups on the propargyl fragment led
to the loss of the desired reactivity.

The model reaction of 1,2-dimethylindole provided good
yield of adduct 4a in acetonitrile. In exploration of other
indoles, we found that most of indoles gave better yields in
ethylene carbonate instead (Scheme 3a). Ethylene carbonate
has an exceptional high dielectric constant of 95; with
a melting point of 35 8C, it quickly melted in the reaction
mixture upon heating. Furthermore, for most indoles without
C2-substituents, PdCl2 complex of ligand L2 carrying
P-benzofuryl rings led to higher conversions. Thus, indoles
carrying both electron-donating and electron-withdrawing
groups reacted smoothly to give adducts in reasonably good
yields (5g–i). Adduct 5b was crystalline and X-ray diffraction
helped to set its absolute configuration and others by
analogy.[21] Notably, 1,3-dimethylindole formed a ternary
adduct (30% yield) at its C2-position.

Substituted pyrroles can also participate in the three-
component reactions to furnish adducts 5j–m in acetonitrile
or ethylene carbonate (Scheme 3 b). The reaction of
N-methylpyrrole resulted in two isomers 5 l and 5 l’ in 2:1
ratio, both in over 90% ee. 2,5-Diphenylpyrrole, unfortu-
nately, was too hindered to react.

Furthermore, the new method was successfully applied to
an activated furan, thiophene and several anilines to give
5n–q (Scheme 3c). Without strongly electron-donating
alkoxy or alkylamino groups on these substrates, no expected
reaction was detected. Interestingly, very hindered 1,3,5-
trimethoxybenezene also coupled to give adduct 5r, although
in moderate yield (42 %). In some examples above, Pd
complex of L2 was used instead of L1 to give better yields of

Scheme 1. Effect of MeO-biphep ligands on model reaction of 2,3-
dihydrofuran and 1,2-dimethylindole using a mixture of a) Pd(cod)Cl2
and diphosphines and b) isolated Pd complexes.
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desired products. Addition of 20 mol% calcium
hydroxide also helped to improve yields of some
examples by neutralizing acetic acid produced
from the reaction, but the yields did not further
improve when used in stoichiometric amounts.

In the aforementioned reactions in Scheme 3
that gave poor or moderate yields, ternary adduct
of 2,3-dihydrofuran and acetic acid 4a’ was the
main side product. When isolated and added
separately into another living catalytic reaction,
4a’ was not consumed indicating that it was not
a competent intermediate for the generation of 4a
under catalytic conditions.

The complex of L1 was applicable to asym-
metric heteroarylation of N-Boc-2,3-dihydropyr-
role. Herein, no ternary adduct with acetic acid
analogous to 4a’ was detected as side product.
Instead, a racemic Friedel–Crafts-type adduct of
N-Boc-2,3-dihydropyrrole and indole was the
main side product, which was catalyzed by in
situ produced acetic acid. In acetonitrile, indoles
and pyrroles carrying C2-substituents reacted
efficiently to give adducts 6a–f (Scheme 4a).
2-Phenylpyrrole coupled cleanly at C5-position
(as confirmed by X-ray structure)[21] and its yield
was higher in ethylene carbonate than acetoni-
trile. For most indoles without C2-substituents,
higher yields were also obtained in ethylene
carbonate (Scheme 4b). The reaction tolerated
well substituents including a methoxy group, aryl
fluoride and chloride on indoles (6 l–p). An
activated furan, thiophene and some anilines
were also suitable substrates, giving adducts 6q–
t. Notably, N,N-dimethylaniline was moderately
reactive to afford product 6u in 30% yield when
(L2)PdCl2 was used as the catalyst.

The allenes in the adducts can be readily
converted to other functional groups (Scheme 5).
For example, Pd/C-catalyzed selective monohy-
drogenation of 4 a afforded 7a with 10:1 dr at
2.5 mol% Pd loading. But at higher 25 mol% Pd
loading, not only the allene group was fully
hydrogenated, but also the tetrahydrofuran ring
was selectively cleaved at the benzylic site to
provide 7 b. Thus, the hydrogenation process did
not halt halfway after double hydrogenation of
the allene. Additionally, both the allene and
heterocyclic ring of indole were cleaved by
ozone to give diketone 7c.[22] Both aromatic
ketone groups were then deoxygenated to give
7d via Pd/C-catalyzed reduction using polyme-
thylhydrosiloxane (PMHS).[23]

In summary, we report herein a three-compo-
nent difunctionalization of cycloalkenes using
propargylic electrophiles and heteroarenes such
as indoles, pyrroles and some activated furans and
thiophenes. Asymmetric Wacker-type attack of
nucleophilic heteroarenes on cycloolefins without
the aid of a directing group proceeds with

Scheme 2. Examples of propargylic acetates in 3-component coupling with
2,3-dihydrofuran.

Scheme 3. Examples of 3-component coupling of 2,3-dihydrofuran with indoles,
pyrroles and other (hetero)arenes.
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excellent stereocontrol. 2,3-Disubstitututed tetra-
hydrofurans and pyrrolidines are generated in
trans configuration and excellent ee values. Mech-
anistically, the electron-deficient s-allenyl palla-
dium center ligated by weakly donating MeO-
biphep proved instrumental to sufficiently activat-
ing cycloalkenes for external attack by hetero-
arenes.
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