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Bioactive natural products are a key source of inspiration for
syntheses of biological tools and potential therapeutic com-
pounds.[1] The indolizine core is a privileged heterocyclic ring
system found in a large number of bioactive natural alkaloids
and clinically useful pharmaceuticals.[2] The 5,6,7,8-tetra- and
5,6-dihydroindolizine frameworks (Figure 1) have recently

drawn tremendous interest from both synthetic and medicinal
chemists because of their properties as anti-tumor,[3a,g] anti-
leukemia,[3b] anti-cholinergic agents,[2a] and other important
biological activities.[3] In addition, 5,6,7,8-tetra- and 5,6-
dihydroindolizine alkaloids are common secondary metabo-
lites in plants, invertebrates, fungi, and bacteria.[4] Thus, the
design of new synthetic methods to provide molecules in this
class of compounds is of interest, and intramolecular cycliza-
tion of intermediates using metal-catalyzed,[5c–g] radical,[5h–i]

and base-induced processes have been reported.[5]

Current synthetic methods to access these motifs require
multi-steps and are largely racemic. Recently, there has been
considerable progress in the field of organocatalytic asym-
metric synthesis of other important nitrogen-containing
heterocycles based on the (ox)indole skeleton,[6, 7] but the
enantioselective synthesis of pyrrole derivatives has been less
studied because of the difficulties in stereocontrol and mode
of activation. To date, there have been few or no reports
concerning catalytic asymmetric methodologies that system-
atically address the construction of privileged indolizine core
scaffolds of this type.

In view of the operational and economical advantages
associated with organocatalysis, our laboratory has been
engaged in the design of broadly useful new strategies for
enantioselective oxindole syntheses using enamine, iminium,
hydrogen-bonding, alkaloid, and phosphine catalysis.[7]

Inspired by the utility of in situ generated enolates,[8] we
hypothesized that a pyrrole enolate intermediate formed
in situ (A, Scheme 1) could serve as an electron donor for the

synthesis of a 5,6-dihydroindolizine framework. We also
reasoned that the a position of a pyrrole enolate functional-
ized with a terminal electron-withdrawing leaving group at
the ethene substituent would act as an effective electron-
donor/acceptor intermediate (B, Scheme 1). Such an atypi-
cally configured diene B could then be employed in an
asymmetric domino reaction[9] with the iminium species
derived from a,b-unsaturated carbonyl compounds and
chiral amines (Scheme 1). Here we report a dual iminium–
enolate generation/activation strategy as a new platform for
organocatalytic intermolecular cycloaddition processes. This
catalytic asymmetric methodology provides for the synthesis

Figure 1. Hydroindolizine-containing natural products and biologically
active molecules.

Scheme 1. Dual iminium–enolate activated catalytic strategy
(EWG = leaving group).
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of a diverse range of functionalized 5,6-dihydroindolizine
architectures in a single step.

To begin our initial investigation, several chiral amine
organocatalysts were screened to evaluate their ability to
promote the model reaction of pyrrole substrate 2a with a,b-
unsaturated aldehyde 3a in the presence of 18 mol% of
catalyst[10] and 30 mol% NaOAc as an additive at room
temperature in CH2Cl2 (Table 1, entries 1–6). These results

indicated that the a,a-diphenylprolinol O-TMS ether 1 c[11]

provided the highest chemical yield and enantioselectivity of
the catalysts tested, furnishing the desired product 4a in 82%
yield and 81 % ee (entry 3). Subsequently, a survey of solvents
was carried out (entries 7–11). We found that the solvent had
a significant effect on the reaction. Among the solvents
tested, acetonitrile was optimal, giving the product with 88%
yield in high stereoselectivity (97 % ee and > 20:1 diastereo-
meric ratio (d.r.), entry 9). A high yield and enantioselectivity
(91 % yield, and > 99% ee) were observed in the presence of
30 mol% of sodium benzoate (entry 13).

The catalytic domino reaction of a,b-unsaturated alde-
hyde 3a with N-protected dialkyl 2-((1H-pyrrol-2-yl)methy-
lene)malonates in the presence of 18 mol% 1c proceeded
smoothly under optimized conditions. A variety of N-pro-

tected dialkyl 2-((1H-pyrrol-2-yl)methylene)malonates,
including those bearing electron-withdrawing and electron-
donating substituents on the aryl ring and with different ester-
substituted terminal leaving groups, were examined (Table 2).
All products were obtained in excellent diastereoselectivities
and in excellent enantioselectivities (94 %–> 99% ee) with
high yields (85–95% yields, entries 1–10). As expected, an
aliphatic substrate was also suitable for this asymmetric
process and the corresponding product was obtained with
excellent diastereo- and enantioselectivity albeit with lower
yield (entry 11).

We then sought to expand the reaction to various a,b-
unsaturated aldehydes. Diverse, structured chiral 5,6-dihy-
droindolizines were synthesized (Scheme 2). Variation of the
electronic properties of the substituents at different positions
on the aromatic ring of a,b-unsaturated aldehydes and on the
heterocyclic group were tolerated, affording 4j–4p with
excellent enantioselectivities (95–> 99 % ee) and diastereo-
selectivities (> 20:1 d.r.) in yields ranging from 86% to 98 %.
The catalytic system also proved to be efficient with aliphatic
unsaturated aldehydes, furnishing the chiral 5,6-dihydroindo-
lizines (4q and 4r) in excellent enantioselectivity (> 99% ee)
and high diastereoselectivity (8:1 d.r.) with good to high yields
(62 and 80 %). In addition, the reaction of an unsaturated
aldehyde bearing an aliphatic b-substituent was successful
and provided the virtually optically pure product (4s), albeit
in reduced yield. The relative and absolute configurations of
4c were unambiguously determined by X-ray crystallography,
and all other products were assigned by analogy (see the
Supporting Information).[12]

The excellent small-scale performance of our stereocon-
trolled catalytic system encouraged us to attempt gram-scale
synthesis. When the reaction of 3a and 2 a was carried out on

Table 1: Studies and optimization of the reaction parameters.[a]

entry catalyst solvent yield [%][b] ee [%][c] d.r.[d]

1 1a CH2Cl2 <10 n.d. n.d.
2 1b CH2Cl2 12 6 8:1
3 1c CH2Cl2 82 81 6:1
4 1d CH2Cl2 45 78 6:1
5 1e CH2Cl2 80 35 12:1
6 1 f CH2Cl2 20 23 5:1
7 1c toluene 61 60 3:1
8 1c CHCl3 81 63 4;1
9 1c MeCN 88 97 >20:1
10 1c DMF 71 24 18:1
11 1c MeOH 45 42 >20:1
12[e] 1c MeCN <10 n.d. n.d.
13[f ] 1c MeCN 91 >99 >20:1
14[g] 1c MeCN 84 92 8:1

[a] Unless noted, the reaction was conducted with 2a (0.2 mmol) and 3a
(0.2 mmol) for 36 h at room temperature. [b] Isolated yield. [c] The ee
values were determined by HPLC, and the configuration was assigned
based on the X-ray crystal structure of 4c. [d] The d.r. values were
determined by 1H NMR spectroscopy and HPLC. [e] 30 mol% Mg(OAc)2

base additive. [f ] 30 mol% PhCO2Na base additive. [g] 30 mol% Na2CO3

base additive.

Table 2: Scope of substrates for asymmetric reaction of N-protected
dialkyl 2-((1H-pyrrol-2-yl)methylene)malonates.[a]

entry R1 R2 yield [%][b] ee [%][c] d.r.[d]

1 Ph Et 91 (4a) >99 >20:1
2 Ph Me 92 (4a) 98 >20:1
3 Ph Bn 86 (4a) >99 >20:1
4 2-naphthyl Et 85 (4b) >99 >20:1
5 4-ClPh Et 89 (4c) >99 >20:1
6 4-BrPh Et 92 (4d) >99 >20:1
7 3-ClPh Et 92 (4e) 97 >20:1
8 2-ClPh Et 94 (4 f) 94 >20:1
9 4-MeOPh Et 95 (4g) >99 >20:1
10 4-MePh Et 90 (4h) >99 >20:1
11 Et Et 55 (4 i) 99 >20:1

[a] Unless noted, the reaction was conducted with 2 (0.2 mmol) and 3a
(0.2 mmol) for 36 h at room temperature. [b] Isolated yield. [c] The ee
values were determined by HPLC, and the configuration was assigned by
comparison of HPLC data and X-ray crystal data of 4c. [d] The d.r. values
were determined by 1H NMR spectroscopy and HPLC. When R1 =OBn,
no reaction.

.Angewandte
Communications

9262 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 9261 –9265

http://www.angewandte.org


a gram scale (Scheme 3a), there was no significant loss of
yield or stereoselectivity relative to the small-scale synthesis.
The catalytic reaction of N-protected 2-((1H-pyrrol-2-yl)me-
thylene)malononitrile 5a with 3a was also conducted under
the optimized conditions (Scheme 3b). The reaction afforded
the optically pure product in 85 % yield. To gain a better
understanding of the roles of the terminal electron-with-
drawing leaving groups in our atypically configured diene
precursors, N-protected pyrrole aldehydes were investigated
in the same catalytic system. As shown in Scheme 4, a reaction
of N-protected pyrrole aldehyde 6a with a,b-unsaturated
aldehyde provided the desired product, albeit a higher
catalyst loading (30 mol%) was required to reach the high
enantioselectivity (> 99 % ee) achieved in the malonate
system. In comparison, the reaction of diene 2a gave

> 99% ee with only 18 mol% of catalyst (Table 2, entry 1).
These results indicate a role of the terminal electron-with-
drawing leaving group in the reaction.

A possible mechanism is shown in Figure 2. The reaction
likely occurs through dual iminium–enolate generation/acti-
vation mode. We propose that the pyrrole enolate serves as an
electron-donor/acceptor intermediate and reacts with the
iminium species derived from the a,b-unsaturated aldehyde
and a chiral amine, thus triggering a cascade asymmetric
Michael–Michael process[13] to afford intermediate A. The
subsequent 1,5-proton transfer provides for the release of
malonates[14] to generate a transient intermediate B, which
finally provides the chiral 5,6-dihydroindolizine. Stereocon-
trol directed by catalyst 1c is consistent with the literature on
this versatile catalyst.[9d, 11]

Finally, we investigated the synthetic versatility of the
multifunctional pyrrole derivatives, with the goal of enhanc-
ing scaffold diversity. Ring-fused chiral spiro-5,6-dihydroin-
dolizines were successfully synthesized using the optimized
protocol (Scheme 5). The reaction of pyrrole substrate 7a
efficiently proceeded to yield the (2R,6’R) sprio-5,6-dihy-
droindolizine 8 a in excellent yield and enantioselectivity
(93 % yield and > 99% ee), which is in accordance with the
experimental results. Notably, a fused polycyclic spiro-5,6-
dihydroindolizine, endo(trans)-isomer 8b was also produced
preferentially with high stereoselectivity (> 99 % ee and 8:1

Scheme 2. Synthesis of diverse chiral 5,6-dihydroindolizines under
established reaction conditions.

Scheme 3. Preparative-scale experiments and asymmetric reactions of
N-protected 2-((1H-pyrrol-2-yl)methylene)malononitrile.

Scheme 4. Control reaction of N-protected pyrrole aldehyde.

Figure 2. Proposed catalytic cycle.
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d.r.) in 68 % yield in two steps. These representative examples
demonstrated the inherent synthetic potential of this protocol
to yield compounds with complex pyrrolizidine skeletons.

In summary, we have developed a highly efficient dual
iminium–enolate generation/activation process that enabled
organocatalytic intermolecular domino reactions for the
direct construction of 5,6-dihydroindolizines derivatives.
This asymmetric method can be readily extended to the
synthesis of ring-fused pyrrolizidine skeletons. This straight-
forward process provided complex products in high optically
purity (up to 99% ee, > 20:1 d.r.) from simple starting
materials. This unique reaction was made possible by design
of an atypically configured diene with broad potential in
organocatalysis. Additional studies and applications of this
unique diene system to other organocatalytic systems are
ongoing.
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