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Abstract: L-Proline and pyrrolidine catalyzed the three component
hetero-domino Knoevenagel–Diels–Alder–Epimerization reactions
of readily available precursors enones 1a–i, arylaldehydes 2a–i and
1,3-indandione 3 to furnish highly substituted prochiral spiro[cyclo-
hexane-1,2¢-indan]-1¢,3¢,4-triones 5a–i in a highly diastereo-
selective fashion with excellent yields. We demonstrate the first L-
proline and pyrrolidine catalyzed epimerization reactions of trans-
spiranes 6a–i to cis-spiranes 5a–i. Prochiral spiranes 5a–i are
excellent starting materials for the synthesis of benzoannelated
centropolyquinanes.

Key words: 2-amino-1,3-butadiene, Diels–Alder reaction, domino
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One of the ultimate goals in organic chemistry is the
catalytic asymmetric assembly of simple and readily
available precursor molecules into stereochemically com-
plex products. In this regard, the development of domino
and other multicomponent reaction methodologies can
provide expedient access to complex products from
simple starting materials.1 Key to many interesting
variants of these reactions is the incorporation of a Diels–
Alder reaction sequence.2 Recently organocatalysis has
emerged as a promising synthetic tool for constructing
C–C and C–N bonds in aldol,3 Michael,4 Mannich,5

Diels–Alder6 and related reactions7 with high diastereo-
selectivity and enantioselectivity. In these recently
described reactions, structurally simple and stable chiral
organoamines facilitate iminium- and enamine-based
transformations with carbonyl compounds and may be
used as catalysts in operationally simple and in some
cases environmentally friendly experimental protocols.
Extending our studies of organoamine-catalyzed aldol,3a–d

Michael,4a,b Mannich5a–c and related reactions7c,g founded
on enamine catalysis, we reported the first direct asym-
metric Diels–Alder reactions of a,b-unsaturated ketones
with nitro olefins using in situ generated 2-amino-1,3-
butadienes as diene.6a

As part of our program to develop novel organocatalytic
assembly or multicomponent reactions,3c,d,4a,5c,7g herein
we report the first highly diastereoselective
organocatalytic direct hetero-domino Knoevenagel–
Diels–Alder-Epimerization (K–DA-E) reactions that

provide highly substituted prochiral spiro[cyclohexane-
1,2¢-indan]-1¢,3¢,4-triones 5 from commercially available
4-substituted-3-buten-2-ones 1a–i, aldehydes 2a–i and
1,3-indandione 3 (Scheme 1). Spirocyclic ketones 5 are
attractive intermediates in the synthesis of natural
products and in materials chemistry and are the excellent
starting materials for the synthesis of fenestranes, which
could serve as unusual motifs for liquid crystal
engineering and dendrimer chemistry, and for the
construction of graphite cuttings bearing a saddle-like,
three-dimensionally distorted core.8

Scheme 1 Organocatalytic hetero-domino K–DA-E reaction of 
arylidene acetones 1, arylaldehydes 2 and 1,3-indandione 3

In our reaction we envisioned that L-proline (4a) and
pyrrolidine (4b) would catalyze the domino Knoevenagel
condensation of aldehyde 2 with 1,3-indandione 3 to
provide arylidene indandione 8, which would then under-
go a concerted [4+2] cycloaddition with a 2-amino-1,3-
butadiene generated in situ from enone 1 and proline or
pyrrolidine to form substituted spiro[cyclohexane-1,2¢-
indan]-1¢,3¢,4-triones 5 and 6 in a diastereoselective
manner. Epimerization of the minor diastereomer trans-
spirane 6 to the more stable cis-spirane 5 could occur
under the same reaction conditions as shown in Scheme 2.
The domino Knoevenagel–Diels–Alder reaction would
then generate a quaternary center with formation of three
new carbon–carbon s-bonds via organocatalysis. This
proposal was reflective of the pioneering studies of
Tietze1a,b and our recent disclosure of the first direct
asymmetric Knoevenagel–Michael reactions with ke-
tones, aldehydes and malonates involving alkylidene
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malonates generated under organocatalysis that subse-
quently react as electrophiles with ketone derived enam-
ines also generated under organocatalysis.4a

We were pleased to find that the three-component reaction
of trans-4-phenyl-3-buten-2-one (1a), benzaldehyde 2a
and 1,3-indandione (3) with a catalytic amount of L-
proline in methanol at ambient temperature for 24 hours
furnished Diels–Alder products 5aa and 6aa in 87% yield
with prochiral spirane 5aa as the major isomer (Table 1,
entry 1). The same reaction albeit with an extended
reaction time furnished cis-spirane 5aa as a single
diastereomer in 96% yield (Table 1, entry 2). The minor
diastereomer, trans-spirane 6aa was effectively
epimerized to the thermodynamically stable cis-spirane
5aa under prolonged reaction times via proline catalysis.
Significantly, pyrrolidine also catalyzed the hetero-
domino K–DA-E reaction at ambient temperature to
furnish cis-spirane 5aa as a single diastereomer in 90%
yield (Table 1, entry 6). The stereochemistry of products
5aa and 6aa was established by NMR analysis.9

In the three-component hetero-domino K–DA-E reaction
of enone 1a, benzaldehyde 2a and 1,3-indandione (3)
catalyzed directly by L-proline or pyrrolidine, we found
that the solvent (dielectric constant) and temperature had

a significant effect on reaction rates, yields and drs
(Table 1). Our studies revealed that the hetero-domino K–
DA-E reaction catalyzed by L-proline produces products
5aa and 6aa10 in low yields and poor selectivity in aprotic
nonpolar solvents (results not shown) and with excellent
yields and selectivity in protic/polar solvents (Table 1, en-
tries 1–3). The same reaction in the ionic liquids
[bmim]BF4 and [bmim]PF6 catalyzed by L-proline
provided the kinetic product trans-spirane 6aa as the ma-
jor diastereomer in moderate yield (Table 1, entry 4 and
5).10 Under pyrrolidine catalysis, the hetero-domino K–
DA-E reaction worked well in various solvents and the
optimal conditions involved mixing equimolar amounts
of enone 1a, aldehyde 2a and dione 3 in methanol with
heating to 70 °C for one hour to furnish cis-spirane 5aa as
a single diastereomer in 95% yield.

Diastereospecific synthesis of cis-spirane 5aa in the
reaction of enone 1a, benzaldehyde 2a and 1,3-
indandione (3) can be explained as illustrated in
Scheme 2. Amine-catalyzed Knoevenagel condensation11

of aldehyde 2a with 1,3-indandione (3) provides the
benzylidene-indandione (8a) via imine cation 7a, which is
an excellent organic Lewis acid12 that undergoes a Diels–
Alder or a double Michael reaction with the soft nucleo-

Table 1 Catalyst and Solvent Effect on Organocatalytic Hetero-Domino K–DA-E Reaction of trans-4-Phenyl-3-buten-2-one (1a), Benzalde-
hyde (2a) and 1,3-Indandione (3)a

Entry Catalyst Solvent Temp (°C) Time (h) Products Yield (%)b Drc

5aa:6aa

1 4a CH3OH 24 24 5aa, 6aa 87 66:33

2 4a CH3OH 24 96 5aa 96 >100:1

3 4a CH3OH 70 2 5aa 96 >100:1

4 4a [bmim]BF4 24 24 5aa, 6aa 53 33:66

5 4a [bmim]PF6 24 96 5aa, 6aa 55 33:66

6 4b CH3OH 24 8 5aa 90 >100:1

7 4b CH3OH 70 0.75 5aa 90 >100:1

8 4b THF 24 7 5aa 85 >100:1

9 4b CHCl3 24 7 5aa 70 >100:1

10 4b DMSO 24 70 5aa 75 >100:1

11 4b DMF 24 24 5aa 80 >100:1

12d 4b CH3OH 70 1 5aa 95 >100:1

a Experimental conditions: L-Proline (0.1 mmol) or pyrrolidine (0.15 mmol), benzaldehyde 2a (0.5 mmol) and 1,3-indandione 3 (0.5 mmol) in 
the solvent (1 mL) was stirred at ambient temperature for 30 min then enone 1a (1 mmol) was added (see experimental section).
b Yield refers to the purified product obtained by column chromatography.
c Ratio based on NMR analysis of unpurified products.
d Enone 1a, benzaldehyde 2a and 1,3-indandione (3) were all used on a 0.5 mmol scale.
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phile 2-amino-1,3-butadiene (9a) generated in situ from
enone 1a and the amine catalyst to produce products 5aa
and 6aa. The minor trans-spirane isomer 6aa was epimer-
ized to the thermodynamically stable cis-spirane 5aa via
deprotonation/reprotonation or retro-Michael/Michael
reactions catalyzed by L-proline and pyrrolidine. We fa-
vor the later mechanism, see Scheme 3.

Scheme 3 Proposed mechanism for the L-proline catalyzed epime-
rization of trans-spirane 6aa

Epimerization of trans-spirane 6aa to cis-spirane 5aa was
confirmed by the L-proline and pyrrolidine catalyzed re-
action in methanol at ambient temperature (Scheme 4).
The epimerization reaction catalyzed by pyrrolidine was
significantly faster than proline catalysis in methanol. No
epimerization was observed in the absence of catalyst.

Scheme 4 Organocatalytic epimerization of trans-spirane 6aa to
cis-spirane 5aa

We further explored the scope of the pyrrolidine catalyzed
hetero-domino K–DA-E reaction with various
arylaldehydes 2b–i and 4-substituted-3-buten-2-ones 1b–
i. Each of the targeted prochiral spirotriones 5 were
obtained as single diastereomers in excellent yields.
Prochiral spiranes 5bb–ii were generated in very good
yields with aromatics bearing either electron withdrawing
or electron donating groups in the para position as shown
in Table 2. The prochiral hetero aromatic cis-spirane 5ii
was also synthesized in good yield under the same
reaction conditions (Table 2, entry 9).

Prochiral cis-spirane 5aa is an excellent starting material
for the synthesis of tetrabenzo[5.5.5.5]fenestrane (fenes-
trindane)8a,h as shown in Scheme 5 and spiranes 5bb–hh
could serve as suitable synthons for the synthesis of
fenestrindanes with fourfold peripheral functionalization.
These functionalized fenestrindanes should provide
materials with a range of physical characteristics.

In summary, we have developed the first amino acid and
amine catalyzed direct hetero-domino K–DA-E reactions.
This astonishingly simple and atom-economic approach
can be used to construct highly substituted prochiral
spiro[cyclohexane-1,2¢-indan]-1¢,3¢,4-triones 5 in a dias-
tereospecific fashion. A full account detailing asymmetric
variants of this reaction will be forthcoming. Selective
multi-step reactions of this type inspire analogies with
biosynthetic pathways and compliment traditional multi-
component synthetic methodologies. As we have suggest-
ed previously, the synthesis of polyfunctionalized
molecules under organocatalysis provides a unique and
under explored perspective on prebiotic synthesis. A com-
plete understanding of the scope of organocatalysis
should not only empower the synthetic chemist but also

Scheme 2 Proposed catalytic cycle for the L-proline (or pyrrolidine)
catalyzed hetero-domino K–DA–E reactions
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provide a new perspective on the origin of complex mo-
lecular systems.
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solvent, and then the catalyst L-proline (0.1 mmol) or 
pyrrolidine (0.15 mmol) was added and the reaction mixture 
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+ 381.1485. (2b,6a)-2,6-Diphenyl-
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