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1. Introduction

Six-membered oxygenated heterocycles (tetrahydropyrans,
chromanes, flavanones, etc.) are probably one of the most common
structural motifs found in natural products. Due to the rich array of
functionalities and chiral centres that these heterocycles can in-
corporate, they are widely recognized as useful building blocks for
þ34 923 294574.

schung, Kaiser-Wilhelm-Platz

All rights reserved.
the synthesis of biologically active compounds and, as such, the
development of new catalytic methods for their preparation con-
tinues to be of major interest.1

Classical well-known methods for the asymmetric synthesis of
six-membered oxygenated heterocycles include five-membered ring
expansions, cycloaddition processes or intramolecular cyclizations.

Asymmetric organocatalysis has become a very attractive
methodology in recent years, since environmentally friendly and
metal-free transformations are desired.2 A number of methods that
make use of organocatalysts to enantioselectively synthesize six-
membered oxygenated heterocycles that have appeared in litera-
ture over the last few years are reported in this review.

mailto:ddm@usal.es
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Scheme 2. First asymmetric organocatalyzed intramolecular Stetter reaction.
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This review is structured on the basis of the main transformation
leading to the oxygenated heterocycle. Thus, organocatalytic carbon
and oxygen nucleophile 1,2- and 1,4-additions (benzoin and Stetter
reaction, tandem reactions) and organocatalytic oxo-hetero-Diels–
Alder reactions are the main topics of this report.

With regard to the reaction mechanisms involved in these
transformations, there are reviewed several modes of catalysis,
such as: (i) Lewis base catalysis with secondary amines via enamine
and iminium ions; (ii) Lewis base catalysis via carbenes; (iii) Lewis
acid catalysis via phase-transfer catalysts; and (iv) Brønsted acid
catalysis via hydrogen bonding. For each catalytic mode, a basic
description of the general mechanism is included.

The aim of this review, which only includes organocatalytic
asymmetric methods for the synthesis of mono-oxygenated six-
membered rings, is to provide an overview of this exciting and rapidly
growing field, emphasizing the structural and mechanistic features
that contribute to such results. Only truly asymmetric reactions have
been covered and diastereoselective approaches are not discussed.
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Figure 1. Triazolium salt precatalysts used by Rovis et al. in intramolecular Stetter
reaction.
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Scheme 3. Intramolecular Stetter reaction using chiral triazolium salt 2b as
precatalyst.
2. 1,4- and 1,2-Additions of carbon nucleophiles

2.1. 1,4-Additions of carbon nucleophiles

Over the last few years, interest in the field of asymmetric orga-
nocatalytic conjugate additions has increased spectacularly, with
many new different catalysts showing remarkable results in terms of
efficiency and selectivity. Here, the most important methods for the
synthesis of six-membered oxygenated heterocycles that make use
of organocatalytic conjugate additions of carbon nucleophiles as the
main step for the construction of the heterocycle are described.

2.1.1. Stetter reaction. Aldehydes can be turned into acylanion
equivalents (umpolung) through covalent activation with suitable
nucleophiles, such as carbenes.3 The 1,2-addition of these species
with an acceptor aldehyde is referred to as the benzoin conden-
sation (path A, Scheme 1). In the early 1970s, Stetter and Schreck-
enberg extended this concept to conjugate acceptors.4 Since then,
the 1,4-addition of aldehydes to a,b-unsaturated carbonyl com-
pounds has been known as the Stetter reaction (path B, Scheme 1).
Although it is a straightforward method for the formation of 1,4-
dicarbonyl compounds, for many years its intramolecular version
did not receive much attention. In 1995, Ciganek described the first
example of an intramolecular Stetter reaction catalyzed by thia-
zolium salts for the synthesis of benzopyranones.5
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Scheme 1. Benzoin and Stetter reactions catalyzed by thiazolium salts.
Soon after, the first asymmetric intramolecular Stetter reaction
was reported by Enders et al. using the chiral triazolium salt 1 as
precatalyst. In this manner, chroman-4-ones were synthesized by
means of a new enantioselective pathway, although in moderate-to-
good yields (22–73%) and ee of up to 74% (Scheme 2).6 Since then, the
cyclization of these salicylaldehyde derivatives to the corresponding
chroman-4-ones has become a benchmark reaction to test the cat-
alyst efficiency in asymmetric intramolecular Stetter reactions.
After these first results, not much attention was paid to this
important methodology. During the last few years, however, Rovis
et al. have achieved significant progress. Using triazolium salt 2b
(Fig. 1) as precatalyst and KHMDS as base, these authors discovered
a significant improvement of the enantioselectivity of this reaction
and a range of chroman-4-ones could be obtained in good yields
(80–95%) and enantioselectivities (84–97%) (Scheme 3).7
The electronic nature of the triazole precatalyst proved to be
important for improving the yields, while maintaining high
selectivities; an electron-rich catalyst, such as 2b, bearing
a 4-methoxy substituent in the phenyl group on the triazole
nitrogen, is more nucleophilic and so facilitates the addition of
the Breslow intermediate (Scheme 1) to the electron-deficient
alkene.7

Further studies on the effect of the Michael acceptor in the
organocatalyzed asymmetric intramolecular Stetter reaction were
carried out by these authors. It was found that, while E-alkenes
cyclized with good enantioselectivities and moderate yields, no
reaction was observed in the case of Z-alkenes, even under stoi-
chiometric reaction conditions when triazolium salt 2a was used as
precatalyst.8 It was also demonstrated that various functional
groups including esters, ketones and nitriles were effective in ac-
tivating the Michael acceptor, while a,b-unsaturated amides, al-
dehydes and nitro compounds provided no products (Scheme 4).8

The concept of axial chirality was utilized by Bach et al. with the
novel menthol-derived triazolium salt 5 (Scheme 5) in the asym-
metric intramolecular Stetter reaction.9 The use of 20 mol % of this



O

O EWG

2a (20 mol%)

20 mol% KHMDS,
PhMe

O

O
EWG

EWG Yield (%) ee (%)

CONH2, CHO,  NO2 0 -
CO2Et 58 95

CN 78 75
COEt 90 92

Scheme 4. Effect of Michael acceptor in intramolecular Stetter reaction using tri-
azolium salt 2a as precatalyst.

O

O Et3N, THF

O

OCOOMe
COOMe

5 (20 mol%)

N
S

ClO4

tBu5

50% ee, 75% yield

Scheme 5. Intramolecular Stetter reaction using menthol-derived triazolium salt 5 as
precatalyst.

O

N
N

N
BnPh

O H

O
OEt

R

H
O

N
N

N BnPh

H

O OEt

R
OH

or
O

N
N

N
BnPh

H

RO
H

OEt
O

A B C

Scheme 8. Proposed transition-states for diastereo- and enantioselective Stetter
reaction.

O

O

3 or ent-3
(20 mol%)

20 mol% KHMDS,
PhMe

O

O
EWG*

EWG

11 examples
30-97% ee

50-94% yield
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axially chiral precatalyst promoted the intramolecular Stetter re-
action of the salicylaldehyde-derived substrate depicted in Scheme
5 to the corresponding chroman-4-one in 75% yield and 50% ee.
Probably, an atropisomerization process during the reaction lowers
the stereoselectivity.

The scope of the organocatalytic intramolecular Stetter reaction
was later expanded by Rovis et al. to the synthesis of chiral compounds
with quaternary stereocenters. A sole example for the synthesis of
a chroman-4-one was reported (Scheme 6), and it was shown that the
use of the electron-deficient triazolium salt 3 (Fig. 1) was essential to
obtain a high enantioselectivity in the cyclization process.10
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Scheme 6. Enantioselective formation of quaternary stereocenters via intramolecular
asymmetric Stetter reaction.
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The same group has also reported an enantio and diaster-
eoselective variant of the intramolecular Stetter reaction using a,a-
disubstituted Michael acceptors.11 A variety of chroman-4-ones were
synthesized with high enantioselectivities and moderate-to-high
diastereoselectivities when using carbene 6 as catalyst (Scheme 7). In
this case, the utilization of free carbenes is necessary to avoid epi-
merization of the cyclization product, thus affording reproducibly
high enantio- and diastereoselectivities.
O

O

O

O

EWG
R

N N
N

6

CF3
Bn

EWGH
R6 (20 mol%)

PhMe, 23°C, 24 h

EWG R yield (%) ee (%) dr

CO2Et Me 94 95 30:1

CO2Et Et 95 92 35:1

CO2Et n-Bu 53 94 12:1

CO2Et Bn 80 84 20:1

CO2Et allyl 95 83 13:1

8 examples
55-95% ee

53-95% yield

Scheme 7. Enantio- and diastereoselective intramolecular Stetter reaction catalyzed
by carbene 6.
The syn-selective formation of the new stereocenters was as-
sumed to arise from a diastereoselective intramolecular proton
transfer from two possible enolate rotamers A or B, resulting from
the enantioselective C–C bond formation, to afford intermediate C
(Scheme 8). This hypothetical intramolecular proton transfer was
supported by the fact that the E and Z isomers afford comple-
mentary diastereoselectivity.11
In more recent work, in which these authors report a full in-
vestigation on the scope of the organocatalyzed intramolecular
Stetter reaction, comparing the effectiveness of different chiral
triazolium salts, some of the limitations related to the effects of the
Michael acceptor on the reactivity and selectivity (Scheme 4)8 have
been circumvented using precatalyst 3 and its enantiomer ent-3
(Fig. 1).12 The reaction is remarkably tolerant of a variety of Michael
acceptors, such as a,b-unsaturated aldehydes, amides, nitriles, es-
ters, thioesters, and ketones (Scheme 9). Cyclization of a Z-substrate
(EWG¼COOMe) was also achieved, although with low enantiose-
lectivity (22% ee). Interestingly, when using the triazolium salt 4
(Fig. 1), the catalyst loading could be reduced to 3 mol % without
significantly affecting the reactivity or selectivity of the reaction.12
Finally, Rovis and Cullen have extended the scope of electro-
philic acceptors for the intramolecular Stetter reaction to vinyl-
phosphine oxides and vinylphosphonates. When employing the
triazolium salt precatalyst 3 (Fig. 1), this extension of the Stetter
reaction led to interesting new enantioenriched scaffolds of phos-
phorus-containing compounds with good yields and enantiose-
lectivities (Scheme 10).13
O

O
20 mol% KHMDS,

PhMe

O

OR1 R1P R2

R2

O P R2

R2

O
3 (20 mol%)

R1 = H, Br, Cl, OMe
R2 = Ph, OEt 65-90% yield

80-96% ee
6 examples

Scheme 10. Intramolecular Stetter reaction employing vinylphosphine oxides and
vinylphosphonatesas electrophilic acceptors.
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Miller et al. have carried out an intramolecular Stetter reaction
for the synthesis of chroman-4-ones using a family of novel peptide
precatalysts, which incorporate a thiazolylalanine (Taz) moiety in
their structure.14 The best results were obtained with the catalyst
family 7, bearing the Taz group in an internal position, although
only low yields and moderate-to-good enantioselectivities were
afforded (Scheme 11).
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Scheme 11. Thiazolyl alanine-catalyzed intramolecular Stetter reaction by Miller et al.
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2.1.2. Tandem reactions. A number of asymmetric organocatalytic
tandem reactions for the construction of six-membered oxy-
genated heterocycles, the first activation step of which is an
organocatalytic Michael addition, have been reported in the last
few years. The majority of these methods make use of enamine–
iminium activation with pyrrolidine organocatalysts, although
other organocatalysts, such as cinchona alkaloids and N-het-
erocyclic carbenes have also been used in these tandem
reactions.

2.1.2.1. Tandem reactions catalyzed by proline-derived com-
pounds. Recently, a number of studies that make use of asymmetric
iminium ion catalysis for the synthesis of six-membered oxygen-
ated heterocycles, such as benzopyrans, dihydropyrans or pyr-
anonaphthoquinones have been published. This methodology is
based on a tandem Michael addition/acetalization reaction cata-
lyzed by proline-derived compounds.

Indeed, this type of cyclization was used by Macmillan and
Mangion in 2005 as one of the key steps in the total synthesis of
the natural products (�)-brasoside 11 and (�)-littoralisone 12,
using L-proline as organocatalyst.15 This contra-thermodynamic
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Scheme 13. Tandem Michael addition/acetalization reactions for enantioselective s
intramolecular tandem Michael addition/acetalization provided
the lactol intermediate 9 in 91% yield and with a 10:1
diastereoselectivity (9:10) from the formyl-enal substrate 8
(Scheme 12).
Rueping et al. have recently employed this tandem Michael
addition/acetalization reaction for the enantioselective synthesis of
different six-membered oxygenated heterocycles.16–18 First, they
studied the reaction of 2-hydroxy-1,4-naphthoquinone with ali-
phatic as well as aromatic a,b-unsaturated aldehydes catalyzed by
diarylprolinol ethers 13 (Scheme 13, Path A). 1,4-Pyranonaph-
thoquinones were obtained in moderate-to-high yields (43–87%)
and excellent enantioselectivities (up to 99% ee) when using dia-
rylprolinol ether 13a (20 mol %) as catalyst and dichloromethane as
solvent.16

This procedure was later extended to the enantioselective syn-
thesis of chromenones. When the 1,3-diketone dimedone (Scheme
13, Path B) was reacted with aliphatic and aromatic a,b-unsaturated
aldehydes, the corresponding chromenones were obtained with
yields in the range of 48–89% and enantioselectivities of up to 96%
ee using 10 or 20 mol % of 13a or 13b as catalyst.17

The potential of this organocatalytic transformation was ex-
plored further by the same authors and other cyclic 1,3-dicarbonyl
compounds were tested. Again, aliphatic as well as aromatic a,b-
unsaturated aldehydes were reacted with 4-hydroxy-6-methyl-2-
pyrone and 4-hydroxycoumarin to obtain the corresponding
cyclization products (Scheme 13, Paths C and D, respectively).18 For
the synthesis of pyranocoumarins (Scheme 13, Path D), good
a: Ar = 3,5-(CF3)2-C5H3
b: Ar = Ph
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ynthesis of different six-membered oxygenated heterocycles by Rueping et al.
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yields (41–89%) and enantioselectivities (89–95% ee) were ach-
ieved with both diarylprolinol ethers 13 (20 mol %). Evaluation of
the reaction parameters for the cyclization of 4-hydroxy-6-
methyl-2-pyrone (Scheme 13, Path C) revealed that the best re-
sults with regard to both the enantioselectivity and reactivity were
achieved when the reaction was conducted with 10 mol % of di-
arylprolinol ether 13a.

As mentioned before, all these transformations are based on
a similar tandem Michael addition/acetalization mechanism,
depicted in Scheme 14 for the synthesis of 1,4-pyranonaph-
thoquinones.16 The reaction of the diarylprolinol ether catalyst with
the corresponding a,b-unsaturated aldehyde results in the in-
termediary iminium ion I. Subsequent conjugate addition to 2-
hydroxy-1,4-naphthoquinone followed by isomerization gives rise
to the adduct II, which after hydrolysis and acetalization yields the
desired 1,4-pyranonaphthoquinone with regeneration of the
catalyst.
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Scheme 14. Proposed mechanism of organocatalytic tandem Michael addition/ace-
talization reaction for synthesis of 1,4-pyranonaphthoquinones.
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Scheme 16. Tandem Michael addition/acetalization reaction of a,b-unsaturated alde-
hydes with Nazarov reagents.
Jørgensen et al. have also studied the organocatalyzed tandem
conjugate addition/acetalization reaction of 1,3-diketones with a,b-
unsaturated aldehydes for the synthesis of 3,4-dihydropyrans.19

The scope of this reaction was investigated with 1,3-cyclo-
pentadione as the substrate and it was demonstrated that a broad
range of different types of a,b-unsaturated aldehydes (R¼aliphatic,
aromatic, ester, heteroaromatic and alkene) are tolerated when
using diarylprolinol ether 13a as catalyst (10 mol %) and PhCO2H as
additive (Scheme 15).
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Scheme 15. Tandem Michael addition/acetalization reaction for enantioselective
synthesis of 3,4-dihydropyrans by Jørgensen et al.
Apart from varying the substituents in the a,b-unsaturated al-
dehydes, the ring size of the 1,3-diketone was also varied. Thus, the
addition of 1,3-cyclohexanedione and 1,3-cycloheptanedione to
cinnamaldehyde (R¼Ph) using the reaction conditions described in
Scheme 15, afforded the corresponding 3,4-dihydropyrans with
a dr of 4:1 and >8:1, respectively, and with an enantioselectivity of
97% ee for the major diastereoisomer in both cases.19

Another interesting example of the use of the diarylprolinol
ether-catalyzed tandem Michael addition/acetalization methodol-
ogy for the construction of dihydropyran derivatives has been
reported by Gong et al. The employment of Nazarov reagents
bearing an aryl group at C-5 as nucleophiles for the conjugate
addition to a,b-unsaturated aldehydes and subsequent cyclization
leads to vinyl-3,4-dihydropyrans (Scheme 16). A broad range of R1-
and R2-aryl substituents are tolerated and moderate-to-good-
yields (41–78%) and good-to-excellent enantioselectivities
(79–97%) are achieved when using 13b as catalyst.20
With regard to the mechanism, totally analogous to all of the
previously mentioned examples of diarylprolinol ether-catalyzed
tandem Michael addition/acetalization reactions, the intermediate
III (Scheme 17), a Michael adduct of Nazarov reagent addition to the
active iminium salts formed between the catalyst and a,b-un-
saturated aldehydes, does not undergo a Morita–Baylis–Hillman
reaction after being hydrolyzed to the intermediate V, due to the
presence of the Ar substituent. It rather isomerizes to IV, which
finally cyclizes to the corresponding vinyl-3,4-dihydropyrans
(Scheme 17).
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Scheme 17. Proposed mechanism for tandem Michael addition/acetalization reaction
of a,b-unsaturated aldehydes with Nazarov reagents.
This enantioselective tandem Michael addition/ketalization
strategy has been employed very recently by Chandrasekhar et al.
for the construction of cycloalkane-fused tetrahydropyrans using
cyclohexanone as nucleophile and hydroxymethyl nitroolefins as
Michael acceptors. Among the catalysts screened, pyrrolidine–tri-
azole 14 (20 mol %) together with TFA (10 mol %) gave the best re-
sults in terms of enantioselectivity (up to 99% ee), although only
moderate yields (41–62%) were obtained (Scheme 18).21
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Mukaiyama–Michael addition/lactonization reaction catalyzed by 16.
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Rueping et al. have recently used an indirect strategy for the
enantioselective synthesis of tetrahydrochromenones. The diaryl-
prolinol ether-catalyzed reaction of cyclohexane-1,2-dione with
a variety of a,b-unsaturated aldehydes was examined and it was
shown to result in the formation of bicyclic compounds with good
yields and enantioselectivities of up to 98% ee when 10 or 20 mol %
of catalyst 13b was used in ethanol as solvent (Scheme 19).22 These
bicyclo[3.2.1]octane-6-carbaldehydes can be further transformed
into tetrahydrochromenones by treatment with K2CO3 through
a base-induced retro-aldol/cyclization reaction (Scheme 19).
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Scheme 19. Organocatalyzed Michael/aldol reaction followed by base-induced retro-
aldol/cyclization reaction for asymmetric synthesis of tetrahydrochromenones.
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Accordingly, and in contrast to the previously reported tandem
Michael addition/acetalization reaction with 1,3-diketones as sub-
strates, it was assumed that a tandem Michael addition/aldol re-
action occurred by iminium/enamine activation, as depicted in
Scheme 20.
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Scheme 20. Proposed mechanism for diarylprolinol ether-mediated Michael/aldol
reaction by Rueping et al.
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Scheme 22. Scope of tandem Mukaiyama-Michael addition/lactonization reaction for
synthesis of 3,4-dihydropyran-2-ones catalyzed by 16.
2.1.2.2. Tandem reactions catalyzed by cinchona alkaloid-derived
compounds. Mukaiyama et al. have described a new and efficient
method for the enantioselective synthesis of optically active
3,4-dihydropyran-2-one derivatives via tandem Mukaiyama–Mi-
chael addition/lactonization between a,b-unsaturated ketones and
the silyl enolate derived from phenyl isobutyrate 15 catalyzed by
cinchona alkaloid-derived chiral quaternary ammonium phenox-
ides (Scheme 21).23
In this transformation, the phenoxy group contained in the silyl
enolate 15 behaves as an effective leaving group to facilitate the
intramolecular cyclization of the in situ-formed Michael adduct,
and the liberated phenoxide ion also works as a Lewis base catalyst
to activate the silyl enolate. A variety of chiral quaternary ammo-
nium phenoxides were screened and catalyst 16 (Scheme 21)
showed the best catalytic activity.

Interestingly, when N-arylmethylated cinchonidinium phenox-
ides with a hydroxyl group (R¼H in 16, Scheme 21) were employed,
the absolute configuration of the product was proved to be S, which
was the reversal of the case when using N,O-diarylmethylated
cinchonidinium phenoxides (R¼CH2-3,5-(CF3)2-C6H3 in 16, Scheme
21), under the same reaction conditions.23c,e

A further investigation on the diastereoselectivity of this orga-
nocatalyzed tandem reaction was carried out by the same authors.
Significantly, when sterically more hindered silyl acetals were used
(Scheme 22), the corresponding 3,4-dihydropyran-2-ones were
produced in excellent yields with almost complete stereochemical
control (trans/cis>99:1).23b,c,e This fact demonstrates that the alkyl
substituents R3 in the ketene silyl acetals play an important role in
controlling both the diastereo- and enantioselectivity of this
asymmetric reaction, and therefore the stereoselectivity improves
as the bulk of R3 increases.
2.1.2.3. Tandem reactions catalyzed by N-heterocyclic carbene-
derived compounds. Scheidt et al. have demonstrated that N-hetero-
cyclic carbenes are highly selective catalysts for the intramolecular
Michael reaction of dicarbonylic substrates, such as those depicted in
Scheme 23 to afford bicyclic dihydropyranones through a proposed
tandem Michael addition/acylation mechanism.24 The addition of
the N-heterocyclic carbene catalyst to the a,b-unsaturated aldehyde
in the substrates affords the extended diene intermediate VI. A
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subsequent b-protonation step leads to the key enol nucleophile in-
termediate VII, which undergoes a Michael addition to generate the
enol VIII. An intramolecular acylation step releases the catalyst to
afford the dihydropyranones, which can be converted into interesting
dicarbonyl products after ring-opening on exposure to mild nucleo-
philes (Scheme 23).
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Scheme 23. Proposed tandem Michael addition/acylation mechanism for synthesis of
dihydropyranones catalyzed by N-heterocyclic carbenes.
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molecular hydroarylation by Xiao et al.
Both aryl and alkyl substituents are suitable for the reaction, and
a high enantioselectivity is achieved when the chiral enantiopure
triazolium salt 17a and not Lewis basic solvents, such as DCM are
used (Scheme 24).24
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Scheme 24. N-heterocyclic carbene-mediated enantioselective tandem Michael ad-
dition/acylation reaction by Scheidt et al.
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Scheme 27. Intramolecular cross-benzoin reaction for synthesis of chroman-4-ones.
2.1.3. Other 1,4-additions of carbon nucleophiles. While organo-
catalyzed enantioselective intermolecular hydroarylations of elec-
tron rich arenes have been widely investigated, no example was
available for the intramolecular version of this reaction until a recent
report by Xiao et al.25 The arylation of u-aryloxy-tethered a,b-
unsaturated aldehydes allows the production of functionalized
chromans by using a combination of diarylprolinol ether 13a and
TsOH$H2O as the catalytic system. Using electron-rich benzene
frameworks as substrates, chromans are obtained in moderate-to-
good yields and with enantioselectivities of up to 96% ee (Scheme 25).
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Scheme 25. Organocatalytic intramolecular hydroarylation of u-aryloxy-tethered a,b-
unsaturated aldehydes.
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With regard to the mechanism, a Re-face attack of the electron-
rich benzene framework on the previously formed iminium ion is
assumed (Scheme 26).
2.2. 1,2-Additions of carbon nucleophiles

There are not many examples of organocatalytic 1,2-additions of
carbon nucleophiles for the synthesis of six-membered oxygenated
heterocycles in the recent literature. One example is the intra-
molecular cross-benzoin reaction, which has been used by Endres
et al. for the enantioselective formation of 3-hydroxy-chroman-4-
ones bearing a quaternary centre catalyzed by N-heterocyclic car-
benes.26 Yields of up to 93% and enantioselectivities of up to 99%
were afforded using triazolium salts 18 and 19 as precatalysts,
which generate enantiomeric configurations at the newly formed
stereocenters (Scheme 27).
This crossed aldehyde–ketone benzoin cyclization has been
used by Suzuki et al. for the enantioselective synthesis of the nat-
ural product (�)-eucomol 20 employing the triazolium salt 2c as
precatalyst and Et3N as base in moderate yield (56%) and good
enantioselectivity (88%) (Scheme 28).27
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A different strategy for the enantioselective synthesis of tetra-
hydropyrans that makes use of a 1,2-addition of a carbon nucleo-
phile is the tandem proline-mediated aldol reaction/acetalization
in aqueous media recently described by Hayashi et al.28

The proline-catalyzed reaction of pentane-1,5-dial, generated from
aqueous tetrahydro-2H-pyran-2,6-diol under equilibrium conditions,
with different benzaldehydes (Scheme 29) leads to optically active
tetrahydropyrans in moderate yields and diastereoselectivities and
good-to-excellent enantioselectivities through the mechanism
depicted in Scheme 30. The quantity of L-proline needed to promote
this transformations varies from 10 mol % for arylaldehydes with
strong electron-withdrawing groups, such as 2-, 3- or 4-nitro-
benzaldehyde and 4-trifluoromethyl-, 4-cyano- or 4-trifluoro-
methanesulfonylbenzaldehyde to 30 mol % for arylaldehydes, such as
2-chlorobenzaldehyde, 4-bromobenzaldehyde and benzaldehyde.
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Scheme 29. Proline-mediated enantioselective synthesis of tetrahydropyrans via
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Figure 2. Calophyllum coumarins 22 and cinchona-derived compounds 23.
Very recently, Ramachary and Sakthidevi have made use of the
tandem trans-4-OH-L-proline (21)-mediated aldol reaction/acetal-
ization approach to the asymmetric synthesis of functionalized
2-methylchroman-2,4-diol products (Scheme 31).29 A series of
both electron-withdrawing and electron-donating substituted
2-hydroxybenzaldehydes was reacted with 14 equiv of acetone to
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Scheme 32. Intramolecular oxa-Michael addition of O-tigloylphe
obtain the corresponding aldol/lactol products, which co-exist in
a fast dynamic equilibrium. The aldol/lactol ratios varied from 99:1
to 1:99, being 1:1 in most cases, and yields in the range 40–90% and
enantioselectivities of up to 90% were achieved.
3. 1,4-Additions of oxygenated nucleophiles

Similarly to Section 2.1, the most important organocatalytic
methods for the synthesis of six-membered oxygenated heterocy-
cles that use conjugate additions of oxygen nucleophiles (oxa-
Michael additions) as the main step for the construction of the
heterocycle are compiled in this section.

3.1. 1,4-Additions of oxygenated nucleophiles catalyzed
by cinchona alkaloid-derived organocatalysts

Ishikawa et al. were the pioneers of the asymmetric intra-
molecular oxa-Michael addition reaction using quinine as organo-
catalyst for the construction of 2,3-dimethyl-4-chromanone
rings.30–32

In an approach to the synthesis of (þ)-calanolide A (22a, Fig. 2),
a potential anti-HIV-active natural product, they observed that O-
tigloylphenol 24a (R¼H) could be cyclized by a catalytic amount of
(�)-quinine (23a in Fig. 2, 20 mol %) to afford a 1:1 mixture of cis-
25a (87% ee) and trans-25a (0% ee) isomers (Scheme 32).30 Further
studies on this reaction showed significant solvent effects on both
diastereo- and enantioselectivities; chlorobenzene was found to be
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the solvent of choice, leading to the predominant production of cis-
25a (80%) with 98% ee. Using the same solvent for the intra-
molecular oxa-Michael addition of O-angeloylphenol (26 in Scheme
32) gave the trans isomer as the major product (68%), with 78% ee31b

The employment of other commercially available cinchona al-
kaloids, such as cinchonidine (23b in Fig. 2), lacking a methoxy
function on the quinoline skeleton, as organocatalysts, resulted in
the formation of the trans-25b isomer as the major product in 86%
ee when using O-tigloylphenol 24b (R¼nPr) as substrate (Scheme
32). The fact that effective asymmetric induction was observed in
the formation of one diastereoisomer, compared to the other,
depending on the type of organocatalyst used (with or without
a methoxy group on the quinoline scaffold), suggests that these
cinchona alkaloid-catalyzed intramolecular oxa-Michael additions
are not kinetically controlled by a normal 1,4-addition reaction, but
through two independent reaction paths.32

These authors have employed the organocatalyzed intra-
molecular oxa-Michael addition reaction as the key step for the
enantioselective synthesis of the Calophyllum coumarins (�)-cala-
nolide A and (þ)-inophyllum B (22a and 22b in Fig. 2, respectively)
in 16 and 5% overall yields, respectively, from commercially avail-
able substrates.31a,32

Merschaert et al. have also used cinchona alkaloid derivatives as
catalysts in the first asymmetric 6-exo-trig oxa-Michael addition
reaction of a phenolic nucleophile on an a,b-unsaturated ester for
the synthesis of 2-substituted chromanes.33

Among the readily available cinchona alkaloids, the best results
were obtained using cinchonine (10 mol %) as catalyst (27 in Fig. 3).
In an attempt to improve the moderate enantioselectivities
obtained in the cyclizations depicted in Scheme 33, modifications
around the chiral C9 in cinchonine 27 were carried out. After
a broad screening of these modified catalysts, 28 was found to give
the highest enantioselectivities for both Z (80% ee) and E (52% ee)
isomers, although with a slight decrease in conversion.33
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Figure 3. Cinchona alkaloid-derived catalysts employed by Merschaert et al.
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Scheme 33. 6-exo-trig Cyclizations for synthesis of chromanes catalyzed by cinchona
alkaloids.

OOH

MeO OH OMe

(-)-quinine, 23a
(50 mol%)

rt
O

OOH

MeO
OMe

30 31

6'

up to 64% ee

*

Scheme 35. Cinchona alkaloid-catalyzed cyclization of 20-hydroxychalcones to
flavanones.
The highly enantioselective cyclization of 20-hydroxychalcones
to flavanones catalyzed by the enzyme chalcone isomerise, is
a well-known step in the biosynthesis of flavonoids. It cannot,
however, be reproduced enantioselectively so far using asymmetric
organocatalysis. Recently, Scheidt et al. have reported an indirect
method to carry out this intramolecular 6-endo-trig oxa-Michael
addition reaction by introducing an activating tert-butyl ester
group at the C2 position of the hydroxychalcone substrates
(Scheme 34)34; this additional electron-withdrawing group would
increase the reactivity of the conjugate acceptor, favour the flava-
none products over the acyclic chalcones and also provide a second
Lewis basic site for potential interaction with the catalyst. Fur-
thermore, this additional ester group can be easily removed with-
out affecting the newly formed stereocentre at C2. In this manner,
a series of different flavanones and chalcones were synthesized via
a cyclization/decarboxylation single-pot reaction using bifunctional
quinine-derived thiourea catalysts.34
The best results were achieved with the chiral thiourea 29
(Scheme 34), obtaining yields in the 65–97% range and ees in the
80–94% range. Interestingly, the parent chalcones without the ad-
ditional tert-butyl ester group did not undergo cyclization with any
of the bifunctional catalysts tested, thus proving the importance of
this functional group in the substrates.34

These authors propose a mechanism in which a hydrogen bond
is formed between the b-ketoester substrate and the chiral thiourea
moiety. The interaction between the quinuclidine nitrogen and the
hydroxyl group of the phenol then promotes the enantioselective
intramolecular oxa-Michael addition. It is worthy mentioning that
a tertiary amine and a thiourea group together in a single catalyst
are necessary to achieve a high enantioselectivity.

Hintermann et al. have also used cinchona alkaloids as catalysts
for the synthesis of flavanones from 20-hydroxychalcones.

Their strategy was based on the employment of ground-state
destabilized 20-hydroxychalcones bearing an additional hydroxyl
group at the C60 position as substrates.35

During their study of the catalytic cyclization of chalcone 30 to
naringenin dimethyl ether 31 (Scheme 35), modest-to-high con-
versions and low-to-modest enantioselectivities (of up to 64% ee)
were obtained using (�)-quinine (23a) as catalyst at high loadings
(50 mol %) and PhCl as solvent at an optimal substrate concentra-
tion of 10 gL�1.
3.2. 1,4-Additions of oxygenated nucleophiles catalyzed
by guanidine-derived organocatalysts

Organocatalysts with a higher basicity than cinchona alkaloids,
such as chiral guanidines have been employed by Ishikawa et al. for
the asymmetric construction of 2,2-disubstituted chromane skel-
etons with a quaternary carbon centre.36

Similarly to the previously mentioned dihydrocinchonine-cat-
alyzed 6-exo-trig-type intramolecular oxa-Michael addition repor-
ted by Merschaert et al.,33 the use of the Z isomers instead of the E
isomers results in improvements in the enantioselectivities.36 The
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use of chiral guanidine 32 (Scheme 36) as catalyst, in CHCl3 as
solvent, gave chromane 33 in 83% yield and 76% ee, which can be
increased to 80% ee when the reaction is carried out at 0 �C. This
difference in asymmetric induction between the E and the Z iso-
mers can be explained through the suggested Transition-State (TS)
structure of the oxa-Michael addition (shown in Scheme 36): while
in the TS corresponding to the Z isomer two hydrogen bonds be-
tween the substrate and the catalyst are formed, thus giving rise to
the attack of the activated O1 atom from the Re-face, in the alter-
native TS structure, which corresponds to Si-face attack leading to
enantiomeric (S)-33, only a single hydrogen bond between O1–H of
the substrate and the guanidine N1 atom is possible.
OH O CO2Me

NMe NMe
Me Me

N OH
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Scheme 36. Guanidine-catalyzed synthesis of chromanes by intramolecular
oxa-Michael addition.
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Scheme 37. Organocatalyzed asymmetric synthesis of chiral chromenes by tandem
oxa-Michael/aldol condensation reaction.
3.3. 1,4-Additions of oxygenated nucleophiles catalyzed
by proline-derived organocatalysts

By taking advantage of the ability of chiral proline derivatives to
undergo reversible formation of enamine and iminium in-
termediates, Arvidsson et al.,37 Córdova et al.38 and Wang et al.39

have independently studied an enantioselective tandem oxa-Mi-
chael/aldol condensation reaction for the synthesis of chiral chro-
menes catalyzed by diarylprolinol ether catalysts. This chromene
unit is formed through a tandem reaction involving the oxa-
Table 1
Arvidsson et al.,37 Córdova et al.38 and Wang et al.39 tandem oxa-Michael/aldol reactions

O

OH
R O

X
4
5

N
H
1

R X Methoda T

Ph H A
Bb

C

48
16
60

4-NO2C6H4 H A
Bb

C

48
24
24

4-NO2C6H4 5-Me C
2-NO2C6H4 5-Cl C 14
4-CNC6H4 H Bb 2
4-ClC6H4 H Bb 3
n-Pr H A

B 1
n-Pr 5-MeO A
Me 5-MeO C
CO2Et H B
CO2Et 3-F B
CO2Et 4-Me Bb 3

a A: catalyst 13b (10 mol %), dichloromethane, rt; see Ref. 37; B: catalyst 13b (20 mol %
benzoic acid (30 mol %), molecular sieves (4 Å), 1,2-dichloroethane, see Ref. 39.

b Molecular sieves (4 Å) were added.
Michael attack of salicylic aldehyde derivatives on to a,b-un-
saturated aldehydes, activated through an iminium ion with a dia-
rylprolinol ether catalyst, followed by an intramolecular aldol
reaction and the subsequent elimination of water (Scheme 37).
Arvidsson et al. synthesized chromenes with aromatic sub-
stituents at the C2 position in up to 60% yield and 60% ee using
diphenylprolinol ether 13b (10 mol %) as catalyst in dichloromethane
as solvent. The C2 aliphatic analogues were obtained in up to 90% ee,
although in low-to-moderate yields (Table 1, method A).37

Córdova et al. improved the yields and enantioselectivities of
this tandem reaction using the same diarylprolinol ether 13b cat-
alyst at a slightly higher loading (20 mol %) and toluene as solvent.
The addition of a catalytic amount of 2-nitrobenzoic acid proved to
be crucial to increase the enantioselectivity of this reaction: the ee
of a test reaction was increased from 9 to 88% by the addition of
2-nitrobenzoic acid as co-catalyst. The use of molecular sieves (4 Å)
for the removal of water also significantly enhanced the yields (of
up to 95%) of this tandem reaction (Table 1, method B).38

Wang et al. also investigated this tandem oxa-Michael/aldol
condensation reaction of a,b-unsaturated aldehydes and salicy-
laldehydes employing TES-protected diphenylprolinol 13c
(30 mol %), obtaining chiral chromenes in good yields (53–98%) and
enantioselectivities (75–99%).39 Enals with electron-withdrawing
substituents were found to give the best results (Table 1, method C).
of a,b-unsaturated aldehydes and salicylaldehydes

O
O

RX

Ph

OSiR'3
Ph

3

(h) T (�C) Yield (%) ee (%)

rt
rt
0

63
81
87

60
88
88

rt
rt
0

36
95
96

48
90
95

18 0 98 96
4 �15 82 >99
6 rt 81 90
1 rt 89 83

16
6

rt
rt

14
57

77
87

16 rt 21 90
48 0 84 85
21 rt 70 96
23 rt 72 98

6 rt 70 98

), 2-nitrobenzoic acid (20 mol %), toluene, rt; see Ref. 38; C: catalyst 13c (30 mol %),
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Apart from aldehydes, cyclic a,b-unsaturated ketones have also
been used as substrates for this methodology by Córdova et al. Thus,
they have reported the first organocatalytic asymmetric synthesis
of tetrahydroxanthenones with moderate yields (up to 56%) and
enantioselectivities in the range 85–91% ee when using pyrrolidine
34 as catalyst and 2-nitrobenzoic acid as additive (Scheme 38).40
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Scheme 38. Organocatalytic asymmetric tandem oxa-Michael/aldol condensations for
synthesis of tetrahydroxanthenones.
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Recently, we have described the first diarylprolinol ether-cata-
lyzed synthesis of the alkyltetrahydropyran 36 by intramolecular
oxa-Michael addition of a hydroxyl group to an a,b-unsaturated
aldehyde (Scheme 39).41 Diarylprolinol ether 35 was found to be
the best catalyst for this transformation, obtaining R-36 after in situ
reduction as the major enantiomer in moderate-to-good yields
(30–74%) and modest enantioselectivities (up to 57% ee).
HO
CHO

then reductant,
co-solvent

30-74% yield
up to 57% ee

E/ Z = 4:1

N
H

Ph
Ph

OMe

(20 mol%), DCM
O OH

36

35

Scheme 39. Organocatalyzed synthesis of alkyltetrahydropyran 36 by intramolecular
oxa-Michael addition of hydroxyl group to a,b-unsaturated aldehyde.
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Scheme 41. Tandem oxa-Michael/Michael/Michael/aldol condensation reaction for
enantioselective synthesis of tetrahydro-6H-benzo[c]chromenes.
In all the preceding organocatalyzed tandem oxa-Michael/aldol
reactions reported by Arvidsson, Córdova and Wang,37–39 only one
stereogenic centre is generated in the products, due to the spon-
taneous dehydration of the b-hydroxy aldimine intermediate.
Wang et al. have recently reported an organocatalyzed asymmetric
tandem oxa-Michael/Michael reaction, which affords chiral highly
functionalized chromans with the creation of three new stereo-
genic centres (Scheme 40).42
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Scheme 40. Diphenylprolinol ether-catalyzed tandem oxa-Michael/Michael reaction
for synthesis of highly functionalized chromans.
Mechanistically, this tandem reaction differs from the previous
tandem oxa-Michael/aldol reactions in that an aminal intermediate
(IX in Scheme 40) rather than a hydroxyl group, serves as an acti-
vated nucleophile for the first oxa-Michael addition.

This tandem oxa-Michael/Michael reaction catalyzed by
diphenylprolinol ether 13b has proved to be efficient between
a variety of 2-hydroxy cinnamaldehydes and nitroolefins when
using CHCl3 as solvent and NaOAc as additive. In this way, chiral
chromanes were obtained with excellent levels of enantiomeric
excess (93–98% ee) and good-to-high diastereoselectivities
(2:1–10:1).42

Very recently, Hong et al. have extended this methodology to
the cascade oxa-Michael/Michael/Michael/aldol condensation re-
action for the enantioselective synthesis of tetrahydro-6H-ben-
zo[c]chromenes (Scheme 41).43 The cascade sequence of the
proposed mechanism starts in an analogous manner to that pre-
viously mentioned, although the first oxa-Michael step is followed
by a second Michael addition to form the chromane unit. The in-
termediate X undergoes a new Michael attack of the nitro anion
on to the a,b-unsaturated aldehydes, activated through an imi-
nium ion with the diarylprolinol ether catalyst, followed by an
intramolecular aldol reaction and subsequent elimination of
water.
A series of arylacrylaldehydes were reacted with the nitro-
vinylphenol shown in Scheme 41 in the presence of pyrrolidine 13b
as catalyst and acetic acid as additive, obtaining tetrahydro-6H-
benzo[c]chromenes in moderate-to-good yields and excellent dia-
stereoselectivities (>30:1) and enantioselectivities (>99% ee). It is
worth mentioning that, except for the observation of a trace
amount of the intermediate 37, only one enantiomer was observed
in this reaction, probably due to the high enantio- and diaster-
eoselective first oxa-Michael addition, the stereochemical outcome
of which will dictate the stereochemistry of the following reactions.
As can be seen in Scheme 41, this quadruple cascade organo-
catalytic reaction has also proved to be efficient for three-compo-
nent reactions.

Recently, Woggon et al. have reported a diastereoselective tan-
dem aldol/oxa-Michael reaction as the key step for the synthesis of
the natural product a-tocopherol (39 in Scheme 42) by using
a diarylprolinol ether-derived catalyst 13d. Despite the relatively
high loading (30 mol %) of the organocatalyst, the reaction
provided the tricyclic structure 38 with an embedded chiral chro-
mane core with excellent diastereoselectivity (97%) and in 58%
yield (Scheme 42).44
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The formation of lactol 38 (Scheme 42) suggests a mechanism
slightly different to that corresponding to the previous oxa-Mi-
chael/aldol condensation reactions of a,b-unsaturated aldehydes
and salicylaldehydes (Scheme 37). In this case, the initially formed
iminium salt XI leads to the subsequent dienamine XII, which re-
acts with the salicylaldehyde substrate in an aldol-type reaction to
yield the intermediate XIII (Scheme 43). This compound then un-
dergoes a diastereoselective intramolecular oxa-Michael addition,
affording the lactol 38.
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Scheme 43. Proposed mechanism for tandem aldol/oxa-Michael reaction leading to
lactol 38.
4. Asymmetric organocatalyzed oxo-hetero-Diels-Alder
reactions

The oxo-hetero-Diels–Alder (oxo-HDA) reaction appears to be
the perfect tool for the enantioselective construction of six-mem-
bered oxygenated heterocycles. This is due to the well-known
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R+

O
R

(1)
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O R2

R1 R1

organocat

organocat

Scheme 44. Organocatalyzed oxo-HDA
facets ascribed to all the Diels–Alder reaction variants, namely (a)
ease of performance, (b) high regio- and stereoselectivity typically
displayed by this cycloaddition and, more significantly, (c) the
creation of up to four new stereocentres in the cyclic system.

Applications of asymmetric organocatalysis in the oxo-HDA re-
action are reported in this section. The exemplified transformation
involves a carbonyl compound as the heterodienophile or the
heterodiene (Scheme 44) to afford six-membered pyran
derivatives.

The basic idea of performing these reactions in an organo-
catalytic enantioselective manner is to use the chiral organo-
catalyst to activate a carbonyl compound and also to control the
stereochemical outcome of the cycloaddition by directing the
three-dimensional approach of the diene or dienophile to one of
the faces of the activated carbonyl compound. Hydrogen bonding
of a simple chiral alcohol or amine to the carbonyl group has been
exploited as a mode of activation for the oxo-HDA reactions
(Scheme 44, Eq. 1). A different reaction pathway is found in the
organocatalyzed inverse electron-demand oxo-HDA reactions,
where the activation is achieved by enamine catalysis (Scheme 44,
Eq. 2). This section will thus be organized on the basis of the ac-
tivation mode performed by the catalyst, and is subdivided into
four parts: Section 4.1. hydrogen bond (HB)-catalyzed oxo-HDA
reactions, Section 4.2. Enamine catalysis in oxo-HDA reactions,
Section 4.3. oxo-HDA reactions catalyzed by N-heterocyclic car-
benes (NHC), and Section 4.4. oxo-HDA reactions catalyzed by
chiral tertiary amines.
4.1. Hydrogen bond-catalyzed oxo-HDA reactions

The investigations in this field were initiated by Rawal and
Huang. They observed that HB-donating solvents, such as
dichloromethane or 2-butanol accelerate the oxo-HDA reaction of
unactivated aldehydes45 and ketones46 with 1-amino-3-siloxy-
butadiene (40 in Scheme 45).47 Immediately after this study, the
same group, explored the use of chiral alcohols as catalysts for the
asymmetric transformation, finding that 20 mol % of 1-naphthyl-
TADDOL 41a (a,a,a0,a0-tetraaryl-1,3-dioxolan-4,5-dimethanol)
promotes the cycloaddition of a variety of aldehydes with the so-
called Rawal’s diene 40 (Scheme 45). This reaction proceeded
smoothly to furnish the corresponding dihydropyrones in good
yields and excellent enantioselectivities after treatment with AcCl,
as depicted in Scheme 45.48 Remarkable is the broad substrate
scope in the aldehyde component, as this transformation is found
to be suitable for aromatic, as well as aliphatic and a,b-un-
saturated aldehydes.

This exciting development achieved by Rawal et al. has been
the origin of a vast amount of research, with efforts not only di-
rected towards the expansion of substrate scope to less activated
dienes and design of new HB catalysts, but also in the field of
computational chemistry, where several reports account for
mechanistic aspects of this particular transformation, as discussed
below.
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M.G. Núñez et al. / Tetrahedron 66 (2010) 2089–2109 2101
Rawal, together with Yamamoto et al.,49 introduced a new diol
catalyst, 42, having the axially chiral 1,10-biaryl-2,20-dimethanol
(BAMOL) scaffold, which was demonstrated to be highly effective
for the catalysis of the oxo-HDA reactions of a wide range of al-
iphatic and aromatic aldehydes with 1-amino-3-siloxybutadiene
40 (Scheme 46) and gave comparable results in terms of yield
and enantioselectivity, to reactions catalyzed by TADDOL 41a.
This new motif shares with TADDOLs a bis-(diaryl-
hydroxymethyl) functionality, in which the steric and electronic
properties were readily tunable. The survey of different BAMOLs,
revealed that diols 42a and 42b having the 4-fluoro-3,5-dime-
thylphenyl and 4-fluoro-3,5-diethylphenyl groups, respectively,
afforded the best results for the cycloaddition of 40 to various
aldehydes.
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Scheme 47. TADDOL derivatives as catalysts in oxo-HDA reactions of Brassard’s diene.
An X-ray structure of the 2,20-bis-(diphenylhydroxy-
methyl)binaphthylene–benzaldehyde complex (Fig. 4) not only
shows a 1:1 association between the two molecules, but also
reveals the presence of an intramolecular HB between the two
hydroxyls and an intermolecular HB to the carbonyl oxygen of
benzaldehyde. The complex suggests that carbonyl activation
occurs through a single-point HB.

In 2004, the TADDOL derivatives 41a–d were employed by
Ding et al. to perform oxo-HDA reactions of aldehydes with
Brassard’s diene 43 (Scheme 47).50 They reported the results
obtained when using different substitution patterns in the TAD-
DOL catalyst, concluding that 1-naphthyl-substituted TADDOLs
(41a–b) exhibit a remarkably superior performance, compared to
that of their analogues, such as simple phenyl-TADDOL 41c or
2-naphthyl-TADDOL 41d, in terms of both activity and
enantioselectivity.
In this manner, they used catalyst 41a to explore the alde-
hyde scope50 in reactions with Brassard’s diene, obtaining the
corresponding d-lactone derivatives highly enantioselectively
(Scheme 48). The usefulness of this methodology was demon-
strated in the total synthesis of the natural product (þ)-dihy-
drokawain 44.

These researchers proposed a possible mechanism and mode
of action of the TADDOL catalyst based on an X-ray crystal
structure analysis of the inclusion complex of TADDOL 41c
(having phenyl substituents) and dimethylformamide. This
structure, shown in Figure 5, illustrates that the diol and the
carbonyl group of the DMF associate via a single HB and that an
intramolecular HB exists between the two hydroxy groups of the
chiral diol (similar to that observed in the 2,20-bis-(diphenylhy-
droxymethyl)binaphthylene–benzaldehyde complex depicted in
Fig. 4).

With this information in hand, they proposed a mechanism,
outlined in Scheme 49, for asymmetric induction in this catalytic
system. When (S,S)-41a was used as the catalyst, the steric hin-
drance of the naphthyl moiety shields the Si-face of the aldehyde,
while the Re-face is available to react with the diene, to give the
product with the R configuration. Although this model cannot
quantitatively explain the impact of the aryl groups of TADDOL



Figure 5. Crystal structure of (R,R)-TADDOL 41c-DMF complex.
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Figure 6. Proposed transition-state for TADDOL 41a-catalyzed oxo-HDA reaction of
Rawal’s diene 40 and benzaldehyde.
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derivatives on their asymmetric induction in the reactions, it was
evident that the strength of the intermolecular hydrogen bonding
between the catalyst and the substrate, the greater steric hindrance
of the 1-naphthyl group and the p–p interaction between the
naphthyl ring and the carbonyl group of the substrate all played
important roles in the control of the enantioselectivity of the cat-
alytic reaction.

In the same context, the authors expanded their investigation,51

and studied the mechanism of the reaction theoretically, using the
ONIOM (B3LYP/6-31G*:PM3) method with trans-1,3-dimethoxy-
1,3-butadiene as the model for Danishefsky’s diene, indicating that
the reaction evolved via a concerted mechanism through an
asynchronous and zwitterionic transition structure, as depicted in
Scheme 49. The carbonyl group of benzaldehyde is activated by
forming an intermolecular HB with one of the hydroxyl groups of
TADDOL. Meanwhile, the intramolecular HB between the two hy-
droxy groups in TADDOL is found to facilitate the intermolecular HB
with benzaldehyde. The involvement of highly polarised transition-
states was confirmed by a computational study of diol-catalyzed
oxo-HDA reactions of Rawal’s diene, by the group of Houk.52 They
showed that the 1,4-butanediol model systems for catalysis by
TADDOLs were consistent with a cooperative hydrogen-bonding
arrangement and also provided a model of selectivity53 to predict
the sense and relative magnitude of product stereoinduction for
the TADDOL-promoted reaction, pointing out the orientation of the
aldehyde by CH–p interaction between the aldehyde CH and the
pseudoequatorial naphthalene ring of TADDOL 41a (Fig. 6).
Recent developments in computational procedures have come
up with a reverse-docking methodology devised to rationalize the
stereoselectivity of asymmetric reactions. In this procedure, a flex-
ible organocatalyst is docked around a catalyst-free, transition-
state representation of the asymmetric reaction. The resulting
reverse docking represents a simplified geometric model of the TS
for the catalyzed reaction and can provide an insight into the
observed stereoselectivity. Deslongchamps and Harriman54 studied
the reverse docking of TADDOL catalyst 41a to rigid transition-state
representations of the oxo-HDA reaction reported by Rawal et al. in
2003,48 revealing clear energetic trends favouring the experimen-
tally preferred product enantiomers. The results indicated a mode
of catalysis consistent with the experimental data, but the relative
docking energies between the transition-state model enantiomers
were too great to allow an in silico correlation with the experi-
mentally observed ees. Thus, several changes were made to the
reverse-docking algorithm, allowing the first reported55 correlation
with experimentally reported ee values, based solely on reverse
docking and molecular mechanics energies.

Chan’s diene 45 has also been used in the TADDOL 41a-catalyzed
oxo-HDA reaction with aldehydes.56 In this case, the cycloaddition
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was found to be a competing transformation with the vinylogous
aldol reaction when using electron-poor aromatic aldehydes under
solvent-free conditions (Scheme 50). The cycloadducts are formed
with a modest enantioselectivity of 51–59% ee at room
temperature.
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Since the initial experiments with TADDOL and BAMOL cata-
lysts, several other catalyst motifs have been demonstrated to
promote the oxo-HDA reaction via hydrogen-bonding catalysis. In
this regard, Mikami and Tonoi reported that a bis-triflylamide (47a
in Scheme 51) is an active catalyst for the oxo-HDA reaction, pro-
moting the reaction of TIPS-substituted Danishefsky’s diene 46a
with glyoxylates and phenylglyoxals to afford dihydropyrones in
76–87% ee and good yield (Scheme 51).57 Mikami also suggested
that the bis-triflylamide catalyst 47a acts as a double HB donor
catalyst (differing from the mode of action proposed for TADDOL
and BAMOL), basing this proposition on 1H NMR titration
experiments.
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Shortly after Mikami’s report, Jørgensen et al.58 accounted for
the same oxo-HDA reaction with the TMS-substituted Danishefsky’s
diene 46b, using a slightly different catalyst, the bis-nonaflylamide
47b, where the triflyl group had been replaced with the longer-
chain nonaflyl group (CF3�(CF2)3�SO2�). The enantioselectivities
achieved for the different dihydropyrones were in the range of 49–
73% ee (Scheme 52).

Sigman and Rajaram59 have designed another novel chiral
organocatalyst (48 in Scheme 53) with a rigid oxazoline backbone,
bearing a sulfonylamide and a tertiary alcohol as the two HB-do-
nating groups. Both HBs in the catalyst were necessary for effective
catalysis. Scheme 53 shows that, in the presence of this catalyst,
electron-rich and electron-poor arylaldehydes undergo cyclization
with Rawal’s diene 40, to yield the corresponding dihydropyrones
highly enantioselectively.

The group of Sigman continued with the studies on this orga-
nocatalyst scaffold and, in 2007,60 reported the effect of the catalyst
acidity on the enantioselectivity of the oxo-HDA reaction. Taking
advantage of its modular nature, they prepared several oxazoline-
core catalysts with a pendant alcohol and different halogenated
acetamide groups (49, Scheme 54). Indeed, it was found that both
the reaction rate and the enantioselectivity could be directly cor-
related with the catalyst acidity.

Cleft molecules61 (50 in Scheme 55) have also been tested as
organocatalysts in the asymmetric oxo-HDA reaction of benz-
aldehydes and 1-amino-3-siloxybutadiene 40 (Scheme 55),
providing both moderate yields and enantioselectivities
(�52% ee).
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M.G. Núñez et al. / Tetrahedron 66 (2010) 2089–21092104
Göbel et al.62 reported in 2007 the synthesis of C2-symmetric
bisamidines, (51a,b in Scheme 56), which in the monocationic form
(and with weakly coordinating counterions), adopt a planar con-
formation with an almost convergent orientation of the two N–H
groups, which looks ideal for electrophilic activation in HB-medi-
ated host-guest complexes. They reported the acceleration of dif-
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ferent reactions of simple ketones, nitroalkenes and aldehydes,
such as the oxo-HDA of the TBS-substituted Danishefsky’s diene 46c
and 3-chlorobenzaldehyde. The enantioinduction, however, is quite
low, not surpassing 15% ee (Scheme 56).
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4.2. Enamine catalysis in oxo-HDA reactions

Jørgensen and Juhl63 introduced this concept in 2003. It is based
on the consideration that chiral enamines XIV (Scheme 57), gen-
erated from aldehydes and chiral pyrrolidines, such as 52, can act as
electron-rich alkenes and undergo an enantioselective oxo-HDA
reaction with enones (in an inverse electron-demand fashion) to
give the corresponding oxo-HDA cycloadducts, which, after hy-
drolysis of the aminal group in the presence of silica, gave the
hemiacetal and released the chiral catalyst to complete the catalytic
cycle, as outlined in Scheme 57. A further oxidation of the mixture
of the two anomers yields the corresponding d-lactone as a single
diastereomer. The highly functionalized products are formed with
excellent enantioselectivity and good-to-excellent yield, as depic-
ted in Scheme 57.

There are only a few more examples of using a,b-unsaturated
carbonyl compounds in inverse electron-demand oxo-HDA re-
actions. Zhao et al. studied some novel prolinal dithioacetal de-
rivatives as catalysts for the oxo-HDA reaction of enolizable
aldehydes and b,g-unsaturated a-ketophosphonates.64 When the
catalyst of choice was the more hindered catalyst 53, shown in
Scheme 58, the corresponding 5,6-dihydro-4H-pyran-2-ylphosph-
onates were obtained with good ee values (up to 94% ee). In all
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cases, only the trans diastereoisomer was isolated the oxidation of
the mixture of the two anomeric stereoisomers.

Very recently, Liu et al. achieved, for the first time, the
organocatalyzed asymmetric inverse electron-demand oxo-HDA
reaction of aldehydes and a,b-unsaturated trifluoromethyl ke-
tones.65 The combination of a chiral diphenylprolinol ether 13b
and p-fluorophenol as catalysts allows the reaction to proceed
under mild conditions to give the corresponding cyclic products,
which were further oxidised to form the lactone derivatives. Due
to their instability, these lactones were subsequently dehydrated
with methanesulfonyl chloride and triethylamine. The final
products were therefore isolated in moderate yields, for the
three steps, with high diastereo- and enantioselectivities
(Scheme 59).
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Xiao et al. described recently the organocatalytic oxo-HDA re-
action of acyclic a,b-unsaturated ketones with aldehydes.66 The
catalysis is also achieved by an enamine intermediate, generated
this time from the a,b-unsaturated ketone and a chiral prolinamide
54. The electron-rich diene thus formed reacts with the non-eno-
lizable aldehyde in a normal electron-demand oxo-HDA reaction
(through a concerted or stepwise pathway), giving the corre-
sponding cycloadduct, which upon imine hydrolysis, leads to the
tetrahydropyran-4-one releasing the chiral catalyst to complete the
catalytic cycle, as outlined in Scheme 60. Only one example is
reported for the enantioselective transformation, and the cyclo-
adduct is formed in moderate yield, and also moderate diastereo-
and enantioselectivity.
4.3. Oxo-HDA reactions catalyzed by N-heterocyclic carbenes

In 2006, Bode et al. published an asymmetric N-heterocyclic
carbene (NHC)-catalyzed oxo-HDA reaction.67 In this method, the
enolate dienophile is formed from the racemic a-chloroaldehyde
precursor reacting with the NHC, and can afterwards react with an
enone as heterodiene in an oxo-HDA manner (Scheme 61). Differ-
ent enones bearing electron-withdrawing groups as well as aro-
matic and aliphatic enoates were tested in the reaction, all
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Scheme 61. NHC-catalyzed oxo-HDA reactions of a-chloroaldehydes.
providing high yields and enantioselectivities of up to 99% ee.
Outstanding is the fact that the chiral triazolium salt is used in
a remarkably low loading of 0.5 mol %.

The same group expanded this methodology to a-chlor-
oaldehyde bisulfite salts as starting materials.68 The chiral NHC-
catalyzed oxo-HDA reaction was successfully carried out under bi-
phasic reaction conditions with high levels of enantioselectivity,
demonstrating, for the first time, water tolerance in this type of
transformation (Scheme 62). The precatalyst 17b is quite efficient at
the low loading of 1 mol % and the procedure provides an in-
novative solution to enantioselective additions of acetate equiva-
lents by using the inexpensive, commercially available bisulfite
adduct of chloroacetaldehyde (R1¼H).
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Ye et al.69 have reported, just recently, the NHC-catalyzed [4þ2]
cycloaddition of disubstitued ketenes with enones to give d-lac-
tones through the possible mechanism illustrated in Scheme 63.
Precatalyst 55 was used for the generation of the NHC in the
presence of Cs2CO3. The reaction is probably initiated by the nu-
cleophilic addition of the NHC to the ketene to give the triazolium
enolate intermediate XV, which reacts with the enone by an inverse
electron-demand Diels–Alder reaction, forming the corresponding
adduct. Subsequent NHC elimination furnishes the desired product
and regenerates the NHC catalyst. Both the trans and cis isomers of
the d-lactones could be obtained in good yields with high diastero-
and enantioselectivities. The trans isomer is formed preferentially
by an in situ thermodynamically controlled epimerization, using an
excess of 20 mol % of Cs2CO3. It is noteworthy that the di-
astereomeric ratios and enantiomeric excess, although quite high,
could be further improved by a single recrystallization. An in situ
kinetically controlled protonation allows the cis isomer to be
formed favourably with ee values of up to 90% (Scheme 63).
4.4. Oxo-HDA reactions catalyzed by chiral tertiary amines

Chiral tertiary amines have also been described as catalysts for
asymmetric oxo-HDA reactions. In 2007, Peters and Tiseni70 pub-
lished the first and, so far, only, tertiary amine-catalyzed enantio-
selective [4þ2] cycloaddition of a,b-unsaturated acid chlorides and
the aldehyde chloral. The transformation probably proceeds
through the in situ formation of a vinylketene XVI by dehy-
drohalogenation of the a,b-unsaturated acid chloride. The vinyl-
ketene is then trapped by the enantiopure tertiary amine, forming
the zwitterionic dienolate XVII and, thus, the diene component of
the Diels–Alder reaction (Scheme 64). The methodology necessi-
tates the presence of a Lewis acid co-catalyst such as Sn(OTf)2 that
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the authors claim facilitates the dehydrochlorination step and is not
involved in the cycloaddition. The corresponding d-lactone building
blocks are formed in high ee values of up to 97% when the catalyst
of choice was the trimethylsilylquinidine 56.

5. Conclusions and overview

Organocatalysis has proved to be a very useful tool for enantio-
selective obtaining six-membered oxygen-containing heterocycles,
which are important building blocks for the synthesis of enantio-
merically pure, biologically active compounds. Notably, highly ef-
fective asymmetric organocatalytic 1,2- and 1,4-additions of carbon
as well as oxygen nucleophiles to different electrophiles have been
developed, among, which the intramolecular Stetter reaction has
emerged as a powerful method for the synthesis of enantiopure
chromen-4-ones, thanks to the development of new families of
chiral nucleophilic carbenes. Another type of transformation leading
to six-membered oxygenated heterocycles, which has experienced
a considerable advance during recent years, is organocatalytic tan-
dem reactions, the first activation step of which is an intermolecular
organocatalytic Michael addition of a carbon nucleophile. A second
intramolecular step of acetalization/ketalization (chiral pyrrolidine-
catalyzed), lactonization (cinchona alkaloid-catalyzed) or acylation
(N-heterocyclic carbene-catalyzed) has lead to a wide variety of
enantiopure oxygenated heterocycles.

Chiral chromanes and chromanones have also been synthesized
by 6-exo-trig and 6-endo-trig intramolecular oxa-Michael additions
with cinchona alkaloid-derived as well as guanidine-derived
organocatalysts. Enamine–iminium activation has also proved to be
very useful in a range of tandem transformations leading to six-
membered oxygen-containing heterocycles involving oxa-Michael
additions, which in many cases, have provided excellent levels of
asymmetric induction.

Organocatalyzed oxo-HDA reactions have emerged as a very
efficient tool for the construction of chiral dihydropyranones. Over
the last few years, these have become a benchmark in the growing
field of hydrogen bond-catalyzed reactions and single-donor
(TADDOL, BAMOL) as well as double-donor (bis-amides) modes of
activation have been extensively studied. Again, enamine–iminium
catalysis has been used in inverse as well as direct-electron-de-
mand asymmetric oxo-HDA reactions leading to different six-
membered oxygenated heterocycles.

In conclusion, the organocatalytic synthesis of chiral six-mem-
bered oxygen-containing heterocycles has become a very attractive
topic for synthetic chemists in a relatively short period of time.
There is however still much room for further investigations re-
garding these organocatalytic transformations, especially those
that result in overcoming their major drawbacks, such as high
catalyst loading or low substrate scope.

Acknowledgements

Financial support for this work came from the Spanish MEC
(CTQ2009-11172/BQU), Junta de Castilla y León (Spain) (GR178) and
Universidad de Salamanca (USAL2008A-06).

References and notes

1. (a) Boivin, T. L. B. Tetrahedron 1987, 43, 3309–3362; (b) Elliott, M. C. J. Chem. Soc.,
Perkin Trans. 1 2002, 2301–2323; (c) Clarke, P. A.; Santos, S. Eur. J. Org. Chem.
2006, 2045–2053; (d) Tang, Y.; Oppenheimer, J.; Song, Z.; You, L.; Zhang, X.;
Hsung, R. P. Tetrahedron 2006, 62, 10785–10813; (e) Larrosa, I.; Romea, P.; Urpı́,
F. Tetrahedron 2008, 64, 2683–2723.

2. For reviews on asymmetric organocatalysis, see: (a) Dalko, P. I.; Moisan, L.
Angew. Chem., Int. Ed. 2001, 40, 3726–3748; (b) List, B. Tetrahedron 2002, 58,
5573–5590; (c) Jarvo, E. R.; Miller, S. J. Tetrahedron 2002, 58, 2481–2495; (d)
Dalko, P. I.; Moisan, L. Angew. Chem., Int. Ed. 2004, 43, 5138–5175; (e) Seayad, J.;
List, B. Org. Biomol. Chem. 2005, 3, 719–724; (f) List, B. Chem. Commun. 2006,
819–824; (g) Marigo, M.; Jørgensen, K. A. Chem. Commun. 2006, 2001–2011; (h)
Marcelli, T.; van Maarseveen, J. H.; Hiemstra, H. Angew. Chem., Int. Ed. 2006, 45,
7496–7504; (i) Palomo, C.; Mielgo, A. Angew. Chem., Int. Ed. 2006, 45,
7876–7880; (j) Gaunt, M. J.; Johansson, C. C. C.; McNally, A.; Vo, N. T. Drug
Discovery Today 2007, 12, 8–27; (k) de Figueiredo, R. M.; Christmann, M. Eur. J.
Org. Chem. 2007, 2575–2600; (l) Enders, D.; Grondal, C.; Hüttl, M. R. M. Angew.
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41. Dı́ez, D.; Núñez, M. G.; Benéitez, A.; Moro, R. F.; Marcos, I. S.; Basabe, P.;

Broughton, H. B.; Urones, J. G. Synlett 2009, 390–394.
42. Zu, L.; Zhang, S.; Xie, H.; Wang, W. Org. Lett. 2009, 11, 1627–1630.
43. Kotame, P.; Hong, B.-C.; Liao, J.-H. Tetrahedron Lett. 2009, 50, 704–707.
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5618–5624.
63. Juhl, K.; Jørgensen, K. A. Angew. Chem., Int. Ed. 2003, 42, 1498–1501.
64. Samanta, S.; Krause, J.; Mandal, T.; Zhao, C.-G. Org. Lett. 2007, 9, 2745–2748.
65. Zhao, Y.; Wang, X.-J.; Liu, J.-T. Synlett 2008, 1017–1020.
66. Lu, L.-Q.; Xing, X.-N.; Wang, X.-F.; Ming, Z.-H.; Wang, H.-M.; Xiao, W.-J. Tetra-

hedron Lett. 2008, 49, 1631–1635.
67. He, M.; Uc, G. J.; Bode, J. W. J. Am. Chem. Soc. 2006, 128, 15088–15089.
68. He, M.; Beahm, B. J.; Bode, J. W. Org. Lett. 2008, 10, 3817–3820.
69. Zhang, Y.-R.; Lv, H.; Zhou, D.; Ye, S. Chem.dEur. J. 2008, 14, 8473–8476.
70. Tiseni, P. S.; Peters, R. Angew. Chem., Int. Ed. 2007, 46, 5325–5328.



edron 66 (2010) 2089–2109 2109
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