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ABSTRACT

The bifunctional organocatalyst C3 N,N0-dioxide has been successfully applied to the asymmetric cascade Michael/hemiacetalization reaction of
r-substituted cyano ketones and β,γ-unsaturated r-ketoesters for the synthesis of multifunctionalized chiral dihydropyrans. The corresponding
products were obtained in excellent yields (up to 99%) with high to excellent enantioselectivities (up to 99% ee).

Dihydropyrans are important heterocyclic structures1

and have been found widely in natural and unnatural
products.2 These compounds exhibit intriguing biological

activities, such as cytotoxicity against some cancers, anti-
HCV entry, and anti-infectivity activities, and are widely
used in pharmaceuticals.3 Furthermore, dihydropyrans
are also useful intermediates for organic synthesis.4 There-
fore, this class of compounds has received significant
attention and results in a variety of synthetic methods,
such asmultistep protocols via anionic, cationic, or radical
cyclization,5 [4 þ 2] cycloaddition,6 dioxanone Claisen
rearrangement,7 and ring-closing metathesis of enol
ethers.8 The cascade Michael/hemiacetalization reaction
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between nucleophilic reagents and R,β-unsaturated ke-
tones also provides an efficient method for the synthesis
of dihydropyrans. In asymmetric catalysis, only chiral
thiourea and cinchona alkaloid catalysts were applied in
this reaction.9 Therefore, the development of new asym-
metric catalytic systems for this reaction is still necessary.
ChiralN,N0-dioxides asmetal ligands or organocatalysts

have shown strong asymmetry-inducing capability for
many reactions.10 In the previous studies,11 chiral N,N0-
dioxides as organocatalysts exhibited the bifunctional
character that enabled simultaneous activation of the
reactants with amide-NH as Brønsted acid and theN-oxide
moiety as Brønsted base.12 We envisioned that the amide-
NH moiety of the N,N0-dioxide could activate β,γ-unsatu-
rated R-ketoesters and the N-oxide moiety activated the
R-substituted cyano ketones, and thus the reaction was
promoted. Herein, we report our efforts on developing N,
N0-dioxide organocatalysts for the asymmetric synthesis
of multisubstituted dihydropyrans through the cascade
Michael13/hemiacetalization reaction of R-substituted cya-
no ketones and β,γ-unsaturated R-ketoesters.

We initiated our study by examining the reaction
between methyl 2-oxo-4-phenylbut-(E)-3-enoate 1a and
3-oxo-3-phenylpropanenitrile 2a.14

A preliminary survey revealed that the linker of N,N0-
dioxides (Figure 1) had a significant effect on the enantios-
electivity (Table 1, entries 1�3). Chiral N,N0-dioxides
derived from 1,3-dibromopropane (C1) and cyclohexane-
1,2-diamine (C2) gave only 11%ee and 3%ee, respectively
(Table 1, entries 1 and 2). However, (1R,2R)-1,2-dipheny-
lethane-1,2-diamine-derived N,N0-dioxide C3 could give

moderate enantioselectivity (55% ee, Table 1, entry 3). In-
spired by the results, other N,N0-dioxides derived from 1,2-
diphenylethane-1,2-diamine were synthesized and examined.
Since these N,N0-dioxides have two chiral sources, the
matching of chiral linker and chiral N-oxide moiety was
investigated. The (1S,2S)-diamine and (S)-proline derived
chiral N,N0-dioxide C4 exhibited worse result than the

Figure 1. Organocatalysts used in this study.

Table 1. Optimization of the Reaction Conditionsa

entry cat. solvent

time

(h) additive

yieldb

(%)

eec

(%)

1 C1 THF 24 no 76 �11

2 C2 THF 24 no 90 3

3 C3 THF 24 no 78 55

4 C4 THF 24 no 77 �13

5 C5 THF 24 no 93 31

6 C6 THF 24 no 70 36

7 C7 THF 24 no 67 52

8 C8 THF 24 no 39 51

9 C3 Et2O 24 no 90 50

10 C3 MTBE 24 no 89 63

11 C3 MeOH 24 no 50 0

12d C3 MTBE 48 no 81 68

13d,e C3 MTBE 48 p-tBuC6H4COOH 86 71

14d,e,f C3 MTBE 72 p-tBuC6H4COOH 83 78

15d,e,f,g C3 MTBE 72 p-tBuC6H4COOH 92 86

aUnless otherwise noted, all reactions were conducted with 1a

(0.12 mmol), 2a (0.10 mmol), additive (10 mol %), and catalyst
(10 mol %) in solvent (1.0 mL) under N2 at 0 �C. b Isolated yields.
cDetermined by chiral HPLC analysis. d In 3.0 mL ofMTBE. e 20 mg of
4 Å MS was used. fAt �30 �C. g 50 mol % of p-tBuC6H4COOH was
used. MTBE = methyl tert-butyl ether, MS = molecular sieves.
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(1R,2R)-diamine and (S)-proline derived C3 (Table 1,
entry 4 vs 3). Further investigation on the amino acid back-
bone revealed that (S)-proline-derived catalyst C3 was
superior to (S)-ramipril-derived C5 (Table 1, entry 3 vs 5).
It was also found that smaller or larger ring size of sub-
stituent on the nitrogen of the N-oxide moiety had no
beneficial effect on the enantioselectivity (Table 1, entries
6�8). In order to further improve the result, extensive
investigation on the reaction conditions was carried out.

Solvent screening showed the enantioselectivity could be
improved to 63% ee in MTBE (Table 1, entry 10), while
racemic product was obtained in polar solvent, such as
MeOH (Table 1, entry 11). Under lower concentration,
68% ee could be obtained (Table 1, entry 12). Addition of
p-tBuC6H4COOH15 could further improve the enantio-
selectivity to 71% ee (Table 1, entry 13). Under lower
reaction temperature and increasing the amount of addi-
tive to 50 mol %, catalystC3 could efficiently catalyze the
reaction and afford the corresponding dihydropyran in
92% yield with 86% ee (Table 1, entry 15).

Under the optimized reaction conditions, a range of β,γ-
unsaturatedR-ketoesters 1were examinedwith 2a, and the
results were summarized in Table 2. Substrates with Et,
i-Pr, and allyl groups on the estermoiety gave similar results
(Table 2, entries 1�4). More sterically hindered t-Bu group
afforded higher enantioselectivity (92% ee), but lower
yield (76%) (Table 2, entry 5). The substituents on the
aromatic ring of β,γ-unsaturated R-ketoesters affected the
results significantly. The substrates with electron-donating
or electron-withdrawing groups at the ortho position of
the aromatic ring obtained much better results, affording
the corresponding products in excellent yields with excellent
enantioselectivities (94�99% yields, 90�99% ee, Table 2,
entries 6�15). The substrateswith substituent at themetaor
para position of the aromatic ring got slightly decreased
results (Table 2, entries 16�18). Notably, the catalytic
system was also suitable for aliphatic methyl 4-cyclohexyl-
2-oxobut-(E)-3-enoate, affording the desired product in
91% yield with 89% ee (Table 2, entry 19).Subsequently,
a broad spectrumofR-substituted cyano ketones as nucleo-
philes was probed. The reactions proceeded smoothly
with different 3-oxo-3-phenylpropanenitrile derivatives,
and good results were obtained (87�99% yields and
82�99% ee, Table 3).
To evaluate the synthetic potential of the catalytic

system, gram-scale synthesis of the dihydropyran 3ma

was performed. By treatment of 3.0 mmol of 2a under
the optimized conditions, the corresponding 3ma was
obtained in 99% yield (1.20 g) with 99% ee (Scheme 1).
The structure of the catalyst C3 was determined by

X-ray crystallographic analysis,16 which showed the intra-
molecular hydrogen bonding interactions between the
N�H proton of the amide and the oxygen of N-oxide, as

Table 2. Substrate Scope for the Asymmetric Michael/
Hemiacetalization Reaction of 2a and β,γ-Unsaturated
R-Ketoestersa

entry R1 R2 product yieldb (%) eec (%)

1 Ph Me 3aa 92 86

2 Ph Et 3ba 84 84

3 Ph i-Pr 3ca 80 85

4 Ph allyl 3da 90 83

5 Ph t-Bu 3ea 76 92

6d 2-NO2C6H4 Me 3fa 98 91

7 2-BrC6H4 Me 3ga 99 93

8 2-FC6H4 Me 3ha 98 90

9 2-ClC6H4 Me 3ia 99 93

10 2-MeOC6H4 Me 3ja 97 98

11 2-MeC6H4 Me 3ka 98 94

12 2,4-Cl2C6H3 Me 3la 94 90

13 2,6-Cl2C6H3 Me 3ma 99 99

14 2,6-F2C6H3 Me 3na 99 98

15d 2,6-Me2C6H3 Me 3oa 95 96

16 3-MeC6H4 Me 3pa 84 85

17 4-MeC6H4 Me 3qa 85 83

18 4-ClC6H4 Me 3ra 76 80

19e,f cyclohexyl Me 3sa 91 89

aUnless otherwise noted, all reactions were conducted with 1

(0.12 mmol), 2a (0.10 mmol), p-tBuC6H4COOH (50 mol %), 4 Å MS
(20mg), andC3 (10mol%) inMTBE(3.0mL) underN2at�30 �Cfor 72h.
b Isolated yields. cDetermined by HPLC analysis. dReaction time: 96 h.
eReaction time: 120 h. fThe yield was determined by 1H NMR spectra.

Table 3. Reactions of Different R-Substituted Cyano Ketones
with 1a

entry R1 R3 product yieldb (%) eec (%)

1 Ph Ph 3aa 92 86

2 Ph 3-FC6H4 3ab 98 88

3 Ph 3-ClC6H4 3ac 95 86

4 Ph 3-BrC6H4 3ad 93 90

5d Ph 3-MeOC6H4 3ae 88 85

6 Ph 3-MeC6H4 3af 92 86

7 Ph 4-MeC6H4 3ag 87 84

8 Ph 4-FC6H4 3ah 96 84

9 Ph 4-ClC6H4 3ai 95 82

10 Ph 4-BrC6H4 3aj 95 83

11 2,6-Cl2C6H3 3-BrC6H4 3md 99 99

12 2,6-Cl2C6H3 4-ClC6H4 3mi 99 99

aUnless otherwise noted, all reactions were conducted with 1

(0.12 mmol), 2 (0.10 mmol), p-tBuC6H4COOH (50 mol %), 4 Å MS
(20 mg), andC3 (10 mol%) inMTBE (3.0 mL) under N2 at�30 �C for
72h. b Isolatedyields. cDeterminedbyHPLCanalysis. dReaction time: 120h.

(15) The role of the acid additive might be to break down the
intramolecular hydrogen bonds between the N-H proton of the amide
and the oxygen ofN-oxide present in catalyst, and thus, the N-H proton
and the N-oxide could be free for the activation of the substrates.
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well as the intermolecular hydrogen bonding interactions
between the oxygen of N-oxide and the hydrogen of H2O
(Figure 2). The intramolecular hydrogen bonds were also
confirmed by the 1H NMR spectra, in which the N-H
protonof the amide in catalystC3 showeda strongdeshield-
ing effect,withabroadpeak shapeatδ=12.01ppm(see the
Supporting Information for details). These results implied
that the N-H moiety of the amide in catalyst C3 might
act as a Brønsted acid, and the N-oxide moiety might
act as a Brønsted base. The absolute configuration of
the product of 4-bromobenzyl 2-oxo-4-phenylbut-(E)-
3-enoate was determined to be 2S,4R by comparison
of the literature.9a,17 On the basis of the above informa-
tion and the previous studies on N,N0-dioxides,10,11 a
transition state was proposed to illustrate the activation
mode (Figure 2). The intramolecular H-bonds of catalyst
C3 were released and transformed to activate the two
substrates simultaneously (see the Supporting Information
for details). One of theN-Hmoieties of the amide activated
the β,γ-unsaturated R-ketoester through hydrogen bonds,
while the enolate form of the R-substituted cyano ketone
could be activated by the N-oxide on the other side. The
Si face of β,γ-unsaturated R-ketoester was shielded by
the cyclohexyl moiety, and the R-substituted cyano ketone
could attack from theRe face ofβ,γ-unsaturatedR-ketoester
to form the product of the 4R configuration.
In summary, we have developed an efficient chiralN,N0-

dioxide catalyst for the asymmetric reaction of R-substi-
tuted cyano ketones with β,γ-unsaturated R-ketoesters.
The reactionperformedwell over a rangeof substrates, giving
the corresponding products in excellent yields (up to 99%)

with high to excellent enantioselectivities (up to 99% ee).
Further investigation on the application of such kind of
N,N0-dioxides to other reactions is in progress.
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Scheme 1. Gram-Scale Asymmetric Synthesis of 3ma

Figure 2. Crystal structure of C3 and proposed transition-state
model for the Michael addition step.
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