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Abstract: The organocatalytic Michael addition of
various aldehydes to (2E,4E)-ethyl 5-nitropenta-2,4-
dienoate has been achieved under the catalysis of
diphenylprolinol trimethylsilyl ether furnishing the
products in good to excellent yields (61–94%) and
high stereoselectivities (dr up to >98:2, ee= 97 to
>99%). Starting from these Michael adducts, 2,3,4-
trisubstituted functionalized tetrahydrofurans are
available in two steps by reduction of the aldehyde
followed by an intramolecular oxa-Michael addition
in good yields (54–76%) and stereoselectivities (dr
up to >95:5, ee= 97 to >99%).
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After intensive investigations and tremendous prog-
ress in the last decade, organocatalysis has been de-
veloped to one of the main branches of asymmetric
synthesis.[1] Within the field of organocatalysis, the
amine-catalysed Michael addition of aldehydes and
ketones to nitroalkenes via an enamine intermediate,
which was independently discovered by List et al.,
Barbas et al. and our group,[2] has attracted great in-
terest in recent years, since the resulting g-nitroalde-
hydes or ketones are precursors of many important
compounds such as g-amino acids. Many efforts have
been made to develop new efficient organocatalysts
to expand the substrate spectrum of this Michael re-
action or to involve it as a key step in domino reac-
tions.[3–5] Our attention was drawn to (2E,4E)-ethyl 5-
nitropenta-2,4-dienoate (B) as a Michael acceptor, be-
cause the 1,4-adducts (C) may be converted into
2,3,4-trisubstituted tetrahydrofurans (E) in two steps
by reduction of the aldehyde followed by an intramo-
lecular oxa-Michael addition (Scheme 1). Polysubsti-

tuted tetrahydrofurans are frequently found as sub-ACHTUNGTRENNUNGunits in many natural products such as Annonaceous
acetogenins,[6] lignans,[7] polyether ionophores[8] and
macrodiolides,[9] which possess various biological ac-
tivities including antitumour, antihelmic, antimalarial,
antimicrobial and antiprotozoal activity. Due to these
important biological activities, many efforts have
been made for the stereoselective synthesis of poly-
substituted tetrahydrofurans.[10,11]

Initially we performed the reaction with (2E,4E)-
ethyl 5-nitropenta-2,4-dienoate (2) and 3 equivalents
of propanal (1a) in dichloromethane at room temper-
ature. The catalyst diphenylprolinol silyl ether 4[12,13]

(5 mol%) was used, which shows good catalytic activi-
ty and excellent asymmetric induction in enamine-
mediated Michael additions. Encouragingly, the reac-
tion was complete within an hour affording the nitro-
aldehyde 3a in excellent yield (89%) and enantiose-
lectivities (98% ee syn, 94% ee anti). However, only a
moderate diastereoselectivity (syn :anti=77:23) was
achieved (Table 1, entry 1). A brief solvent screen was
undertaken and it was found that excellent enantio-
meric excesses were obtained in every solvent used

Scheme 1. Asymmetric synthesis of 2,3,4-trisubstituted tetra-
hydrofurans – retrosynthetic analysis.
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(Table 1, entries 2–4). The best outcome with respect
to the diastereoselectivity (84:16) was acquired when
the reaction was carried out in toluene (Table 1,
entry 4). Next, four additional secondary amines were
evaluated for this Michael addition with toluene as
solvent. In the cases of the diamine 5 and (R)-2-me-
thoxymethylpyrrolidine (RMP, 6),[14] the reaction oc-
curred with good yields but poor stereoselectivities
(Table 1, entries 5 and 6). Under the catalysis of (S)-
2-(1-methoxy-1-ethylpropyl)-pyrrolidine (7),[15] no im-
proved results with regard to both yield and stereose-
lectivity were obtained in comparison to catalyst 4
(Table 1, entry 7). Employing diarylprolinol silyl ether
8 [Ar=3,5-(CF3)2C6H3] as catalyst, very low conver-
sion of the starting material was observed after two
hours (Table 1, entry 8). In order to improve the dia-
stereoselectivity, the reaction was performed at lower

temperatures (Table 1, entries 9 and 10). To our de-
light, the diastereomeric ratio increased to an excel-
lent level (95:5) when the reaction was carried out at
�10 8C. Importantly, the yield of this process re-
mained high (94%) with a perfect enantioselectivity
(>99% ee syn, >99% ee anti, Table 1, entry 10).

Based on these results, we investigated the scope of
the reaction by variation of the structure of the alde-
hydes (Table 2). In the cases of butanal (1b), pentanal
(1c), 3-phenylpropanal (1f) and 4-methoxyphenylpro-
panal (1h), the reactions were carried out at 0 8C and
warmed up to room temperature yielding the prod-
ucts in good to high yields (61–87%) and stereoselec-
tivities (dr : 87:13 to 95:5, ee : >97%). Hexanal (1e)
reacted well at room temperature, providing the Mi-
chael adduct 3e in a good yield (76%) and excellent
stereoselectivity (dr : 94:6, ee : 99%). When 3-methyl-

Table 1. Catalyst and solvent screening for the organocatalytic Michael addition.[a]

Entry Catalyst Solvent t [h] Yield [%][b] dr[c] syn :anti ee [%][d] syn :anti

1 4 CH2Cl2 1 89 77:23 98, 94
2 4 DMF 2 60 83:17 95, 70
3 4 MeOH 2 90 83:17 >99, 86
4 4 toluene 2 87 84:16 >99, 77
5 5 toluene 2 71 56:44 54, 54
6 6 toluene 2 70 60:40 �70, �71
7 7 toluene 2 75 84:16 89, 77
8 8 toluene 2 20 84:16 n.d.[e]

9[f] 4 toluene 9 95 86:14 >99, 94
10 g] 4 toluene 24 94 95:5 >99,>99

[a] Unless otherwise specified, reactions were performed on a 1 mmol scale of (2E,4E)-ethyl 5-nitropenta-2,4-dienoate (2)
using 3.0 equiv. of propanal (1a), 5 mol% catalyst 4, 5, 6, 7 or 8 at room temperature in 2.0 mL solvent.

[b] Yield of the isolated product after flash chromatography.
[c] Determined by 1H NMR spectroscopy on the isolated product.
[d] Determined by HPLC analysis on a chiral stationary phase of the corresponding a,ß-unsaturated ester.
[e] Not determined.
[f] Carried out at 0 8C.
[g] Carried out at �10 8C.
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butanal (1d) was utilised as the donor, the reaction
mixture was heated to 45 8C to achieve a good yield
(78%), whereas the stereoselctivity (dr : 92:8, ee :
98%) remained high. Notably, the reaction employing
the sterically hindered cyclohexylacetaldehyde (1g)
also proceeded well at room temperature, furnishing
the corresponding g-nitroaldehyde 3g in a virtually
enantiopure from (dr : >98:2, ee : 99%) and in a good
yield (74%).

In order to reach the title functionalised 2,3,4-tri-
substituted tetrahydrofurans and starting from the Mi-
chael adducts 3 only two further steps are necessary.
Firstly, we performed the chemoselective reduction of
the aldehyde group in the presence of the a,ß-unsatu-
rated ester moiety, which was accomplished by utilis-
ing borane as the reducing reagent. Subsequently, the
resulting alcohols 9 were treated with KO-t-Bu in
THF at �55 8C furnishing the 2,3,4-trisubstituted tet-
rahydrofurans 10 in good yields (54–76%) via an in-
tramolecular oxa-Michael addition (Table 3). In most
cases high diastereoselectivities (dr : >95:5) were ob-
tained. A relatively low diastereomeric ratio of dr
>90:10 was observed when the alcohol 9f bearing a
benzyl group was used as substrate.

The relative configuration of the main diastereo-
mers of the tetrahydrofurans 10 was determined by
NOE measurements on compound 10b. It turned out
that the ethyl and the nitromethylene groups of 10b
have a cis-relationship, whereas the ester-bearing sub-
stituent is trans to the other two groups (Figure 1).

Table 2. Organocatalytic Michael additions of aldehydes 1 to (2E,4E)-ethyl 5-nitropenta-2,4-dienoate (2).[a]

3 R T [8C][b] Yield [%][c] dr[d] syn :anti ee [%][e]

a Me �10 94 95:5 >99
b Et 0 to r.t. 87 93:7 >99
c n-Pr 0 to r.t. 81 95:5 98
d i-Pr r.t. to 45 78 92:8 98
e n-Bu r.t. 76 94:6 �99[f]

f Bn 0 74 90:10 �>99[f]

g c-Hex r.t. 74 >98:2 99
h 4-MeOC6H4CH2 0 to r.t. 61[g] 87:13 97

[a] Unless otherwise specified, reactions were performed on a 1 mmol scale of (2E,4E)-ethyl 5-nitropenta-2,4-dienoate (2)
using 3.0 equiv. of aldehyde (1), 5 mol% catalyst 4 in 2.0 mL solvent.

[b] For the reaction time, see Supporting Information.
[c] Yield of the isolated product after flash chromatography.
[d] Determined by 1H NMR spectroscopy on the isolated product.
[e] Determined by HPLC analysis on a chiral stationary phase of the corresponding a,ß-unsaturated ester.
[f] (R)-4 was used as the catalyst.
[g] Yield after reduction of the aldehyde to the corresponding alcohol (BH3·THF, CHCl3, �13 8C).

Table 3. Asymmetric synthesis of 2,3,4-trisubstituted tetrahy-
drofurans 10.[a]

10 R Yield [%][b] dr[c] ee [%][d]

b Et 54 >95:5 >99
c n-Pr 71 >95:5 98
d i-Pr 76 >95:5 98
e n-Bu 63 >95:5 �99
f Bn 58 >90:10 �>99
g c-Hex 62 >95:5 99

[a] For the reaction conditions, see Supporting Information.
[b] Yield of the isolated product after flash chromatography

after two steps.
[c] Determined by 1H NMR spectroscopy on the isolated

product.
[d] Based on the results of nitroaldehyde 3.
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Based on these results, the Michael adducts 3 must
have the syn-configuration.

According to the obtained results in other (S)-di-
phenylprolinol TMS ether [S-(4)] catalysed Michael
additions to nitroalkenes,3–5 the absolute configuration
of the a-C stereogenic centre of the aldehyde was
always assigned to be R, if the a-substituent has the
minor priority according to the CIP rules. A proposed
transition state is illustrated in Figure 2, in which
(2E,4E)-ethyl 5-nitropenta-2,4-dienoate (2) ap-
proaches the Si-face of the enamine, while its Re-face
is effectively shielded by the bulky side chain of the
catalyst. In accordance with all previous results the
absolute configuration of the g-nitroaldehydes 3 is as-
signed as R,R.

In summary, we have developed an organocatalytic
Michael addition of various aldehydes to ethyl 5-ni-
tropenta-2,4-dienoate under diphenyl-prolinol silyl
ether catalysis providing the functionalized nitroalde-
hydes in good to excellent yields (61–94%) and high
stereoselectivities (dr : up to >98:2, ee : >97%). Fur-
thermore, the Michael adducts have been successfully
converted to 2,3,4-trisubstituted tetrahydrofurans by
means of an aldehyde reduction and subsequent intra-
molecular oxa-Michael addition in good yields (54–
76%) and stereoselectivities (dr : up to >95:5, ee =97
to >99%).

Experimental Section

General Procedure of the Organocatalytic Michael
Addition

To a solution of diphenylprolinol TMS ether (4) (0.05 mmol,
5 mol%) and (2E,4E)-ethyl 5-nitropenta-2,4-dienoate (2)

(1.0 mmol, 1 equiv.) in toluene (2 mL) was added aldehyde 1
(3.0 mmol, 3 equiv.) at the temperature displayed in Table 2.
The reaction mixture was then stirred for the time given in
the Supporting Information. The crude product was purified
by flash chromatography on silica gel (pentane:ether mix-
ture) affording the corresponding g-nitroaldehyde 3 as a
yellow oil or solid.

General Procedure of the Borane Reduction

To a solution of g-nitroaldehyde 3 (1.0 mmol, 1 equiv.) in
chloroform (4 mL) was added borane (1 M in THF,
1.7 mmol, 1.7 equiv.) at �13 8C. After stirring for 2 h, the re-
action was quenched with acetic acid (5 mmol, 5 equiv.) and
the solvent was evaporated. The crude product was purified
by flash chromatography on silica gel (pentane:ether mix-
ture) affording the corresponding d-nitro alcohol 9 as a col-
ourless oil.

General Procedure of the Intramolecular Oxa-
Michael Addition

To a solution of the d-nitro alcohol 9 (1.0 mmol, 1 equiv.) in
THF (10 mL) was added KO-t-Bu (1.4 mmol, 1.4 equiv-) at
�55 8C. After stirring for 2.5 h, the reaction was quenched
with saturated NH4Cl (10 mL) and the mixture was extract-
ed three times with ether (40 mL). The combined organic
phases were dried over MgSO4. After evaporation of the
solvent, the crude product was purified by flash chromatog-
raphy on silica gel (pentane:ether mixture) affording the
corresponding tetrahydrofurans 10 as a colourless oil.
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