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ABSTRACT: 1,3-Dipolar cycloadditions of triisopropylsilyl
nitronates and 2-alkylacroleins produced isoxazolines bearing a
chiral quaternary center in high yields and enantioselectivities
with the aid of a chiral oxazaborolidine catalyst. One chiral
isoxazoline product was converted to (R)-(+)-Tanikolide in 9
steps in a total yield of 43%.

Chiral 2-isoxazolines are valuable intermediates for the
synthesis of a variety of organic molecules of significant

importance, including many natural products of medicinal or
biological activity.1 To date, the methodology for 2-isoxazoline
synthesis has mainly relied on the cycloaddition of nitrile
oxide.1 An enantiomerically pure allyl alcohol in situ forms
allyloxymagnesium bromide, which reacts with an in situ
generated nitrile oxide to afford the chiral isoxazoline with high
asymmetric induction [Scheme 1a]. Mapp and Carreira used

this method to synthesize structurally diversified β-amino acids
and polyketide building blocks via isoxazolines.2−4 Due to the
typical basic conditions for the generation of nitrile oxide or the
Lewis basicity of the nitrile oxide, few examples of catalytic
asymmetric synthesis of isoxazolines have been documented:
“bisoxazoline-MgI2” and “chiral ligand-Ni(ClO4)2” complexes
were used by Sibi, Suga, and Feng, respectively, as catalysts for
isoxazoline syntheses from mainly arylnitrile oxides, and
regioselectivity problems were encountered [Scheme 1b].5

In the presence of a base, a nitroalkane reacts with a silyl
chloride to form the corresponding silyl nitronate, which could
be used as an equivalent of nitrile oxide for 1,3-dipolar
cycloadditions and is fairly stable in comparison with nitrile

oxide. In his pioneering work, Torssell reported the reactions of
silyl nitronates with various alkenes under thermal conditions.6

Isoxazolines were obtained in racemic forms. Asymmetric
syntheses of isoxazolines from silyl nitronates were scarcely
reported, in which a chiral auxiliary or a chiral center was
introduced into the dipolarophile molecule.7 Herein, we report
our efforts in discovering a new method of chiral isoxazoline
synthesis starting from readily available silyl nitronates and 2-
alkylacroleins [Scheme 1c]. We hope to accomplish the
catalytic asymmetric synthesis of novel isoxazolines, which
cannot be prepared in the known procedures, in uniformly high
regio-, diastereo-, and enantioselectivities.
Upon establishment of the synthetic goal, we prepared the

triisopropylsilyl (TIPS) nitronate 1a from 1-nitropropane and
studied the reaction of 1a with methacrolein (2a) in anhydrous
toluene. At the outset, we tested the “BINOL-Ti(IV)” complex
(Table 1, cat. 4a) as a chiral Lewis acid catalyst.8 At −10 °C,
the cycloaddition reaction proceeded to generate a new
compound. After silica gel chromatography, <15% yield of
the cycloaddition product was isolated. We recognized this was
possibly caused by the instability of the cycloadduct bearing
both a sensitive N-silyloxy and a sensitive aldehyde group.
Indeed, when the cycloaddition product was reduced with
NaBH4 in a methanolic solution, the isoxazoline product (3a)
bearing a hydroxymethyl group at the newly formed chiral
quaternary center was isolated in 68% yield and 77% ee (Table
1, entry 1). This one-pot reduction step spontaneously
eliminated triisopropylsilanol from the N-silyloxy isoxazolidine.
“Salen-Cr(III)” (cat. 4c) was also tested.9,10 A good yield and
ee were obtained for the isoxazoline product (Table 1, entry 3).
When Corey’s chiral oxazaborolidine activated by TfOH (cat.
4e) was used as the catalyst,11 the cycloaddition proceeded at
−60 °C furnishing the isoxazoline in quantitative yield and 90%
ee (Table 1, entry 5). When CH2Cl2 was used as the solvent,
the reaction went smoothly to give the isoxazoline 3a in the
same ee but with a decreased yield of 81% (Table 1, entry 6).
Replacing TIPS with other silyl groups resulted in significantly
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Scheme 1. Access to Different Chiral Isoxazolines
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decreased yields and ee’s under otherwise identical conditions
(Table 1, entries 9−11).
With the promising results obtained by the catalysis of

catalyst 4e, scopes of both the triisopropylsilyl nitronate and
the acrolein substrates for the asymmetric 1,3-dipolar cyclo-
addition were carefully investigated (Scheme 2). 2-Alkylacro-
leins were prepared from aliphatic aldehydes by methylenation
with formalin.12 2-Ethyl or 2-undecylacrolein (2b, 2c) reacted
with the TIPS nitronate 1a to give the products (3b, 3c) in
excellent yields and ee’s (Scheme 2). When the acrolein (2d,
2e) bearing a 2-benzyl or 2-isopropyl group was used, a longer
reaction time (24 h) and more nitronate (2 equiv) were
required for a complete conversion of the acrolein substrate.
96% ee was obtained for each compound (3d, 3e). The crystal
structure of the p-bromobenzoate of 3d definitely indicated the
absolute configuration was (R).13 The scope of the nitroalkane
was then examined. For this purpose, 2-ethylacrolein (2b) was
selected as the dipolarophile. The nitronate (1b) of nitroethane
gave isoxazoline 3f in 98% yield and 96% ee. The nitronate of
4-nitro-1-butene and 2-nitro-1-phenylethane (1c, 1d) gave the
isoxazoline 3g and 3h in 96% ee, respectively. The TBS ether of
nitroethanol was converted to the silyl nitronate 1e, which was
rapidly used in the cycloaddition reaction to deliver product 3i
in 97% yield and 96% ee. When the nitronate of 5-nitro-2-
pentanone was reacted with 2-ethylacrolein under standard
conditions, no cycloaddition was observed. Ethylene ketal
protection of the strongly coordinating ketone carbonyl group
and subsequent silylation afforded the nitronate (1f), which
gave 3j in 85% yield and 96% ee. An ester group in nitronate 1g

obtained from 4-nitrobutanoic acid methyl ester was totally
tolerated, as shown by the good yield and ee of product 3k.
Encouraged by the exciting results obtained for the nitro
alkanes bearing an alkene, phenyl, ester, potential ketone, or
hydroxy group, we hope to further apply TIPS methylenenitr-
onate (1h) as a reactant, which is from CH3NO2 and needs
particular attention due to its instability. After many failures, we
could finally prepare the nitronate 1h from 1 equiv of CH3NO2,
1 equiv of TIPS-Cl, and 0.9 equiv of DBU in CH2Cl2 at 0 °C.
After removing DBU·HCl, the crude 1h was suitable for the
cycloaddition and successfully produced isoxazoline 3l in 96%
ee and 80% yield. Obviously, this result was comparable to
those of nitronates 1a−1g. Thus, structural variation of the
acrolein and the nitronate would produce more chiral
isoxazolines of possible interest. 3m was obtained from
methacrolein (2a) and silyl nitronate 1g in 90% ee. A single
crystal of the p-bromobenzoate of 3m was used for XRD
analysis. The absolute configuration was confirmed to be (R).13

The THP ether of nitroethanol was converted into the TIPS
nitronate (1i). When 1i was reacted with the indolylmethyl-
acrolein 2f, the isoxazoline (3n) was obtained in 96% ee, which
is a potential precursor for the synthesis of monatin, a natural
sweetener of possible commercial interest.14 The reaction of 2-
undecylacrolein (2c) with 3-nitro-1-propanol derived silyl
nitronate (1j) afforded the isoxazoline (3o) in 92% ee, which
was used for the synthesis of (R)-Tanikolide. The nitronate
(1k) of phenylnitromethane gave the isoxazoline (3p) in 84%
yield and 92% ee.
To gain some insight into the stereocontrol of the catalyzed

reaction, we performed an instant NMR analysis of the
concentrated reaction mixture of 2-indolylmethylacrolein (2f)

Table 1. Screening of Catalyst and Nitronate for 1,3-Dipolar
Cycloaddition Using Methacroleina

entry R3Si nitronate cat. t (°C) yield (%) ee (%)b,c

1 TIPS 1a 4a −10 68 77 (S)
2 1a 4b −10 19 4 (S)
3 1a 4c −10 84 90 (S)
4 1a 4d −60 75 9 (R)
5d 1a 4e −60 >99 90 (R)
6e 1a 4e −60 81 90 (R)
7 1a 4f −60 75 81 (R)
8 1a 4g −60 95 90 (R)
9 TMS  4e −60 30 75 (R)
10 TBS  4e −60 70 81 (R)
11 TBDPS  4e −60 84 50 (R)

aYields and ee’s were for 3a. All yields were isolated ones. bEe was
determined by chiral HPLC analysis of the benzoate of 3a using AD-H
column. cAbs. configuration in the parentheses was assumed by
analogy. dAcrolein did not react with 1a. eThe solvent was CH2Cl2.

Scheme 2. Asymmetric 1,3-Dipolar Cycloadditions of TIPS
Nitronates with 2-Alkylacroleinsa,b,c

aAll yields were isolated ones. bEe was determined by chiral HPLC
analysis of the corresponding benzoate. cAbs. configurations were
assumed by analogy. dAbs. configuration was determined by XRD
analysis. e4 mmol of silyl nitronate were reacted for 24 h. f4 mmol of
silyl nitronate were used. gEe was for the bisbenzoate of the diol
obtained by removing the THP group. hAbs. configuration determined
by chemical correlation to (R)-Tanikolide.
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with the TIPS nitronate of 2-tert-butyldimethylsilyloxy-1-
nitroethane (1e). One set of signals for the cycloadduct
[Figure 1a] were observed, which clearly indicated an extra high

endo selectivity of the cycloaddition process.15 Though we have
no direct information about the absolute configuration of the
chiral center (C3) next to the N atom, a prevailed endo
selectivity for concerted cycloaddition made us to conclude an
(R) configuration based on the proposed transition state
structure [Figure 1b]. 2-Alkylacrolein coordinated to the
oxazaborolidine catalyst possessed an s-trans configuration,
and the nitronate approached from the Re face to give the
cycloadduct with R1 and R2 in a cis configuration. Similarly, 1H
NMR analysis of the reaction mixture of the TBS nitronate of
1-nitropropane with methacrolein also supported the con-
clusion of a highly endo selective cycloaddition.15

The enantiomerically pure isoxazoline prepared in our
method contains a masked tertiary alcohol unit. To
demonstrate the utility of our new method of chiral isoxazoline
synthesis, an efficient synthesis of (R)-(+)-Tanikolide was
completed and the results are shown in Scheme 3.16 Starting

from the product 3o (92% ee), protection of the free hydroxy
group with benzoyl, followed by Raney Ni catalyzed hydro-
genation and ring opening,17 and deprotection of the THP
group afforded product 5 in 73% yield (3 steps). Oxidation of 5
with Jones’ reagent gave the tetrahydropyran-2,4-dione (6) in
89% yield. Removal of the undesired ketone group at the 4-
position of the lactone ring turned out to be more challenging
than expected. Pd/C catalyzed hydrogenation under 50 atm of
H2 or NaBH4 (10 equiv) reduction made no change to the
molecule of 6. This special ketone carbonyl was finally reduced
with the tert-butylamine borane complex in the presence of
citric acid.18 13C NMR indicated the carbonyl was reduced with
no facial selectivity.15 A 60:40 diastereomeric mixture was
obtained, which gave product 7 in 72% yield (2 steps) when

subjected to dehydration via the methanesulfonate. Pd/C
catalyzed hydrogenation of 7 under atmospheric pressure gave
8 quantitatively when Et3N was added to the reaction mixture.
The ee of 8 was determined to be 94% by HPLC analysis.16

Saponification of both ester groups in the molecule of 8 gave
the dihydroxy acid 9, which readily converted to (R)-
Tanikolide in the presence of a catalytic amount of
concentrated aqueous hydrochloric acid.
In summary, we disclosed a catalytic asymmetric synthesis of

chiral isoxazolines from silyl nitronates of various nitroalkanes
with high enantioselectivity. Chiral oxazaborolidine activated by
TfOH was the Lewis acid catalyst of choice. Preparation of silyl
nitronates bearing useful functional groups was carefully
investigated. The isoxazoline prepared in our method contains
a chiral quaternary center. One chiral isoxazoline was used for
the efficient synthesis of (R)-Tanikolide. We believe the
enantiomerically pure isoxazolines obtained in our method
will find more applications in organic syntheses.
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