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Intramolecular nitrone/alkene cycloadditions have received a
great deal of attention as a useful methodology for the
formation of the intriguing frameworks found in natural
products and biologically interesting compounds.['! The key
feature of this approach is the suitable elaboration of the
primary cycloadducts, which has proven to be a practical
strategy for making different heterocyclic systems.”” Owing to
the labile nature of the N—O bond under mild reducing
conditions, the isoxazolidines provide easy access to a variety
of 1,3-difunctional amino alcohols.”! Particularly, if the intra-
molecular cycloaddition of nitrone is linked to olefin moiety
by a tether of appropriate length, the regio- and diastereo-
selectivities can be dramatically improved. Most importantly,
the introduction of a stereogenic center at the a position of
the nitrone can result in asymmetric induction, leading to the
generation of new stereocenters having defined configura-
tions.! However, multistep synthetic routes were required to
synthesize molecules bearing stereocenters at the a position
of the nitrone and the olefin moiety from optical sources, such
as amino acids and sugars. Although several organocatalytic
asymmetric nitrone [3+42] cycloadditions have been docu-
mented,”) the enantioselective intramolecular version
remains a challenge. Herein, we disclose an organocatalytic
one-pot asymmetric synthesis of bicyclic isoxazolidines
through a domino process involving a Michael addition/
in situ condensation/intramolecular nitrone [3+2] cycloaddi-
tion sequence.

In 2003, our group first described the a-aminoxylation of
aldehydes with excellent enantioselectivity.l*® Recently, we
also reported highly stereoselective syntheses of tetrahydro-
1,2-oxazines by tandem a-aminoxylation and aza-Michael
addition.! Surprisingly, when we changed the electron-with-
drawing group in an aldehyde from a nitro or a malonate
group to an ester group, an unexpected bicyclic isoxazolidine
product was obtained in 11 % yield with high regioselectivity,
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endolexo selectivity, and diastereoselectivity (Scheme 1), by
an intramolecular nitrone [3+42] cycloaddition. This finding
led us to investigate whether enantiopure bicyclicisoxazoli-
dine products could be obtained if we introduced a stereo-
genic center at the o position of the aldehyde by asymmetric
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Scheme 1. Unexpected bicyclic isoxazolidine product from intramolec-
ular nitrone [3+42] cycloaddition. EWG = electron-withdrawing group.

organocatalysis, which would then undergo subsequent in situ
condensation and intramolecular nitrone [3+2] cycloaddition.

Recently, asymmetric organocatalytic domino reactions
have provided efficient ways to construct complex molecules,
and have become a powerful tool in organic chemistry.”
Among the organocatalytic reactions explored, extensive
efforts have been devoted to the Michael addition of
aldehydes to nitroolefins.["! We rationalized that by introduc-
ing a stereocenter at the a position of the aldehyde through an
asymmetric Michael addition and then subsequent in situ
condensation and intramolecular cycloaddition, a novel
approach to furnish enantiopure bicyclic isoxazolidines
could be achieved (Scheme 2).
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Scheme 2. Retrosynthetic analysis for the enantioselective synthesis of
bicyclic isoxazolidine derivatives.
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We started our experiments by combining 10 mol %
Jorgensen’s catalyst I, 0.1 mmol of 7-oxohept-2-enoate (1a),
and 0.12 mmol of nitroolefin 2a in 0.5 mL of hexanes, and
then stirred the mixture at room temperature. After the
Michael addition step was complete, 0.15 mmol of N-hydrox-
ylbenzenamine was added to the reaction mixture, which was
then stirred for another hour. To our delight, after workup the
desired product 3a was isolated in 65% yield with a 85:15
diastereomeric ratio (d.r.) and excellent enantioselectivity
(>99% ee; Table 1, entry 1).

Table 1: Optimization of the reaction conditions.?

H CO,Et
OmCOZEt . P Y NO, 1) cat* N/O
1a 2a 2) PANHOH Ph H bh
NO,
3a
N o N B Q‘COOH
H OTMS H OH H
1 [} [}
Entry  Solvent T[°C] t[h® Yield[%]9 d.  ee[%]
1 hexane 23 1 65 85:15 99
21 hexane 23 24 <20 n.d. n.d.
3lel DMSO 23 1 <20 n.d. n.d.
4 toluene 23 1 56 68:32 94
5 CH,Cl, 23 3 75 88:12 99
6 CHCly 23 3 71 85:15 99
7 CH,CN 23 3 72 86:14 99
8 H,0 23 4 67 88:12 99
ol CH,Cl, 23 2 79 92:8 99
101 CH,Cl, 23 2 65 92:8 99
110 CH,Cl, 23 2 81 93:7 99
120 CH,Cl, 0 8 83 94:6 99
130 CH,Cl, -20 24 84 97:3 99
14K CH,Cl, -20 36 79 97:3 99

[a] Reaction conditions: 1a (0.1 mmol), 2a (0.12 mmol), and catalyst |
(10 mol %) in solvent (0.5 mL). After the aldehyde was consumed, N-
hydroxybenzenamine (0.15 mmol) was added. [b] Reaction time of
Michael step. [c] Yield of isolated product. [d] Determined by 'H NMR
analysis of the crude reaction mixture. [e] Determined by HPLC methods
using a Chiralcel AD-H column. [f] Used 10 mol % of catalyst II. [g] Used
10 mol % of catalyst 111. [h] Added 10 mol % HOAc. [ Added 10 mol % of
benzoic acid. [j] Added 20 mol % of HOAc. [k] Added 5 mol % catalyst |
and 10 mol% HOAc. DMSO=dimethyl sulfoxide, n.d.=not deter-
mined, TMS = trimethylsilyl.

Furthermore, the chiral secondary amine catalysts II and
II were tested. Unfortunately, both of them showed delete-
rious effects on reactivity (Table 1, entries 2-3). The screening
of solvents revealed that dichloromethane (CH,Cl,) is the
most ideal as it gave the best result (Table 1, entry 5). Toluene
gave the worst result with 56% yield and 68:32 d.r. The
halogenated solvent CHCI;, moderately polar solvent
CH;CN, and the polar solvent H,O, gave relatively lower
yields and diastereoselectivities (Table 1, entries 6-8). Since it
had been observed that the addition of some Brgnsted acids
could promote the formation of the enamine, thereby
accelerating amine-catalyzed reactions, we next screened
additives by conducting the reaction in the presence of an
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acid.”) When acetic acid (10 mol %) was added, the reaction
was greatly accelerated and both the yield and diastereose-
lectivity were improved without any loss in the enantioselec-
tivity (Table 1, entry 9). The addition of 10 mol% benzoic
acid also enhanced the diastereoselectivity, but the yield was
not satisfactory (Table 1, entry 10). Interestingly, the yield
and diastereoselectivity were additionally improved when
20 mol % acetic acid was used (Table 1, entry 11). Having
screened the additives, we next investigated the effect of the
temperature. Both the yield and diastereoselectivity were
improved without any loss in enantioselectivity when the
reaction temperature was decreased from room temperature
(23°C) to either 0°C or —20°C (Table 1, entries 12 and 13).
When the catalyst loading was reduced to 5 mol %, high
diastereo- and enantioselectivities of 97:3 d.r. and 99 % ee,
respectively, were achieved, even though the yield fell slightly
and the reaction time was prolonged to 36 hours (Table 1,
entry 14).

With the optimized conditions in hand, the scope of the
organocatalytic one-pot asymmetric domino reaction was
explored. A wide range of nitroalkenes 2 a—q was tested under
the optimized reaction conditions (10 mol% Jgrgensen’s
catalyst and 20 mol % HOAc in 1 mL of CH,Cl, at —20°C;
after the aldehyde was consumed, 1.5 equivalents of N-
hydroxylbenzenamine was added) and the results are sum-
marized in Table 2. A series of bicyclic isoxazolidines 3a—q
were obtained in good to excellent yields with excellent

Table 2: The scope of the reaction.?!

10 mol% cat |
1) 20 mol% HOAc

ON\/\/COZR1+ Rz/\/NOZ CH,Cl,/-20 °C
ta,b 29 2 ponrion
R'= Et, Me
Entry R’ Product  Yield [%]"  d.r ee [%6]
1 Ph 3a 84 97:3 >99
2 2-MeC.H, 3b 75 94:6 >99
3 3-MeC¢H, 3c 78 92:8 >99
4 4-MeC,H, 3d 81 95:5 >99
5 4-CICgH, 3e 83 95:5 >99
6 4-BrCgH, 3f 89 95:5 >98
7 4-FCsH, 3g 84 95:5 >99
8 4NO,CH, 3h 92 95:5 >99
9 4-OMeC¢H, 3i 82 95:5 >99
10 3-OMeC¢H, 3j 79 94:6 >99
11 2-NO,CH, 3k 73 94:6 >99
12 2-CIC¢H, 31 74 94:6 >99
13 2-BrCeH, 3m 72 94:6 >99
14 2-furanyl 3n 81 95:5 >98
15 2-naphthyl 30 83 94:6 >98
164 nPr 3p 62 89:11 >99
171 iPr 3q 51 96:4 >99

[a] Reaction conditions: Catalyst | (0.02 mmol) and AcOH (0.04 mmol)
were added to a solution of nitroolefin (0.24 mmol) and 1a (0.2 mmol)
in CH,Cl, (1 mL) at —20°C; after the aldehyde had been consumed, N-
hydroxybenzenamine (0.3 mmol) was added, and the mixture stirred for
another 2-3 h. [b] Yields of isolated products. [c] d.r. values determined
by '"H NMR analysis of the crude reaction mixture. [d] ee values
determined by HPLC methods employing a Daicel Chiracel AD-H
column (see the Supporting Information). [e] Used 3 equiv of 1b.
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diastereo- and enantioselectivities (up to 97:3 d.r. and up to
>99% ee). For almost all the nitroalkenes tested, the
ee values were higher than 98 %, but the yields and diaste-
reoselectivities varied with the substitutents on the nitro-
olefins. Though the nitroalkenes having ortho-substituted aryl
rings gave slightly lower yields and diastereoselectivities, their
enantioselectivities were not affected (Table 2, entries 2 and
11-13). Such a phenomenon could be attributed to the
unfavored steric hindrance between the ortho-substituted
group and the aldehyde in the presence of catalyst I. The
electronic nature of the substitutents in the aromatic ring has
little effect on the yield, diastereo- and enantioselectivity
(Table 2, entries 4-9). Nitroalkenes bearing furanyl and
naphthyl groups were also successfully used in this reaction
with 95:5d.r. and greater than 98% ee, and 94:6 d.r. and
greater than 98 % ee, respectively (Table 2, entries 14 and 15).
Furthermore, the aliphatic nitroolefins 2p and 2q were also
successfully applied in this domino reaction to afford bicyclic
products 3p and 3q, respectively, with moderate yields, good
to excellent diastereoselectivities, and excellent enantioselec-
tivities even though three equivalents of the aldehyde 1b was
required (Table 2, entries 16 and 17).

To study the ring size effect on the diastereo- and
enantioselectivity, 5- and 6-alkenylaldehydes (1b and 1c)
were applied in this organocatalytic one-pot asymmetric
tandem reaction to afford bicyclic [3,3,0]- and [4,3,0]-isoxa-
zolidine derivatives 3r and 3s, respectively, with similar
results (Scheme 3). Notably, only the exo product was

pr X NO2 10 mol% cat |
2a 1) 20 mol% HOAc
CH,Cly/-20 °C

+

) 1.5 equiv
o%\/k\)\/\/COZMe
n

2 PhNHOH

3r:n=1, 85% yield, d.r. = 95:5, >99% ee
3s: n =2, 84% yield, d.r. = 92:8, >99% ee

1b:n=1
1c.n=2

Scheme 3. Study of ring size and its effect on diastereo- and enantio-
selectivity.

observed when 1c¢ was used. This result could possibly
derive from the presence of the ester group next to the
olefin moiety. Furthermore, the bicyclic isoxazolidine 3a was
transformed into an o-hydroxy-y-amino acid derivative 4a
with 92% yield and greater than 99 % ee, which may have
potential applications in synthetic chemistry and the pharma-
ceutical industry (Scheme 4).

H ,COEt H COEt
OH
Pd/C 1 atm H, NH
EtOH ph—{ M pn
NO,
4a

92% yield, >99% ee

Scheme 4. Synthesis of a-hydroxy-y-amino acid derivative.
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To determine the configuration of the bicyclic isoxazoli-
dines, the relative configuration of the structure was deter-
mined by X-ray crystallograhic analysis of the compound 3g.
The configuration of the stereogenic centers, created by
spontaneous formation of C—C bonds and C—O bonds in the
intramolecular nitrone [3+2] cycloaddition, were assigned to
be C78, C118, C15R with reference to the configuration in a
previous report (Figure 1).5

Figure 1. X-ray crystal structure of 3g."” Thermal ellipsoids shown at
50% probability.

In summary, we developed a novel, facile organocatalytic
one-pot asymmetric synthesis of bicyclic isoxazolidines with
the control of five stereogenic centers by a domino process
involving a Michael addition/in situ condensation/intramo-
lecular nitrone [342] cycloaddition sequence, and its straight
forward application to the synthesis of a-hydroxy-y-amino
acid derivatives. Additional applications to other syntheti-
cally useful transformations are underway.

Experimental Section

General procedure: Jgrgensen’s catalyst I (6.5 mg, 0.02 mmol) and
HOACc (2.4 mg, 0.04 mmol) were added to a solution of (E)-ethyl 7-
oxohept-2-enoate (1a, 34 mg, 0.2 mmol) and nitroolefin (2a, 36 mg,
0.24 mmol) in 1 mL of CH,Cl, at —20°C. The reaction progress was
monitored by TLC methods. After the aldehyde had been consumed,
N-hydroxybenzenamine (33 mg, 0.3 mmol) was added to the reaction
mixture, which was then stirred for another 2 h and charged to a silica
gel column directly and purified by flash column chromatography
(eluent: EtOAc/hexanes =10:90—15:85) to afford a white solid
(69 mg, 84% yield, d.r.=97:3 (by '"HNMR analysis of the crude
reaction mixture), ee >99% [by HPLC on a chiral phase: chiralcel
AD-H column, A=254nm, iPrOH/hexanes=10:90, 1.0 mLmin";
;=129 min (major), ,=27.7 min (minor)]. [a]5 =-91.1deg (c=
10 mgem 3, CHCL,).
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