HETEROCYCLES, Vol. 92, No. 11, 2016 1963

HETEROCYCLES, Vol. 92, No. 11, 2016, pp. 1963 - 1975. © 2016 The Japan Institute of Heterocyclic Chemistry
Received, 15th July, 2016, Accepted, 20th September, 2016, Published online, 17th October, 2016
DOI: 10.3987/COM-16-13532

SYNTHESIS OF SOME ISOXAZOLIDINE AND ISOXAZOLINE
DERIVATIVES USING NITRONE-DERIVED (-)-MENTHONE VIA
1,3-DIPOLAR CYCLOADDITION WITH ALKENES, ALKYNES AND
CYCLOALKENES

Heithem Abda,? Kaiss Aouadi,* Moncef Mssadek,? and Sébastien Vidal®*

AUniversity of Monastir, Laboratory of Heterocyclic Chemistry, Natural Products
and Reactivity, Faculty of Sciences of Monastir, University of Monastir, Avenue
de I’Environnement, 5000 Monastir, Tunisia

®University of Lyon 1, Institute of Molecular and Supramolecular Chemistry and
Biochemistry, UMR CNRS 5246, Organic chemistry2 - Glycochemistry,
Batiment Curien, 43 boulevard du 11 Novembre 1918, F-69622 Villeurbanne,

France

Abstract — Cycloaddition reactions between a menthone-based chiral nitrone and
alkenes or alkynes under microwave activation afforded a series of enantiopure
cycloadducts in good yields and with high stereoselectivity. Removal of the chiral
auxiliary under acid-catalysis led to a new series of isoxazolidines and

isoxazolines with the control of one, two or three stereogenic centers.

INTRODUCTION

1,3-Dipolar cycloaddition of nitrones with olefinic or acetylenic dipolarophiles are very interesting
reactions in organic synthesis' due to their efficient induction of stereocenters and the rapid conversion of
the resulting isoxazolidines/isoxazolines into synthetically useful natural product precursors.'” Up to three
contiguous asymmetric carbon centers can be formed through 1,3-dipolar cycloaddition and the challenge
of controlling the absolute and relative stereochemistry has attracted much attention in recent years.>®
The stereoselective 1,3-dipolar cycloaddition of nitrones to alkenes was applied to produce substituted
isoxazolidines® as precursors for heterocyclic products. These compounds can be converted into -amino
alcohols,* B-lactams,’ o-amino acids® and pyrrolidinones’ by reductive cleavage of the N-O bond.

Consequently, isoxazolidines are used as key intermediates for the synthesis of various natural products®

or antifungal,’ anti-inflammatory,'® anti-mycobacterial,!' anti-tubercular'? and antiviral agents.!*> On the
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other hand, isoxazolines are cycloadducts obtained from nitrone and alkynes providing additional access

to heterocycles of potential biological interest.'*

In connection with our studies on synthetic molecules with potential applications in the context of type 2
diabetes mellitus,

such  as  enantiopure  (25,3R4R)-*®  or  (25,35,4R)-4-hydroxyisoleucine,’®

we have developed approaches toward enantiopure natural and unnatural amino
acids,’
(45)-4-hydroxy-L-ornithine,’" and cycloalkylglycines.!® As the simultaneous creation of various chiral
centers impacts favorably on atom economy, these cycloaddition approaches are advantageous as
compared, such as, with a multi-step route from D-glucose to analogues of
(25,3R,4S)-4-hydroxyisoleucine, a naturally-occurring insulinotropic a-amino acid.® More recently, we
have designed a new synthetic route to aziridines via 1,3-dipolar cycloaddition of a menthone-based
nitrone!’ to alkynes under microwave irradiation.'® We report herein the synthesis of isoxazolines and

isoxazolidines by 1,3-dipolar cycloaddition of a menthone-based chiral nitrone to substituted or cyclic

alkenes and alkynes.

RESULTS AND DISCUSSION

The nitrone 1'7* was employed in 1,3-dipolar cycloaddition in the presence of a wide range of alkenes
2a-f (Scheme 1, Table 1), using toluene as the solvent under microwave irradiation at 110 °C. The
reaction was highly regio- and diastereo-selective through the exo-approach of the dipolarophile onto the
nitrone’s less hindered face. Pure and stable cycloadducts were obtained except in the case of
methacrylonitrile 2d (Table 1, Entry 4). The major cycloadduct 3d was isolated in 70% yield with a chiral
tetrasubstituted carbon atom while a minor isomer was detected by TLC (traces). In the case of the
cycloaddition of nitrone 1 with cycloalkene 2f, an almost equimolar mixture of two regioisomers 3f and
3f” was obtained with up to three asymmetric centers and with a total yield of 78% (Table 1, Entry 6).
The same conditions were used for the condensation with alkynes 2g,h resulting in the formation of

1soxazolines 3g,h in moderate yields (Table 1, Entries 7 and 8).
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Table 1. 1,3-Dipolar cycloadditions of nitrone 1 with alkenes and alkynes

Entry Dipolarophile Cycloadduct Isolated yield® (%)
CN

1 -/ 87

2a
NCS

5 _/ 84

2b
EtO

3 :>70Et 84
2c

4 :<CN 70
2d
o}

5 Q 92
2e

42

HO
6 O

N
2f

36

7 OH 34
2g

8 Br 42
2h

a Traces of second isomer identified from TLC. ® Yields of the isolated product after silica gel column chromatography.
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The stereoselectivity of the cycloaddition results from the fact that terminal alkenes approach to the less
hindered face of nitrone 1 on the opposite side of the bulky isopropyl group.®!® This led the alkene
substituent to get away from the spirocyclic nitrone according to the exo-approach® which was deduced
from 1D and 2D NMR experiments.*" The stereochemistry of isoxazolidines 3a-d was deduced from
NMR experiments and the observed values of the vicinal coupling: J3.4- ca. 0-2.1 Hz (anti relationship),
J34 ca. 8.7-9.1 Hz (syn relationship), Jss ca. 0-3Hz (anti relationship), Jss ca. 5.8-12.1Hz (syn
relationship). 2D NOESY experiments provided further data to support the proposed structures (Table 1,
Entries 1-4). The structure of cycloadduct 3e was unambiguously established by X-ray diffraction
analysis (Figure 1)!° and by NMR spectroscopy.

Figure 1

In the case of the regioisomers 3f and 3f°, the assignment of their respective structures was based on the
chemical shifts of carbons C-4 (6 = 42.4-43.5 ppm) and C-5 (6 = 73.1-76.3 ppm). These results indicated
that the carbon C-5 was resonating at lower field hence adjacent to the oxygen atom. Thus, the HMBC
experiments were able to define the regiochemistry of compounds 3f and 3f” (Figure 2). For example, the
observed HMBC correlations between H-3 (du 3.99) and C-8 (dc 22.5, at the a position of C-7), on the
one hand, and H-4 (du 2.91) and C-7 (dc 68.5) on the other hand were of particular significance to
determine the position of the isoxazolidine substituents for compound 3f (see Figure 2 for numbering).

The stereochemistry of compounds 3f and 3f” was deduced from extensive NMR investigations. Most
relevant data are the coupling constants between H-3 and H-4 (J34) and between H-4 and H-5 (Js45). For
regioisomer 3f, the coupling constant is J34 ca. 4.6 Hz (syn relationship), J4 5 ca. 6.8 Hz (syn relationship),
whereas for compound 3f’, the coupling constant is J34 ca. 0.0 Hz (anti relationship), Js 5 ca. 6.7 Hz (syn
relationship). 2D NOESY experiments provided further data to support the proposed structures (Figure 2).
Thus, for compound 3f, five NOESY correlations were observed as expected (H3-H4, H3-HS,
H3-isopropyl group, H3-H15’and H4-HS5). For compound 3f’, three NOESY correlations were detected
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between H4-HS, H3-H15’and H3-isopropyl group and no correlation between H3-H4 and H3-H5 (Figure

2).

Figure 2. Characteristic NOESY correlations of compounds 3f (left) and 3f* (right)

The cycloadducts 3a-d, 3f and 3f” were subjected to acidic cleavage with a mixture of acetic acid, acetic

anhydride in the presence of a catalytic amount of concentrated sulfuric acid (Scheme 2).%" As the result
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of several one-pot reactions (cleavage of the chiral auxiliary and N-acetylation), the corresponding
isoxazolidines 4a, 4f, and 4f” were isolated in good to moderate yields. These compounds could be
characterized by NMR spectroscopy techniques, which indicated their purity, and no epimerization could
be detected. In the case of compounds 3b-d, their action led to a complex mixture of inseparable products.
The N-deacetylation of 4a was performed with SOCIl>** in anhydrous methanol to afford compound 5a in
47% vyield (Scheme 2). The same conditions as above were applied to the isoxazolidines 4f and 4f to

provide, after the N-deacetylation and O-deacetylation, 5f and 5f* in 41% and 57%, respectively.

In conclusion, the cycloaddition of a spirocyclic nitrone with various alkenes and alkynes afforded the
desired isoxazolidines in good yields and with simultaneous creation of two and three adjacent
stereogenic centers, respectively. The cycloadducts obtained could be readily characterized by standard
multi-dimensional NMR spectroscopies and mass spectrometry. After two steps (cleavage of the chiral
auxiliary and hydrolysis with thionyl chloride), the cycloadducts led to novel enantiopure isoxazolidines

as precursors of enantiopure unnatural a-amino acids.

EXPERIMENTAL

General procedure for the synthesis of isoxazolidines. In a Biotage Initiator 10 mL vial, nitrone (1 eq.)
in anhydrous toluene (4 mL) were introduced. The vial was flushed with argon and dipolarophile (3 eq.)
was added. The vial was sealed with a septum cap and was irradiated by microwaves (temperature:
110 °C). TLC monitoring (EtOAc/PE 5/5) showed full conversion after 2 h. After the crude mixture was
concentrated and purified by flash column chromatography (silica gel, EtOAc/PE 2/3) to provide the
desired isoxazolidine.
(1S,28,2'S,3a'S,5R)-2-Isopropyl-5,5'-dimethyl-4'-oxotetrahydro-2'H-spiro[cyclohexane-1,6'-imidazo-
[1,5-blisoxazol]-2'-yl)acetonitrile (3a): obtained as a yellow solid (450 mg, 87%) following general
procedure: toluene (4 mL), alkene 2a (450 mg), and nitrone 1 (1.68 mmol, 400 mg): mp 63-64 °C (EtO);
R¢=0.25 (EtOAc/hexane, 6/4); [a]p? -91.9 (c 0.81, CH2Cl,) {Lit.?° [a]p?® -89.2 (¢ 1, CH2Cly)}; 'H NMR
(400 MHz, CDCls): 6 0.81 (d, 3H, J = 6.3 Hz, CH3), 0.85 (d, 3H, J = 6.8 Hz, CH3), 0.92 (m, 1H), 0.92 (d,
3H, J=6.3 Hz, CH3), 1.26 (t, 1H, Jeem = 12.3 Hz), 1.39 (dd, 1H, J = 3.5 Hz, 12.7 Hz), 1.43 (m, 1H), 1.61
(m, 1H), 1.65-1.75 (m, 1H), 1.82 (m, 1H), 1.93-2.01 (m, 1H), 2.03-2.06 (m, 1H), 2.26-2.33 (ddd, 1H, J =
9.5, 6.0 and 6.0 Hz), 2.56-2.69 (dd, 2H, J = 16.8 Hz, 5.3 Hz), 2.73 (s, 3H, NCH3), 2.77-2.82 (ddd, 1H, J =
8.5, 6.3 and 2.1 Hz), 3.96 (d, 1H, J = 9.1Hz), 4.21 (quin, 1H, J= 12.1 Hz); '*C NMR (100 MHz, CDCI5):
0 18.6 (CH3), 22.3 (CH3), 22.4, 22.5, 24.3 (CHa), 24.5, 26.1 (N-CHz3), 29.4, 34.7, 37.4, 40.9, 48.2, 65.1,
71.7, 89.0, 116.8 (CN), 172.4 (C=0); HRMS (ESI): m/z caled for Ci7H2sN302 [M+H]" 306.2176, found
306.2170.
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(18,25,2'S,3a'S,5R)-2-Isopropyl-2'-(isothiocyanatomethyl)-5,5'-dimethyldihydro-2' H-spiro[cyclohex-
ane-1,6'-imidazo[1,5-b]isoxazol]-4'(5'H)-one (3b): obtained as a yellow solid (120 mg, 84%) following
general procedure: toluene (4 mL), alkene 2b (1.68 mmol, 166 mg), and nitrone 1 (0.42 mmol, 100 mg):
mp 102-103 °C (Et,0); Rr = 0.39 (EtOAc/hexane, 6/4); [a]p*® -73.5 (¢ 0.72, CH2Cl»): 'H NMR (300 MHz,
CDCls): 0 0.81 (d, 3H, J= 6.9 Hz, CH3), 0.86 (d, 3H, J = 6.9 Hz, CH3), 0.93 (m, 1H), 0.95 (d, 3H, J=6.3
Hz, CH3), 1.27 (t, 1H, Jgm = 12.6 Hz), 1.37-1.44 (m, 2H), 1.64-1.82 (m, 2H), 1.83-1.87 (m, 1H),
2.01-2.12 (m, 2H), 2.17-2.25 (ddd, 1H, J = 9.6 Hz, 6.3 Hz and 3.0 Hz), 2.72-2.79 (m, 1H), 2.74 (s, 3H,
N-CH3), 3.45 (dd, 1H, J= 14.4 Hz, 4.2 Hz), 3.68 (dd, 1H, J = 14.7 Hz, 7.8 Hz), 3.95 (d, 1H, J = 8.7 Hz),
4.17 (m, 1H); *C NMR (75 MHz, CDCls): 6 17.6 (CH3), 21.3 (CH3), 21.4 (CH3), 23.1, 23.3, 25.0 (NCH3),
28.2,33.6,34.1, 39.8,46.2, 47.0, 64.0, 73.4, 87.9, 132.5 (CNS), 171.4 (C=0); HRMS (ESI): m/z calcd for
C17H28N30:S [M+H]" 338.1897, found 338.1890.
(15,258,2'S,3a'S,5R)-2'-(Diethoxymethyl)-2-isopropyl-5,5'-dimethyldihydro-2'H-spiro[cyclohexane-1,
6'-imidazo[1,5-b]isoxazol]-4'(5'H)-one (3¢): obtained as a white solid (260 mg, 84%) following general
procedure: toluene (4 mL), alkene 2¢ (3.36 mmol, 436 mg), and nitrone 1 (0.84 mmol, 200 mg); mp
111-112 °C (Et,0); R = 0.31 (EtOAc/hexane, 6/4); [a]p?® -88.3 (¢ 0.6, CH,Cl,); 'H NMR (400 MHz,
CDCls): 0 0.72 (d, 3H, J = 6.8 Hz, CH3), 0.74 (d, 3H, J = 6.8 Hz, CH3), 0.81 (d, 3H, J = 6.4 Hz, CH,),
0.88 (m, 1H), 1.07 (t, 6H, J = 7.2 Hz, 2CH3), 1.15 (t, 1H, Jgem = 12.6 Hz), 1.25 (dd, 1H, J=12.1 Hz, 3.3
Hz), 1.31 (quin, 1H, J = 6.8 Hz), 1.47-1.52 (m, 1H), 1.55-1.65 (m, 1H), 1.68-1.73 (m, 1H), 1.90-1.98 (m,
2H), 2.21-2.28 (dt, 1H, J = 8.8 Hz, 3.9 Hz), 2.55-2.61 (ddd, 1H, J=12.0 Hz, 7.7 Hz, 5.8 Hz), 2.63 (s, 3H,
NCH3), 3.37-3.62 (m, 4H, 2CH>), 3.75 (m, 1H), 3.83 (d, 1H, J = 8.9 Hz), 4.29 (d, 1H, J = 6.4 Hz); 1*C
NMR (100 MHz, CDCls): 6 15.1 (CH3), 15.3 (CHs), 18.4, 22.1, 22.3, 24.1 (CHs), 24.2, 25.9 (N-CH3),
29.4, 34.6, 34.9, 40.6, 48.0, 62.7 (CH»), 65.5, 77.2, 77.3, 87.3, 102.6, 172.8 (C=0); HRMS (ESI): m/z
calcd for C2oH37N204 [M+H]" 369.2748, found 369.2739.
(1S8,2S,2'S,3a'S,5R)-2-Isopropyl-2',5,5'-trimethyl-4'-oxotetrahydro-2' H-spiro|[cyclohexane-1,6'-
imidazo|[1,5-b]isoxazole]|-2'-carbonitrile (3d): obtained as a amorphous solid (180 mg, 70%) following
general procedure: toluene (4 mL), alkene 2d (3.3 mmol, 225 mg), and nitrone 1 (0.84 mmol, 200 mg); Rr
= 0.52 (EtOAc/hexane, 4/6); [a]p*° +49.3 (c 0.85, CH2Cly); '"H NMR (300 MHz, CDCls): 6 0.81 (d, 3H, J
= 6.6 Hz, CH3), 0.86 (d, 3H, J = 6.9 Hz, CH3), 0.93 (m, 1H), 0.96 (d, 3H, J = 6.6 Hz, CH3), 1.33 (t, 1H,
Jeem = 12.3Hz), 1.38-1.45 (m, 2H), 1.65 (m, 2H), 1.71 (s, 3H, CH3), 1.82-1.98 (m, 2H), 2.25-2.31 (m, 1H),
2.54 (dd, 1H, Jgem = 12.1 Hz, 8.4 Hz), 2.73 (s, 3H, N-CH3), 3.19 (d, 1H, Jgem = 13.2 Hz), 4.08 (d, 1H, J =
8.7 Hz); *C NMR (75 MHz, CDCl3): 6 18.5, 22.3, 22.4, 22.8 (CH3), 24.2, 24.3, 26.0 (N-CH3), 29.1, 34.6,
40.8, 44.6, 48.4, 66.4, 72.8, 90.2, 119.3 (CN), 171.0 (C=0); HRMS (ESI): m/z calcd for C17H27N3NaO>
[M+Na]" 328.1995, found 328.1988.
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(18,25,5R)-2'-(Hydroxymethyl)-2-isopropyl-5,5'-dimethyl-3a' H-spiro[cyclohexane-1,6'-imidazo[1,5-
blisoxazol]-4'(5'H)-one (3g): obtained as a yellow amourphous solid (90 mg, 48%) following general
procedure: toluene (4 mL), alkyne 2g (3.78 mmol, 211 mg), and nitrone 1 (0.63 mmol, 150 mg); Rr=0.32
(EtOAc/hexane, 6/4); [a]p*® +10.0 (c 0.2, CH>CL). '"H NMR (400 MHz, CDCl3): 6 0.79 (d, 3H, J = 6.6
Hz, CH3), 0.85 (d, 3H, J= 8.6 Hz, CH3), 0.89 (d, 3H, J= 6.5 Hz, CH3), 1.21 (t, 2H, J = 12.6 Hz), 1.42 (m,
1H), 1.62 (m, 1H), 1.68 (m, 1H), 1.76 (m, 2H), 1.84 (m, 2H), 2.02 (m, 1H), 2.64 (s, 3H, N-CH3), 2.9 (d,
1H, J=4.0 Hz), 3.19 (d, 1H, J = 4.0 Hz), 4.38 (d, 1H, J =20 Hz), 4.47 (d, 1H, J = 20 Hz). *C NMR (100
MHz, CDCls): ¢ 18.3, 21.8, 22.3, 24.2, 24.5, 25.5 (N-CHs), 29.0, 34.8, 39.9, 42.0, 46.3, 49.4, 70.3, 85.3,
168.2 (C=0), 203.0; HRMS (ESI): m/z caled for CisH27N203 [M+H]" 295.2016, found 295.2011.
(18,28,5R)-2'-(Bromomethyl)-2-isopropyl-5,5'-dimethyl-3a' H-spiro[cyclohexane-1,6'-imidazo|[1,5-
blisoxazol]-4'(5'H)-one (3h): obtained as a amorphous solid (75 mg, 42%) following general procedure:
toluene (4 mL), alkyne 2h (3.78 mmol, 449 mg), and nitrone 1 (0.63 mmol, 150 mg); Rr = 0.71
(EtOAc/hexane, 6/4); [o]p®® +26.8 (c 1.0, CH2Cl); 'TH NMR (400 MHz, CDCls): § 0.78 (d, 3H, J = 6.7
Hz, CH3), 0.85 (d, 3H, J = 8.2 Hz, CH3), 0.89 (d, 3H, J= 6.9 Hz, CH3), 1.17 (t, 2H, J = 12.6 Hz), 1.4 (m,
1H), 1.62 (m, 1H), 1.66 (m,1H), 1.75 (m, 2H), 1.82 (m, 2H), 2.02 (m, 1H), 2.63 (s, 3H, N-CH3), 3.14 (d,
1H, J = 4.0 Hz), 3.18 (d, 1H, J = 4.0 Hz), 3.93 (d, 1H, J = 16 Hz), 4.08 (d, 1H, J = 12.8 Hz); 3*C NMR
(100 MHz, CDCl): ¢ 18.3, 21.3, 22.2, 24.2, 24.4, 25.5 (N-CH3), 28.0, 34.8, 35.7, 41.0, 41.2, 47.4, 49.5,
85.2, 167.9 (C=0), 196.5; HRMS (ESI): m/z calcd for C16Has BrN2O2 [M+H]" 357.1172, found 357.1176.
(18,25,3a'S,5R,8b'S)-2-Isopropyl-5,7'-dimethyltetrahydro-1'H-spiro[cyclohexane-1,6'-furo|3,4-d]im-
idazo[1,5-b]isoxazol]-8'(7'H)-one (3e): obtained as a white solid (120 mg, 92%) following general
procedure: toluene (4 mL), alkene 2e (1.26 mmol, 88 mg), and nitrone 1 (0.42 mmol, 100 mg); mp
137-138 °C; Re= 0.6 (EtOAC/PE 3/7); [a]p?° +70.6 (¢ 1, CH2Cly); "H NMR (400 MHz, CDCl3): 6 0.76 (d,
3H, J=6.7 Hz, CH3), 0.79 (d, 3H, J = 6.8 Hz, CH3), 0.82 (m, 1H), 0,84 (d, 3H, J= 6.5 Hz, CH3), 1.13 (t,
1H, J = 12.2 Hz), 1.29 (dd, 1H, J = 3.0 Hz, 12.0 Hz), 1.37 (quin., 1H, J = 6.7 Hz), 1.49-1.55 (m, 1H),
1.66 (dd, 1H, J=12.8, 3 Hz), 1.75 (m, 1H), 1.87-1.94 (m, 1H), 2.00-2.03 (m, 1H), 2.66 (s, 3H, CH3), 3.42
(m, 1H), 3.58-3.62 (dd, 1H, J = 10.1 Hz, 5.2 Hz), 3.6 (s, 1H), 3.82 (m, 3H), 4.58-4.62 (m, 1H); '*C NMR
(100 MHz, CDCl3): 6 18.7, 22.2, 22.4, 24.1, 24.4, 25.8 (N-CH3), 28.9, 34.7, 40.9, 48.1, 50.2, 71.5, 73.3,
73.4, 80.5, 88.4, 172.1 (C=0); HRMS (ESI): m/z calcd for Ci7H2N>O3 [M+H]" 309.2173, found
309.2177.
(1S,2R,58,5a'R,7'S,92a'S)-7'-(Hydroxymethyl)-2-isopropyl-2',5-dimethylhexahydrospiro[cyclohex-
ane-1,3'-imidazo[1,5-b]pyrano[3,4-d]isoxazol]-1'(2'H)-one (3f): obtained as a amorphous solid (185
mg, 42%) following general procedure: toluene (4 mL), alkene 2f (3.78 mmol, 430 mg), and nitrone 1
(1.26 mmol, 300 mg); Rr = 0.53 (EtOAc, 100%); [a]p*® +7.23 (¢ 0.5, CH.ClL); '"H NMR (400 MHz,
CDCl): 6 0.79 (d, 3H, J 6.8 Hz, CH3), 0.81 (d, 3H, J= 6.9 Hz, CH3), 0.90 (d, 3H, J = 6.5 Hz, CH3), 1.23
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(d, 1H, J=6.3 Hz), 1.29 (t, 1H, J=12.4 Hz), 1.32 (m, 1H), 1.56 (m, 1H), 1.61 (m, 1H), 1.65 (dd, 2H, J =
16.4 Hz, 6.3 Hz), 1.71 (m, 1H), 1.78 (m, 2H), 1.94 (m, 1H), 2.02 (m, 1H), 2.71 (s, 3H, N-CH3), 2.91 (ddd,
1H, J = 8.6 Hz, 6.8 Hz, 4.6 Hz), 3.45 (dd, 1H, J = 12.0 Hz, 6.8 Hz), 3.47 (s, 1H), 3.51 (d, IH, J = 12.1
Hz), 3.61-3.66 (m, 2H), 3.96 (m, 1H), 3.99 (d, 1H, J = 6.8 Hz): '*C NMR (100 MHz, CDCl3): § 18.4, 22.2,
22.5,24.1, 24.4, 26.2 (N-CH3), 26.6, 29.6, 34.6, 40.5, 43.5, 48.1, 65.6, 66.1, 68.5, 72.3, 73.1, 90.5, 171.8
(C=0); (SM) [M+H]" m/z 353.0; (CI) [MEAN] 353.2435. HRMS (ESI): m/z caled for Ci9H32N>NaOg
[M+Na]" 375.2254, found 375.2249.
(18,2R,55,5a'R,8'S,92'S)-8'-(Hydroxymethyl)-2-isopropyl-2',5-dimethylhexahydrospiro[cyclohexa-
ne-1,3"-imidazo[1,5-b]pyrano|4,3-d]isoxazol]-1'(2'H)-one (3f’): obtained as a amorphous solid (160 mg,
36%) following general procedure: toluene (4 mL), alkene 2f (3.78 mmol, 430 mg), and nitrone 1 (1.26
mmol, 300 mg); Rr = 0.46 (EtOAc, 100%); [a]p?’ +16.32 (c 0.6, CH,Cl>); 'H NMR (400 MHz, CDCls): ¢
0.82 (d, 3H, J= 2.1 Hz, CH3), 0.83 (d, 3H, J= 2.2 Hz, CH3), 0.90 (d, 3H, J = 6.4 Hz, CH3), 1.24 (m, 1H),
1.30 (t, 1H, J = 12.3 Hz), 1.34 (m, 1H), 1.56 (m, 1H), 1.63 (d, 1H, J = 12.3 Hz), 1.71 (m, 2H), 1.73 (s,
1H), 1.79 (m, 2H), 1.93 (m, 1H), 2.12 (m, 1H), 2.73 (s, 3H, N-CH3), 2.98 (ddd, 1H, J = 6.7 Hz, 3.8 Hz,
3.7 Hz), 3.41 (m, 1H), 3.59 (dd, 2H, J = 6.3 Hz, 3.8 Hz), 3.65 (m, 3H), 4.19 (d, 1H, J = 13.6 Hz); °C
NMR (100 MHz, CDCL): ¢ 18.5, 22.2, 22.4, 24.2, 24.4, 26.2 (N-CH3), 27.8, 29.4, 34.8, 40.8, 42.4, 48.1,
65.0, 65.8, 72.3, 73.0, 76.3, 90.6, 171.9 (C=0); HRMS (ESI): m/z calcd for Ci9H3:N2NaO4 [M+Na]"
375.2254, found 375.2245.

General procedure for removed of chiral auxiliary. Cycloadduct 3a,f or 3f* (1 mmol) was dissolved in
Ac20 (3 mL) and AcOH (3 mL) and the mixture was stirred for 10 min at 46 °C. Concentrated H>SO4 (3
drops) was added and the mixture was stirred for 6 h at 46 °C. After cooling down to room temperature,
the solution was quenched with aqueous 5% NaOH (3 mL). The mixture was then poured slowly into a
saturated NaHCO3 aq. solution (100 mL) which was extracted with CH>Cl, (3%x10 mL); the combined
organic phases were dried (MgSQO4). After filtration, and evaporation of the solvents under reduced
pressure, the residue was purified by flash chromatography (silica gel, EtOAc/PE 6/4) to afford the
desired isoxazolidine.

2-((35,59)-2,3-Diacetylisoxazolidin-5-yl)acetonitrile (4a): obtained as a white solid (110 mg, 53%)
following general procedure: Ac,O (3 mL), AcOH (3 mL), and cycloadduct 3a (0.98 mmol, 300 mg); mp
158-159 °C; Rf = 0.52 (EtOAc/MeOH, 8/2); [a]p®® -57.5 (c 0.6, MeOH) (Et.0); '"H NMR (400 MHz,
CDCl): 6 2.21 (s, 3H, CHz3), 2.24-2.31 (ddd, 1H, J = 10.0 Hz, 6.5 Hz, 2.8 Hz), 2.63 (dd, 1H, Jgen = 17.2
Hz, 6.2 Hz), 2.73 (dd, 1H, Jeem = 17.2 Hz, 4.6 Hz), 2.80 (d, 3H, J = 4.9 Hz, N-CH3), 3.15 (ddd, 1H, J =
10.0 Hz, 6.5 Hz, 2.8 Hz), 4.58-4.64 (m, 1H), 4.89 (dd, 1H, J = 5.4, 3.6 Hz), 6.91 (br s, 1H, NH). '*C
NMR (100 MHz, CDCL): ¢ 20.7, 21.9, 26.6 (N-CH3), 34.6, 58.3, 75.8, 115.6 (CN), 168.5 (C=0), 171.1
(C=0); HRMS (ESI): m/z calcd for CoHi3N3NaO3 [M+Na]" 234.0849, found 234.0848
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(38,3a8,58,7aR)-2-Acetyl-3-methyl-3-(methylcarbamoyl)hexahydro-2 H-pyrano|3,4-d]isoxazol-6-yl)-
methyl acetate (4f): obtained as an amorphous solid (45 mg, 53%) following general procedure: Ac2O
(1.5 mL), AcOH (1.5 mL), and cycloadduct 3f (0.28 mmol, 100 mg); Rr = 0.37 (EtOAc/MeOH, 9/1);
[a]p?® -62.9 (c 0.4, MeOH); '"H NMR (400 MHz, MeOD): ¢ 1.75 (ddd, 1H, J = 11.7 Hz, 8.6 Hz, 3.3 Hz),
1.94 (m, 1H), 2.09 (s, 3H, CH3), 2.20 (s, 3H, CHs), 2.79 (d, 3H, J = 4.8 Hz, N-CH3), 3.18 (m, 1H), 3.23
(m, 1H), 3.73 (m, 1H, J=12.0 Hz), 4.02 (dd, 2H, J=12.0 Hz, 3.8 Hz), 4.14 (dd, 1H, J = 8.6 Hz, 3.2 Hz),
4.32 (s, 1H), 4.57 (m, 1H), 6.97 (s, 1H, NH); '*C NMR (100 MHz, MeOD): ¢ 20.7, 23.0, 26.5 (N-CH3),
26.9, 39.6, 62.2, 65.3, 66.3, 70.3, 75.9, 168.2 (C=0), 170.5 (C=0), 171.0 (C=0); HRMS (ESI): m/z calcd
for Ci13H20N2NaOg [M+Na]" 323.1214, found 323.1207.
((35,3a8,6S,7aR)-2-Acetyl-3-(methylcarbamoyl)hexahydro-2 H-pyrano|[3,4-d]isoxazol-6-yl)methyl
acetate (4f”): obtained as a amorphous solid (48 mg, 64%) following general procedure: Ac2O (1.5 mL),
AcOH (1.5 mL), and cycloadduct 3f (0.25 mmol, 90 mg); Rr=0.31 (EtOAc/MeOH, 9:1); [a]p* +17.4 (c
0.8, MeOH); 'H NMR (400 MHz, MeOD): 6 1.20 (dd, 1H, J =24 Hz, 12.7 Hz), 1.73 (m, 1H), 2.05 (s, 3H,
CHs), 2.19 (s, 3H, CH3), 2.77 (d, 3H, J = 4.8 Hz, N-CH3), 3.20 (m, 1H), 3.53 (m, 1H), 3.69 (dd, 1H, J =
12.1 Hz, 1.8 Hz), 4.00-4.07 (m, 2H), 4.14 (m, 1H), 4.22 (d, 1H, J = 13.8 Hz), 4.54 (s, 1H), 6.95 (d, 1H, J
= 2.0 Hz, NH); *C NMR (100 MHz, MeOD): § 20.6 (CH3), 22.9 (CH3), 26.4 (NCH3), 27.3, 38.8, 64.9,
66.2, 66.4, 73.3, 754, 168.5 (C=0), 170.8 (C=0), 171.4 (C=0); HRMS (ESI): m/z calcd for
C13H20N2NaOg [M+Na]" 323.1214, found 323.1220.

General procedure for N-deacetylation. Freshly distilled MeOH (3 mL) was placed in a dry and
argon-flushed 10-mL round-bottom flask. The flask was cooled down to 0 °C and SOCI; (3 drops) was
added dropwise. Stirring was maintained for 5 min and compound 4 (1 eq.) in MeOH (3 mL) was then
added dropwise (10 min). After an additional 15 min at 0 °C, the mixture was allowed to warm to room
temperature and then heated to reflux for 30 min. The crude mixture was cooled to room temperature and
5% NaxCOs aq. solution (10 mL) was added. This aqueous layer was extracted with EtOAc (3x10 mL);
the combined organic phases were dried (Na2SQO4). After filtration, and evaporation of the solvents under
reduced pressure, the residue was purified by silica gel flash chromatography (EtOAc/MeOH 9/1) to
afford S.

2-((38,55)-3-Acetylisoxazolidin-5-yl)acetonitrile (5a): obtained as a yellow amorphous solid (80 mg,
47%) following general procedure for N-deacetylation. Ry = 0.18 (EtOAc/MeOH, 8/2); [a]p?® -21.3 (c
0.58, MeOH); 'H NMR (400 MHz, MeOD): 6 2.24 (m, 1H), 2.62 (m, 1H), 2.70-2.79 (m, 2H, H-6), 2.76
(s, 3H, N-CHs), 3.99 (dd, 1H, J = 8.8, 3.3 Hz), 4.39 (quin, 1H, J = 6.8 Hz); '3*C NMR (100 MHz, MeOD):
022.7,26.2 (N-CH3), 39.8, 63.0, 77.0, 118.7 (CN), 172.9 (C=0); HRMS (ESI): m/z calcd for C7H12N30:
[M+H]" 170.0924, found 170.0926.
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(38,3a8,68,7aR)-6-(Hydroxymethyl)-N-methylhexahydro-2 H-pyrano[3,4-d]isoxazole-3-carboxamide
(5f): obtained as a liquid (12 mg, 41%) following general procedure for N-deacetylation; Ry = 0.14
(EtOAc/MeOH, 9:1); [a]p?® -27.2 (¢ 0.5, MeOH); 'H NMR (400 MHz, MeOD): 6 1.66-1.72 (m, 1H),
185-189 (m, 1H), 1.94 (s, 1H), 2.78 (s, 3H, N-CH3), 2.80 (m, 1H), 3.31 (m, 1H), 3.38 (t, 1H, J=11.4 Hz),
3.45-3.49 (m, 3H), 3.52-3.57 (m, 1H), 4.00-4.05 (m, 1H); *C NMR (100 MHz, MeOD): § 26.4 (N-CH3),
28.1 (this peak correspond to two carbon atoms), 49.2, 64.8, 66.0, 67.4, 74.3, 173.7 (C=0); HRMS (ESI):
m/z caled for CoH16N2NaO4 [M+Na]"™ 239.1002, found 239.1004.
(35,3a5,58,7aR)-5-(Hydroxymethyl)-/N-methylhexahydro-2 H-pyrano|4,3-d]isoxazole-3-carboxamide
(51°): obtained as a liquid (15 mg, 53%) following general procedure for N-deacetylation. Liquid; Rf =
0.18 (EtOAc/MeOH, 9:1); [a]p?® -38.9 (¢ 0.7, MeOH); 'H NMR (400 MHz, D>0O): § 1.26 (m, 1H),
1.86-1.93 (m, 1H), 2.81 (s, 3H, N-CH3), 2.85 (m, 1H), 2.98-3.02 (m, 2H), 3.52-3.57 (m, 2H), 3.60-3.71
(m, 1H), 3.80-3.86 (m, 2H), 4.17-4.20 (m, 1H); *C NMR (100 MHz, D,0): § 26.2 (N-CH3), 63.5, 64.4,
64.6, 65.2, 67.4, 73.3, 76.5, 173.7 (C=0); HRMS (ESI): m/z calcd for CoHisN2NaO4 [M+Na]" 239.1002,
found 239.1009.
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