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ARTICLE INFO ABSTRACT

Article history: Diastereoselective asymmetric 1,3-dipolar cycloadditions-(dlkoxycarbonylnethyl) nitrone
Received derived from glycine, alanine and phenylalanine have been studied both experiraantal-
Received in revised form theoretically. Asymmetric induction is evaluated by either introducing a chiral group
Accepted nitrone nitrogen atom or by using Oppolzer’'s sultam aomde. In both cases the sense o
Available online asymmetric induction is the same, th& &R)-isomer being preferentially obtained. The

results were observed with the chiral dipolarophile which afforded an only isomer in al
The obtained isoxazolidines are easily transformed into the corresponding 5-substituted-3

Eﬁmﬂ:sz hydroxypyrrolidin-2enes. DFT studies are in a qualitative agreement with the ob
Isoxazolidines experimental results.

Pyrrolidines 20009 Elsevier Ltd. All rights reserved

1. Introduction Even though the reaction performs with high chemical yields,

) o ) an inherent problem of the process is the induction of asymmetry

The 1,3-dipolar cycloaddition between a nitrone and an alkenghen enantiomerically pure compounds are pursued. Catalytic
has been known for a long time as a powerful method fobynroaches have been widely studied and excellent results have
accessing to a variety of nitrogenated compohnmd the  peen obtained in several instanéé$owever, in some cases and
reaction has been extensively studied and |_reV|éw§'d|_.e depending on the required substrates, the catalytic approach,
isoxazolidines obtained in the reaction are useful intermediates (Bsually based on the use of chiral Lewis aéfiis not the best
organic synthesiSIn particular, 5-alkoxycarbonyl isoxazolidines qption because only enriched mixtures of enantiomers, difficult
obtained from the cycloaddition between nitrones and acrylates peing separated, are obtained. In such cases diastereoselective
are precursors of 5-substituted 3-hydroxypyrrolidin-2-ones OBpproaches are a good alternative providing homochiral

synthetic interest (Scheme 1). compounds with excellent selectivities.The asymmetric
Rt R30,C HO induc_tion can be exe_rted by incorporating chiral groups either at
N7 R H] n the dipole or at the dipolarophitéThere are numerous examples
o —_— O\N R~ 0P W R of dipolar cycloadditions of nitrones bearing chiral groups at the
A coR? R b nitrone carbor, most of them derived from carbohydrat®s.
2

Chiral groups at the nitrone nitrogen atom have also been utilized
Scheme 1. 1,3-Dipolar cycloadditions en route to 3-hydroxypyrrolin-2ones  and excellent results have been obtained when sugar moieties,
susceptible of being further eliminated, have been emplbyed.
Finally, the incorporation of chiral auxiliaries at the dipolarophile
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(by forming chiral esters and amides) has been widely stidied i

. : Ny —— o~
and among them the Oppolzer's sultam acrylamide has provided EtO.C” ~0 Et0,C” "NH
the best results In this context, we have recently reported a OH
preliminary communication on the cycloaddition reaction 4 5 |
between a glycine-derived nitrone and Oppolzer's sultam R' ¢ i R’ ii F;{
acrylamide en route to pyrrolidinyl PNA monomét<ontinuing EO C)\;lH o C/f\,j/\Ph Et0,C” NH
our work in this area, we now report our latest efforts at - s 2 S OH
expanding the scope of diastereoselective 1,3-dipolar - 8ab
cycloadditions ofN-(alkoxycarbonylmethyl) nitroned, which 6a,b 7ab R '
are precursors of  5-substsituted-3-hydrdkgubstituted iv BN 4
pyrrolidin-2-ones 4 through intermediate isoxazolidinegs A 58ab —— Et0,C7 N7 R?
comparative study on the reactions between achiral nitrbnes R?-CHO O_
(Scheme 1, RH) and Oppolzer's sultam acrylamica, and 9a-e 1a-0

between chiral non-racemic nitrongégScheme 1, &Me, Bn) Scheme 3. Synthesis of N-(alkoxycarbonylmethyl) nitronesl. i)
and methyl acrylat@b (Scheme 2, Z = Me) is presented. DFT H,NHOH-HCI, NaHCGQ, 12 h, then BHPy. ii) EtN, PhCHO, 12 h, then
calculations are also discussed in order to rationalize the differemeReQ, UHP, MeOH, MgSQ iii) H,NOH-HCI, MeOH (or HCI, HO), iv)

asymmetric inductions observed experimentally. MgSQy, CH:,Cl,, 4 h. (For Rand R see Table 1)
[0} Table 1. Synthesis oN-(alkoxycarbonylmethyl) nitrones (Scheme 2).
R! 27 V% R! R? aldehyde  hydroxylamine nitrongield (%)
+ Z (O N H 'Pr 9a 5 la 60
EO,C7NTRE ¢ N N" R H Ph 9b 5 b 60
0o o R1)\CO Et H 2-furyl 9c 5 1c 80
1 2 3 H BnOCH  od 5 1d 90
HO H BocHNCH  9e 5 le P
Me 'Pr 9a 8a 1f 85
. n J Me Ph 9b 8a 1g 78
Z=Me, NY 07 N R2 Me 2-furyl 9c 8a 1h 89
s~ P Me BnOCh od 8a 1i 70
0" Et0,C” "R’ Me BocHNCH  9e 8a 1] -ees
4 Bn 'Pr 9a 8b 1k 87
R'=H, Me, Bn Bn Ph 9% 8b 1 99
R2 =Py, Ph, 2-furyl, BhnOCH,, BocHNCH, Bn 2-furyl 9c 8b im 90
Bn BnOCH 9d 8b 1n 83
Scheme 2. Synthesis of 3-hydroxypyrrolidin-2-ones Bn BocHNCH %e 8b 10 ...b
2. Results and discussion 3solated yield® unstable; prepared situ (see below)

The cycloaddition reactions were carried out in toluene as a
solvent in a sealed tube (Scheme 4). The results are collected in

N-(Alkoxycarbonylmethyl) nitrones 1 were prepared Table 2. All the cycloadditions carried out_ utilizirl‘rgacryloyl-_
following our previously reported procedure for achiral nitréhes (2R)-bornane-10,2-sultan2a as dipolarophile took place with
consisting of condensation of the corresponding hydroxylamineg®mplete regio- (3,5), diasteredrans) and enantioselectivities
and aldehydes (Scheme 3). The ethyl hydroxyglyciBatevas (3R,5R) and_only one adduct was found in the c_rude isolated
prepared from ethyl glyoxylaté by formation of the oxime and 'eaction mixtures. The Seft-butoxycarbonylaminomethyl)
further reduction with borane in pyridine. Condensation ofddduct3e was obtained by mixing aldehy@e, hydroxylamines
benzaldehyde with the correspondim@minoesters afforded ~ @nd2a under the same reaction conditions.
intermediate imines which were oxidizeéh situ with

2.1.Experimental study

methyltrioxorheniur®® to afford the C-phenyl nitrones 7. 0
Liberation of the free hydroxylamines frofcould be made by Nk/
acidic hydrolysis or transoximation with hydroxylamine S 0
hydrochloride. Finally, nitrone$ were obtained by condensation + 0" 2a NM
of hydroxylamines and8 with the corresponding aldehyde EtOzC/\NARZ g o 1R
the presence of magnesium sulfate as a drying agent (Scheme 2, o_ i oo \NL
Table 1). All the nitrones were obtained in good yields with the 1o CO.Et
exception of those derived fromN-Boc-glycinal 9e, which 3a-e
showed to be unstable. Since nitrodieslj andl1o could not be R Me0,C X
isolated, the corresponding cycloadditions were made by forming N 2b MeO,C )
the nitronein situ (see below). Et0,C7 N7R? : Oy "R

. \—CO,Et

R1
1f-o 3f-o

Scheme 4. Cycloaddition between nitrones and alkenes. i) toluene, sealed
tube, 80 °C, 16 h. (For'Rind F see see Table 2).



Table 2. Cycloadditions between nitrongésand dipolarophile2 (Scheme 4). o HO,
R" R? nitrone alkene isoxazolidine  d.r? yield (%) )
H Pr la  2a 3a >9800 50 N VAl OAQ""/NHBW
H Ph 1b 2a 3b >98:2.0:0 61 28 O~ L
H  2fuyl  1c  2a 3¢ >98:2:00 80 0" oyt CO,E
H BnOCH 1d  2a ad  >98:2:0.0 80 3e 10a
H BocHNCH 1€° 2a 3e >08:2:0:0 75 HO
Me 'Pr 1f 2b 3f 72:10:9:9 55 MeO,C .
Me Ph 19 2b 3g 82:10:8:0 83 2 j/>< i %/—)
Me  2-furyl 1h 2b 3h 80:15:5:0 77 O\ g 0N (
Me  BnOCH i 2b 3i 70:20:10:0 68 \_co.Et k
Me BocHNCH  1j° 2b 3 80:10:10:0 45 R\; 2 R "CO.Et
Bn 'Pr 1k 2b 3k 78:8:8:6 64
Bn Ph 1 2b 3l 89:6:5:0 82 3f R=Me 10b R = Me
Bn 2-furyl 1m 2b 3m 85:9:6:0 81 3k R=Bn 10c R =Bn
Bn BnOCH 1n 2b 3n 85:9:6:0 54 Scheme 6. Synthesis of pyrrolidin-2-ones. i),H?d(OH)-C, 2000 psi, 48 h
Bn BocHNCH 1c° 2b 30 88:6:6:0 52
2 Determined by NMR on the crude mixtiisolated yield® preparedn The relative configuration of compoun@swas assigned by
situ. ¢ only one diastereomer was observed conventional 1D and 2D NMR techniques. The absolute

configurations were determined by preparing the corresponding
) . . ) Mosher esters of pyrrolidinek). In order to apply successfully
When nitronesif-o, bearing a chiral group at the nitrone {he Kakisawa's rulg we prepared Mosher estetd and 12
nitrogen were used as dipoles in the cycloaddition reaction Witheriyved from (R)- and (S)-Mosher acids, respectively (Scheme 6)
methyl acrylate2b, lower diastereomeric ratios were found with 504 the'H NMR spectra were recorded to calculate differences in

respect to the use of the chiral dipolaroplde The (RSR)-  the chemical shift between the values corresponding to a pair of
isomer was also the preferred one but minor isomers werggmers.

detected by NMR of the crude mixtures. After chromatographic

purification the major isomer was isolated and characterized. (R-MTPA,DCC . (S)}MTPA, DCC
.. . . T . a-c

Similarly to the obtention of isoxazolidir8e, the corresponding i DMAP, CH,Cl, DMAP, CH,Cl, i

adducts3j and 3o were obtained by mixing aldehy®e and2b

- . . R!
with _hydroxylgmmesSa and 8b, rgspectlvely, _under the same ome Qe Y coet o o H%;CO Et
reaction conditions. In general, nitrones bearing a benzyl group Ph O%RZ MeOs  OR/ N, 22
(1k-10) gave better diastereomeric rations than those bearing a  F.C'R O . Ha F30>3\\< ¥ R
methyl group Uf-1j). ° O H, T

. . ) 11a-c 12a-c
The reaction can also be carried out in a one-pot procedure as

in the case of nitrones derived frawBoc-glycinal9e. However,
when we check such a protocol for the synthesis of 11a H  BocNHCH, 262 172 12a H  BocNHCH, 2.67 1.94

R’ R? SHsa  SHap R’ R? SHya  SHap

isoxazolidines 3f,g and 3k,| (Scheme 5) considerably lower 11b Me :Pf 244 167  12b Me :Pf 249 167
yields (25-40%) were observed; the diastereoselectivity was not''® B 204 168 12 Bn  Pr 211180
affected so, it can be considered intrinsic of the cycloaddition AS = 8g - g
reactions. Consequently, the multicomponent reaction in this case R' R Hia  Hep
cannot be considered as an advantageous approach. 1Ma/12a H  BocNHCH, 0.05 0.22
11b/12b Me 'Pr 005 0.19
! Me0,C X MeO,C i 11c/12c Bn  'Pr 007 0.18
A 2b
: O- Scheme 7. Mosher esters of compounti3.
2
Et0,¢" "NH ~ ROCHO : NLco Bt
2 . . ,
OH (25-40%) R According to Kakisawa’s rufé the methylene group @gland
8a,b 9a,b 3f,g.k,| Hap) is selectively shielded by the phenyl group when the two
Scheme 5. Multicomponent synthesis of isoxazolidines. i) toluene, sealed ~ 9roups are located on the same side of the pla_n_e contaiging H
tube, 60 °C, 16 h. (For'Rind R see see Tables 1 and 2) and the carbonyl group (compountil). By definingAd as

indicated in Scheme &4 anddr refers to chemical shifts of
The synthetic utility of the isoxazolidines was demonstratedS)- and (R)-MTPA esters, respectively) positive values
through the efficient conversion to the corresponding 3indicate a & configuration, whereas negative values indicate
hydroxypyrrolidin-2-ones 10 ~ (Scheme  6).  Catalytic a 3S configuration. According to the values illustrated in
hydrogenation of isoxazolidinesf and 3k afforded in a scheme 6 it was confirmed & 8onfiguration for compounds

quantitative yield pyrrolidin-2-one40a and 10b, respectively. 10a.c. This confirmation served to ascertain the absolute

in our previous communicatidfi. compoundss as (R,5R).

2.2. Theoretical study

In order to rationalize the stereochemical course of the studied
reactions we carried out theoretical studies of all the possible
paths of reaction. All calculations were performed with the
GAUSSIAN 09 packag¥’ The hybrid density functional theory
B3LYP'® with the 6-31G(d) basis <etwas employed for
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geometry optimizations. This method has been successfully uségnsition state leads to theR3S)-adduct, whereas the obtained
in theoretical investigations of reactions involving dipolaradduct is that with (85R) configuration in the model (actually,
cycloadditions of nitrone¥’ (3R5R) in the real adduéf In addition, energy differences
between TSs lower than 1.0 kcal/mol do not justify the excellent

diastereoselectivity observed in the reaction. Because of these

wgfetl?:gﬁrlise évgﬁtaozl?agrolet\i/rilif:;lztfuffuiggljsﬁwmntt)c)ctikgjé!?_t\l(olg%asons (failure in prediction) we decided to move to Thrular's
P 9 functional M06-2X for performing more accurate calculations. It

and MO6'2)€0. fu_nctipnals With. triple Z basis set 6-311+G(d). s been reported that B3LYP functionals, adequate for
Geometry optimizations and vibrational analyses were performeggtermining geometries, are not so precise in energy calculations

without any constraln_t and all transition structures_ We“.e?nd Thrular’s functionals should provide more accurate energy
characterized by analysis of the normal mode corresponding to 16

unique imaginary frequency. All the located transition states Were§jllues more in agreement with the experimental findfigs.
confirmed to connect to reactants and products by intrinsic We located (B3LYP/6-31G(d)) four transition states for the
reaction coordinate (IRC) calculatioffs. Regarding the cycloaddition between nitron&3 and 2a (Figure 1) and four
computational costs, the only changes made in the model is thmnsition states for the reaction between nitrddeand 2b
use of C-methyl nitrones and methyl esters. The rest of thgFigure 2). The energy values are given in Tables 3 and 4. All the
molecule has been preserved. Two model reactions have bekansition states are concerted asynchronous as expected for a
studied (Scheme 8) corresponding to the cycloaddition witllypical normal-demand 1,3-dipolar cycloaddition. The C-O
Oppolzer's sultam acrylamide and nitrones bearing chiral group®rming bonds are in the range of 2.28-2.89and the C-C
at the nitrogen atom. In both cases the four possible transitidiorming bonds in the range of 2.04-2A1The geometry of the
states corresponding to the obtention of 3,5-adducts thendfh  transition structures is rather similar independently of the
andexoattacks by th®eandSi faces have been considered. position of the chiral auxiliary, with shorter C-O forming bonds
for exo approaches. On the opposite, the shorter C-C forming
bonds correspond to te@doapproaches.

To evaluate inclusion of diffuse functions and different

Me
TS1—> *XCOZC/Q{I\/COZMe
Si face (3R,5R)-15a
o] Me
channel | Re face N
NJW 8
- N CO-,M
S/ \ TS2— %, 0,C" Yo7~ O2Ve
O2 24 (35,55)-15b
4 | Me . :4.uu
MeAITIACOZMe F( : "
TS3—= .
0. ‘ X, 0,C" O,N\/COzMe
13 Si face )
(3R,5S)-15¢
channel Me 7
Re face F TS1 TS2
TS4— *X,0,C O/N\/COZMe (2.80) (2.75)
(3S,5R)-15d
Me
o TS5—— MeOZC/Q{IVCOZMe
tace (3R,5R)-16a Me
channel \\Me
o~ Re face A—\
Z ~CO,Me .
" 2 TS6—> MeO,C" o,N\;/COzMe
] (38,55)-16b Me
+ e
MeAN CO,Me A—(
TS7T—
O_ oSN CO,Me
Si face MeO2C™ "0 \,/
14 Me
(3R,5S)-16¢
Me
channel Re face TS3 Ts4
TS8—= MeOZC/QN\/COZMe (1.80) (0.00)
(3S,5R)-16d Me Figure 1. Transition structures (B3LYP/6-31G(d)) corresponding to the
Scheme 8. Model reactions studied at DFT level reaction betweef3 and2a. TS1, TS2, TS3 andT 4 correspond t&i exqRe

exqg Si endoandRe endoapproaches leading toR®R)-, (3559)-, (3R 59-

| . icati limi lculati tand (B 5R)-isomers. Relative energy values between TSs are calculated at
N our previous communication, preliminary calculalions aty,qq »y 6 311+G(d,p)/B3LYP/6-31G(d) level on theory and given in

B3LYP/6-311G+(d,p)//B3LYP/6-31G(d) level predicted in the keall/mol. Bond distances are givendn
case of cycloaddition witl2a, a preferredSi-endoattack with '
very small energy differences (within the experimental error)
with respect to the other transition states. However, such a
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Table 4. Calculated (MO06-2X/6-311+G(d,p)//B3LYP/6-31G(d) and
B3LYP/6-311+G(d,p)//B3LYP/6-31G(d)) freeAG, hartrees) and relative
energies AAG, kcal-mof) of the transition structures corresponding to the
reaction of nitrond4 with 2b (see Scheme 8).

B3LYP/6-311G(d,p) M06-2X/6-311G(d,p)
/IB3LYP/6-31G(d) /IB3LYP/6-31G(d)
AG AAG" AG AAGP
2b -306.475408
14 -515.627400
TS5 TS6 TS5 -822.065070 23.68 -821.713674 15.48
(3.49) (2.42) TS6 -822.067509 22.15 -821.715380 14.40
TS7 -822.067220 22.33 -821.716713 13.57
2 i TS8 -822.069269 21.05 -821.719235 11.99
?"?:332 ‘ 16a -822.108544 -3.60 -821.772882 -21.68
2-“"3: \ A d 16b -822.111340 -5.35 -821.775567 -23.36
e ) ,£N 16c -822.109955 -4.48 -821.775804 -23.51
g ’ ‘I_ ‘ 16d -822.111883 -5.69 -821.777319 -24.46
1 ] y
9 e + 2.060 % TS5 corresponds toSi exo approach leading to K35R)-16a; TS6
( \ ‘ . . corresponds t&ke exoapproach leading to §59)-16b; TS7 corresponds to
] ) Si endo approach leading to E5S)-16c; TS8 corresponds tdRe endo
d approach leading to §5R)-16d. "Referred to starting material@b+14 =
-822.102808 and -821.738335 hartree for B3LYP and M06-2X single point
TS7 TS8 calculations, respectively).
(1.58) (0.00) The energy values were calculated through single point

calculations using B3LYP and M06-2X functionals and triple Z

Figure 2. Transition structures (B3LYP/6-31G(d)) corresponding to thepzsis sets including diffuse functions. As mentioned above, while
reaction betweeri4 and2b. TS5, TS6, TS7 and T S8 correspond t&i exq the use of B3LYP functional does not predict correctly the
Re exp Si endoand Re endoapproaches leading o RSR)- (3859~ stereochemical course of the reaction, the use of MO06-2X
(BR59- and (B5R)-isomers. Relative energy values between TSs aréfynctional indicated the lower transition states those
calculated at M06-2X/6-311+G(d,p)//BSLYP/6-31G(d) level on theory a”dcorresponding to Reendoattack in both cased 84 andTS8)
given in kcal/mol. Bond distances are giverhin leading to the correspondingg8R)-isomers15d and16d. The
Table 3. Calculated (M06-2X/6-311+G(d,p)/B3LYP/6-31G(d) ~and parrier for the cycloaddition betweé€a and13 is 14.75 kcal/mol
B3LYP/6-311+G(d,p)//B3LYP/6-31G(d)) freeAG, hartrees) and relative gnqd the barrier for the cycloaddition betwe¥nand14 is 11.99
energies 4AG, kcal-maf) of the stationery points corresponding to the kcal/mol. These results are in good agreement with the

reaction of nitrone3 with 2a (see Scheme 8). experimental observations. Moreover, the energy differences
B3LYP/6-311G(d,p) M06-2X/6-311G(d,p) between transition states are sufficient to justify a good
/1B3LYP/6-31G(d) /IB3LYPI6-31G(d) selectivity, even though it is not possible to evaluate in a
AG AAG AG AAG® quantitative way the observed diastereoselectivity.
2a -1106.712249 -1106.397708 3. Conclusions
13 -476.328878 -476.120257
Ts1 1583.002915 23.98 -1582.489996 17.55 Diastereoselective 1,3-Qipolar cyc!oadditions of achixal
(alkoxycarbonylmethyl) nitrones with Oppolzer's sultam
TS2 -1583.001658 24.74 o Pe490071 17.50 acrylamide has been compared with the corresponding
T3 -1583.003196 23.80 -1582.491584 16.55 cycloadditions  between N-(alkoxycarbonylmethyl) nitrones
T4 -1583.002396 24.30 -1582.494459 14.75 bearing a chiral group at the nitrone nitrogen and methyl acrylate.
15a -1583.049313 514 -1582.558545 2546  Inall cases the regio- and diastereoselectvity is complete towards
3,54trans-disubstituted isoxazolidines. Also, the asymmetric
15b  -1583.047860 -4.23 -1582.550269  -20.27  nduction is the same leading to R8R)-isomers; however
15¢ -1583.048858 -4.85 -1582.555084 -23.29 whereas inclusion of chirality at the nitrogen atom in the nitrone
15d -1583.050002 557 1582.556095 2393  Moiety affords mixtures of isomers, the use of the Oppolzer's
sultam acrylamide as dipolarophile furnishes only one isomer. In
2TS1 corresponds t8i exoapproach leading to RE5R)-15a; TS2 conclusion, and according to previously reported dipolar
corresponds t&e excapproach leading to §5S)-15b; TS3 corresponds to cycloadditions with such a dipolaropHiléhe Oppolzer’s sultam
2;)5:‘0";3?"’(;235]“9'f(‘;"g,gg)f‘l’gf%‘ggr?rgj‘t‘ocgt’;ft?ﬁ;’:T?:té?g&dlos: is confirmed to be an excellent chiral auxiliary. For this sort of
-1583.041127 and -1582.517965 hartree for B3LYP and M06-2X single point:3-diPolar cycloadditions it is more advisable to include the
calculations, respectively). chiral group at the dipolarophile rather than at the nitrone

nitrogen atom. Whereras DFT calculations at B3LYP/6-
311G+(d,p)//B3LYP/6-31G(d) level of theory are not capable of
predicting correctly the stereochemical course of the reaction, the
use of Thrular's functional ((M06-2X/6-311G+(d,p)//B3LYP/6-
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31G(d)) provides energy values that are in good qualitativ€.1 Hz), 4.75 (q, 1H, J = 7.0 Hz), 7.41-7.44 (m, 3H), 7.87-7.89
agreement with the observed asymmetric induction. (m, 1H), 8.23-8.27 (m, 2H).

4. Experimental Section 4.2.2.(S,Z)-N-(1-ethoxy-1-oxo0-3-phenylpropan-2-yl)-1-
phenylmethanimine oxidé
The reaction flasks and other glass equipment were heated in (4.14 g, 93%); white foam™H NMR (CDCk, 400 MHz) 5
an oven at 130 °C overnight and assembled in a stream of Ar. Afl30 (t, 3H, J = 7.1 Hz), 3.41 (dd, 1H, J = 14.2, 4.6 Hz), 3.72 (dd,
reactions were monitored by TLC on silica gel 60 F254; theH j=14.2, 10.1 Hz), 4.31 (q, 2H, J = 7.1 Hz), 4.70 (dd, 1H, J =

position of the spots were detected with 254 nm UV light or byjg 1, 4.6 Hz), 7.14 (s, 1H), 7.22-7.29 (m, 5H), 7.41-7.43 (m, 3H),
spraying with either 5% ethanolic phosphomolybdic acid org 16-8.19 (m, 2H)

Mostain solution. Column chromatography was carried out in a )

Buchi 800 MPLC system or a Combiflash apparatus, using silic4-3- Géneral Procedure for the Synthesis of Hydroxylaménes
gel 60 microns and with solvents distilled prior to use. Melting
points were uncorrectetH and**C NMR spectra were recorded
on Bruker Avance 400 or 500 instruments in the stated solve
Chemical shifts are reported in ppié) felative to CHH (6 =
7.26) in CDC}. Optical rotations were taken on a JASCO DIP-
370 polarimeter. Elemental analysis were performed on a Perk|
Elmer 240B microanalyzer or with a Perkin-Elmer 2400
instrument.

To a cooled (0 °C) solution of hydroxylamine hydrochloride
3.16 g, 45.5 mmol) in MeOH (50 ml), NaOH (1.82 g, 45.4

mol) and acetic acid (2.73 g, 2.7 mL, 45.4 mmol) were added
sequentially. The resulting solution was stirred for 15 min at
which time the corresponding nitrone (16 mmol) was added. The

action mixture was heated under reflux for 16 h. After
concentration under reduced pressure a 6N solution of KOH
saturated with NaCl was added until pH = 7. The resulting
4.1. Ethyl hydroxyglycinat® mixture was extracted with EtOAc (3 x 60 ml). The combined
organic extracts were dried (Mg9Q filtered and evaporated

A solution of ethyl glyoxylatet (8.5 mL of a 50% solution in ynder reduced pressure. The crude product was used in the next
toluene, 43.2 mmol) in toluene (75 mL) was treated withstep without further purification

hydroxylamine hydrochloride (3 g, 43.1 mmol) and sodium )

bicarbonate (7 g, 86.4 mmol) and the resulting mixture waé-3-1.Ethyl N-hydroxy-L-alaninatéa

stirred at room temperature for 12 h. The reaction mixture was (1.11 g, 52%)H NMR (CDCk, 400 MHz)3 1.26-1.31 (m,
filtered and the filtrate evaporated under reduced pressure. TIg&l), 3.72 (g, 1H), 4.23 (q, 2H), 5.48 (bs, 1H).

crude product was taken up in dichloromethane and washed wi ’ L .

brine. The organic layer was separated, dried (MyS&d H?3.12.§7thyl goquﬁﬁMLRphgg)gala:(l)réag)H 4112 (t 3H J =
evaporated under reduced pressure to give the crude oxime (3. %( 009, 0). _( b, z) A2 (t, U
g, 70%;:*H NMR (CDCl, 400 MHz)5 1.34 (t, 3H), 4.33 (q, 2H), - Hz), 2.79 (dd, 1H, J = 13.8, 8.2 Hz), 2.88 (dd, 1H,_J = 13.8,
7.56 (s, 1H), 9.10 (bs, 1H)) which was dissolved in ethanol (6§'2 Hz), 3.77 (dd, 1H, J = 8.2, 6.2 Hz), 4.08 (q, 2H, J = 7.1 Hz),
mL), cooled to 0 °C and treated sequentially with borane i :08-7.22 (m, 5H).

pyridine (18.7 mL, 149.6 mmol) and 7N HCI in EtOH. After 4.4.General Procedure for the Synthesis of Nitrohes

stirring for 2 h at 0 °C the solvent is evaporated under reduced

pressure and the residue is taken up in dichloromethane. Solid A solution of the corresponding aldehyde (5 mmol) and
sodium carbonate is added and stirred for 15 min. The mixture Rydroxylamine (5 mmol) in dichlorometane (25 mL) was treated
filtered and the filtrate evaporated to give the crudewith magnesium sulfate (1 g, 13.3 mmol). The resulting mixture
hydroxylamine (1.9 g, 55%H NMR (CDCI3, 400 MHz)5 1.30  Wwas stirred at ambient temperature for 4 h, filtrated and the
(t, 3H), 3.67 (s, 2H), 4.25 (q, 2H), 5.37 (br, 2H)), which is usediltrate evaporated to give the crude nitrone, which was purified

in the next step without further purification. by column chromatography.
4.2.General Procedure for the Synthesis of Nitrofies 4.4dl.£2)-N-(2-Ethoxy-2-oxoethy|)-2-methylpropan-l-imine
oxidela

A suspension of the corresponding ester hydrochloride (15 Ejyent: EtOAc. (0.520 g, 60 %); oitH NMR (CDCL, 400
mmol) in dichloromethane (25 mL) was treated withppHz) § 1.15 (d, 6H, J = 6.9 Hz) 1.30 (t, 3H, J = 7.2 HA13
triethylamine (15 mmol); the resulting mixture was stirred(ddd, 1H, J = 6.9, 7.3 Hz), 4.27 (g, 1H, J = 7.2 Hz), 4.50 (s,
vigorously for 2 h at ambient temperature under an argopn) 6.58 (d, 1H, J = 7.3 Hz)’C NMR (CDCh, 100 MHz)5 18.7
atmosphere. Benzaldehyde (15 mmol) was added and stiring wag 2 20.2, 26.7, 52.8, 66.5, 147.8, 165.9. Anal. Calcd for

maintained for additional 24 h at room temperature. The reactiog,H, .NO,: C, 55.47; H, 8.73; N, 8.09. Found: C, 55.47; H, 8.61;
mixture was filtered through a pad of Celite® and the filtrate wagy, g.22.

evaporated under reduced pressure to give crude imine, which o )

was taken up in MeOH (20 mL) and treated sequentially witi4-2-(2)-N-(2-Ethoxy-2-oxoethyl)-1-phenylmethanimine oxide

MgSQ, (1.80 g, 15 mmol), methyl trioxorhenium (0.08 g, 0.28 1b

mmol) and urea-hydrogen peroxide complex (4.25 g, 45 mmol). Eluent: hexane/EtOAc, 1:1. (0.622 g, 60 %); Ot NMR

The resulting mixture was stirred for 7 h at ambient temperaturédCDCl;, 400 MHz) 5 1.32 (t, 3H), 4.30 (g, 2H), 4.73 (s, 2H),

filtered and evaporated under reduced pressure to give the cru@é3-7.45 (m, 4H), 8.24-8.27 (m, 2H})iC NMR (CDCE, 100

nitrones, which were used in the next step without furtheMHz) & 26.9, 53.0, 67.9, 1285, 128.9, 130.1, 131.1, 137.4

purification. 166.2. Anal. Calcd for GH.aNOs: C, 63.76; H, 6.32; N, 6.76.

. Found: C, 63.88; H, 6.48; N, 6.53.
4.2.1.(S,Z)-N-(1-ethoxy-1-oxopropan-2-yl)-1-phenylmethanimine
oxide7a 4.4.3.(Z)-N-(2-Ethoxy-2-oxoethyl)-1-(furan-2-yl)methanimine
(3.15 g, 95%); white foantH NMR (CDCl, 400 MHz) d  ©xidelc

1.34 (t, 3H, J = 7.1 Hz), 1.78 (d, 3H, J = 7.0 Hz), 4.29 (q, 2H, J = Eluent: hexane/EtOAc, 1:1. (0.789 g, 80 %), Ot NMR

(CDCl,, 400 MHz)5 1.31 (t, 3H), 4.29 (q, 2H), 4.67 (s, 2H), 6.58
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(bs, 1H), 7.51(s, 1H), 7.60 (s, 1H), 7.84 (d, 1¥C NMR  CisH,NO,: C, 68.42; H, 8.04; N, 5.32. Found: C, 68.58; H, 8.21;
(CDCl,, 100 MHz)3, 14.1, 62.4, 66.4, 112.5, 116.5, 127.8, 144.3 N, 5.49.

1463, 1654, Apal, calcd Tor€ulOr ©, 54.82 1, 562 N, 4.4.10.(5,2)-N-(1-Ethoxy-1-oxo-3-phenylpropan-2-yi)-1-
T T TE e T e T e phenylmethanimine oxide

4.4.4.(2)-2-(Benzyloxy)-N-(2-ethoxy-2-oxoethyl)ethan-1-imine Eluent: hexane/EtOAc, 1:1. (1.47 g, 99 %); oil]f° -35 (c
oxideld 1.0 CHCE); *H NMR (CDClk, 400 MHz)5 1.30 (t, 3H, J = 7.1
Eluent: hexane/EtOAc, 1:1. (1.13 g, 90 %); df NMR  Hz), 3.41 (dd, 1H, J = 14.2, 4.6 Hz), 3.72 (dd, 1H, J = 14.2, 10.1
(CDCl;, 400 MHz)5 1.22 (t, 3H, J = 7.14 Hz), 4.18 (q, 2H, J = Hz), 4.31 (q, 2H, J = 7.1 Hz), 4.70 (dd, 1H, J = 10.1, 4.6 Hz),7.14
7.14 HZ), 4.42-4.44 (m, 4H), 4.49 (s, 2H), 6.90 (t, 1H), 7.22-7.2§s, 1H), 7.22-7.29 (m, 5H), 7.40-7.44 (m, 3H), 8.16-8.19 (m, 2H);
(m, 5H); *C NMR (CDCk, 100 MHz)$ 13.9, 62.3, 65.6, 65.8, °C NMR (CDCk, 100 MHz)§ 25.7, 34.6, 62.2, 78.0, 127.0,
73.6, 127.8, 127.9, 128.4, 137.1, 140.6, 165.0. Anal. Calcd fot28.5, 128.6, 128.9, 129.1, 130.3, 135.4, 136.3, 146.9, 166.8.
CisHi/NO,: C, 62.14; H, 6.82; N, 5.57. Found: C, 62.23; H, 6.73;Anal. Calcd for GgH,gNOs: C, 72.71; H, 6.44; N, 4.71. Found: C,

N, 5.42. 72.58; H, 6.63; N, 4.90.
4.4.5.(S,Z2)-N-(1-Ethoxy-1-oxopropan-2-yl)-2-methylpropan-1-  4.4.11.(S,Z)-N-(1-Ethoxy-1-oxo-3-phenylpropan-2-yl)-1-(furan-
imine oxidelf 2-yl)methanimine oxidém

Eluent: hexane/EtOAc, 1:1. (0.796 g, 85 %); aillof° -27 (c Eluent: hexane/EtOAc, 4:1. (1.29 g, 90 %); oil] f° -28 (c

0.5 CHCE); *H NMR (CDCl, 400 MHz)3 1.14 (dd, 6H, J = 9.9, 0.43 CHC); *H NMR (CDCk, 400 MHz)$ 1.27 (t, 3H), 3.37

6.9 Hz), 1.28 (t, 3H, J = 7.2 Hz), 1.67 (d, 3H, J = 7.0 Hz), 3.24dd, 1H, J = 14.2, 4.9 Hz), 3.64 (dd, 14.2, 9.9 Hz), 4.23-4.29 (m,
(qd, 1H, J = 13.9, 6.9 Hz), 4.24 (q, 2H, J = 7.2 Hz), 4.52 (q, 1H, 2H, ), 4.65 (dd, 1H, J = 9.9, 4.9 Hz), 6.54-6.55 (m, 1H,), 7.19-
= 7.0 Hz), 6.61 (d, 1H, J = 7.3 HZJC NMR (CDC}, 100 MHz)  7.26 (m, 5H), 7.34 (s, 1H), 7.44 (s, 1H), 7.82 (d, T¥; NMR

§ 13.9, 15.2, 18.5, 18.8, 25.9, 62.1, 71.6, 145.8.0.6 Anal.  (CDCl;, 100 MHz)& 13.9, 35.1, 62.3, 78.7, 112.3, 116.2, 126.9,

Calcd for GHy;NOs: C, 57.73; H, 9.15; N, 7.48. Found: C, 57.81; 127.2, 128.7, 128.9, 136.1, 144.0, 146.2, 166.7. Anal. Calcd for

H, 9.32; N, 7.19. CieH1/NO;: C, 66.89; H, 5.96; N, 4.88. Found: C, 67.04; H, 6.17;
4.4.6.(S,Z)-N-(1-Ethoxy-1-oxopropan-2-yl)-1- N, 4.66.
phenylmethanimine oxidiy 4.4.12.(S,Z)-2-(Benzyloxy)-N-(1-ethoxy-1-oxo-3-phenylpropan-

Eluent: hexane/EtOAc, 7:3. (0.863 g, 78 %); aillof° -23 (¢ ~ 2-Yl)ethan-1-imine oxidén

0.9 CHCL); *H NMR (CDCl, 400 MHz)3 1.30 (t, 3H), 1.78 (d, Eluent: hexane/EtOAc, 7:3. (1.42 g, 83 %); oil] £ -39 (c

3H, J = 7.0 Hz) 4.23-4.30 (m, 2H), 4.74 (q, 1H, J = 7.0 Hz), 7.431.0 CHC}); *H NMR (CDCl, 400 MHz)5 1.21 (t, 3H), 3.22 (dd,

7.44 (m, 3H),7.47 (s, 1H), 8.25-8.27 (m, 2HJC NMR (CDCL,  1H, J = 14.2, 4.8 Hz),3.48 (dd, 1H, J = 14.2, 10.6 Hz),4.14-4.24

100 MHz) 3 14.1, 15.6, 62.3, 73.3, 128.6, 128.9, 130.2, 130.7(m, 2H), 4.27-4.38 (m, 4H), 4.44 (ddd, 1H, J = 10.6, 4.8 Hz),

135.0, 168.0 Anal. Calcd for;@;sNOs: C, 65.14; H, 6.83; N, 6.59 (t, 1H), 7.13-7.28 (m, 10H¥C NMR (CDC, 100 MHz)5

6.33. Found: C, 64.90; H, 6.93: N, 6.17. 13.9, 34.7, 62.4, 65.5, 73.4, 77.7, 127.2, 1279, 128.4, 128.7,
128.9, 135.9, 137.1, 139.9, 166.3. Anal. Calcd fgHGNO,: C,

4.4.7.(S,Z)-N-(1-Ethoxy-1-oxopropan-2-yl)-1-(furan-2- ! l ) . ’

yl)met(hani)min(e oxidéhy propan-2-yl)-1-( 70.36: H, 6.79: N, 4.10. Found: C, 70.19; H, 6.54: N, 4.41.

Eluent: hexane/EtOAc, 7:3. (0.940 g, 89 %); aill,f>-36 (¢~ 4.5.General Procedure for the Cycloaddition Reactions

1.0 CHCE); *H NMR (CDClk, 400 MHz)5 1.28 (t, 3H, J = 7.2 ) . .
Hz), 1.77 (d, 3H, J = 7.0 Hz), 4.26 (q, 2H, ), 4.72(q, 1H, J = 7_?1 A solution of nitronel (1 mmol) and the corresponding alkene

. mmol) in toluene (15 mL) is place in a sealed tube and heated
EiA)R6(gI7383 11%’3’ ,\;:Zl) éslsl 3)12655 ((5231H7)1;8111(2d4ﬂjl1\;62 at 80 °C for 16 h at which time the solvent was evaporated and
125.7, 144.0, 144.1, 146.5, 167.8. Anal. Calcd foHGNO;: C, the crude product was purified by column chromatography.
56.87; H, 6.20; N, 6.63. Found: C, 56.65; H, 6.37; N, 6.85. 4.5.1.Ethyl 2-((3R,5R)-5-((6R,7aR)-8,8-dimethyl-2,2-
dioxidohexahydro-3H-3a,6-methanobenzo|c]isothiazole-1-
carbonyl)-3-isopropylisoxazolidin-2-yl)aceta@a
Eluent: hexane/EtOAc, 4:1. (0.221 g, 50%); oif}f> -25 (c

1.0 CHCL); 'H NMR (CDCl, 400 MHz)5 0.93 (s, 6H), 0.95 (s,

H), 1.12 (s, 3H), 1.30 (t, 3H), 1.42-1.48 (m, 1H), 1.70-1.78 (m,
H), 1.79-1.95 (m, 6H), 2.05-2.18 (m, 1H), 2.52 (t, 1H), 2.97 (q,
1H), 3.11 (d, 2H), 3.57 (d, 1H), 3.87-3.98 (m, 2H), 4.18-4.21 (m,
H), 5.03 (t, 1H;*C NMR (CDCk, 100 MHz)5 13.7, 19.4, 19.9,
0.1, 20.4, 26.3, 29.9, 31.4, 35.6, 37.9, 44.2, 49.9, 52.5, 60.3,

4.4.8.(S,2)-2-(Benzyloxy)-N-(1-ethoxy-1-oxopropan-2-yl)ethan-
1-imine oxideli

Eluent: hexane/EtOAc, 1:1. (0.929 g, 70 %); aiflof> -8 (c
0.65 CHC}); *H NMR (CDCl, 400 MHz)5 1.21 (t, 3H, J = 7.14
Hz), 1.58 (d, 3H, J = 7.06 Hz), 4.17 (g, 2H, J = 7.14 Hz), 4.4
(dd, 2H), 4.49-4.51 (m, 3H), 6.94 (t, 1H), 7.22-7.30 (m, 5FQ;
NMR (CDCk, 100 MHz)$ 13-9, 15.3, 62.3, 65.8, 71.4, 73.7,
127.9, 128.0, 128.5, 137.1, 137.9, 167.5. Anal. Calcd fo
CiHiNOy: C, 63.38; H, 7.22; N, 5.28. Found: C, 63.06; H, 746, ") "5 9" 711, 76,5, 168.9, 171.1.  Anal. Caled for

N, 5.07. CyH3N,0S: C, 56.99; H, 7.74; N, 6.33; S, 7.24. Found: C,
4.4.9.(S,Z)-N-(1-Ethoxy-1-oxo-3-phenylpropan-2-yl)-2- 56.84; H, 7.68; N, 6.51; S, 7.45.

methylpropan-1-imine oxidik
Elyp t,ph JEOAG. 2:1. (LL5 g, 87 %) ol f* -66 4.5.2.Ethyl 2-(3R,5R)-5-((6R, 7aR)-8,8-dimethyl-2,2-
uent. hexane ¢, 21. (115 g, 0); oil] (C  gioxidohexahydro-3H-3a,6-methanobenzolc]isothiazole-1-
&5 <31H0031z);OI HsﬂMJR_ (605(5'%, 4202 g/l"tizéz O-JSEE (7dv1 3;*’ 33:0%9 carbony))-3-phenylisoxazolidin-2-yl)acetag
1:|)’J _ 13(9 Bé Hz) '3 252)(’dd- 1H( ‘J _ ’14 5 4'2 sz)) 3'59((% . Eluent: helxane/EtOAc, 9:1. (0.291g, 61%); odl]f> -35 (c
1H, J= 14'2'16 8 HZ), 4'26 « ,2H ,J -71 HZ,) '440 ((lid -lH Jd(:).75 CHC}); "H NMR (CDCl, 400 MHz)6 0.97 (s, 3H), 1.15 (s,
' 4 10:0 12), .20 4G, 21, = Hz), 4 1o Y 3H), 1.22 (t, 3H, J = 7.1 Hz), 1.36-1.44 (m, 2H), 1.89-1.93 (m,

108, 4.2 Hz), 6.20 (d, 1H, J = 7.3 Ha), 7.21°7.30 (M, SK; | 5" 596 (4q. 11, J = 13.8, 7.0 Hz), 2.18.2.24 (m, 1H), 2.80-
NMR (CDCl, 100 MH2)3 13.9, 185, 18.7, 257, 346, 62.2, 0 o 0 e @ = 8 [ A S (o o 2 e
78.0, 127.0, 128.6, 129.1, 136.3, 146.9, 166.8. Anal. Caled ff>* (™ 2H). 345 (a, 2H, J = 13.8 Hz), 3.56 (d, 1A, J = 16.
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Hz), 3.78 (d, 1H, J = 16.5 Hz), 3.92 (dd, 1H, J = 7.9, 5.0 Hz)C;3H,sNOs: C, 57.13; H, 8.48; N, 5.12;. Found: C, 57.28; H,
4.08-4.18 (m, 3H), 5.31 (t, 1H), 7.28-7.43 (m, 58 NMR  8.36; N, 5.27.
PR T T e . "“Phenylisoxazolidine-5-carboxyla8g

128.7, 136.9, 169.1, 170.8. Anal. Calcd forHG,N,OS: C, _
60.48 H. 6.77- N. 5.88: S, 6.73. Found: C, 60.52: H. 6.84: N, Eluent: hexane/EtOAc, 9:1. (0.209 g, 68%); aiflof® +11 (c

572 S 6.90. 1.0 CHCL); 'H NMR (CDClk, 400 MHz)3 1.09 (t, 3H), 1.34 (d,
T 3H, J = 6.7 Hz), 2.63 (ddd, 1H, J = 12.7, 8.9, 7.0 Hz), 2.74 (ddd,
4.5.3.Ethyl 2-((3R,5R)-5-((6R, 7aR)-8,8-dimethyl-2,2- 1H,J =127, 7.2, 5.6 Hz), 3.63 (q, 1H, J = 6.7 Hz), 3.71 (s, 3H),
dioxidohexahydro-3H-3a,6-methanobenzo|c]isothiazole-1- 3.82-3.91 (m, 2H), 4.25 (t, 1H, J = 7.1 Hz), 4.61 (dd, 1H, J = 8.9,
carbonyl)-3-(furan-2-yl)isoxazolidin-2-yl)acetase 5.6 Hz), 7.21-7.27 (m, 3H), 7.32-7.34 (m, 2H NMR (CDCE,

Eluent: hexane/EtOAc, 9:1. (0.373 g, 80%); oiflf° -31 (¢ 100 MHz)s 13.9, 14.4, 42.5, 52.4, 60.8, 63.1, 66.4, 75.2,8,27
1.0 CHCH); *H NMR (CDCk, 400 MHz)35 0.97 (s, 3H), 1.15 (s, 127.9, 128.6, 138.9, 171.7, 172.1. Anal. Calcd fgHGNO,: C,
3H), 1.25 (t, 3H, J = 7.1 Hz), 1.33-1.42 (m, 2H), 1.85-1.97 (m62.53; H, 6.89; N, 4.56. Found: C, 62.47; H, 6.79; N, 4.63.
20, 206218 (1) 21522 (1, 1 215253 1) 10,50 ey a5 -5ty Loomropan 22
3.91 (dd, 1H, J = 7.7, 5.0 Hz), 417 (q, 1H, J = 7.1 Hz), 4.32-4.3furan-2-yisoxazolidine-5-carboxylagh o
(m, 1H), 5.29 (dd, 1H, J = 8.7, 4.8 Hz), 6.31-6.34 (m, 2H), 7.38- Eluent: hlexane/EtOAC, 9:1. (0.184 g, 62%); Od]DF -2 (c
7.39 (m, 1H).;13C NMR (CDCE, 100 MHZ)S 14.2, 19.9’ 20.8, 0.5 CHC&); H NMR (CDC|3, 400 MHZ)6 1.24 (t, 3H), 1.44 (d,
26.5, 29.7, 32.9, 38.3, 44.7, 47.9, 48.9, 53.0, 60.9, 65.5, 76.§: J = 6.7 Hz), 2.74-2.80 (m, 2H), 2.89 (ddd, 1H, J = 13.5, 8.5,
108.8, 110.4, 142.8, 149.9, 168.7, 170.7. Anal. Calcd fof-8 H2), 3.57-3.60 (m, 1H), 3.78 (s, 3H), 4.11 (q, 2H), 4.50 (dd,
CoHaoN;0,S: C, 56.64; H, 6.48; N, 6.00; S, 6.87. Found: C,tH, J =74, 4.9 Hz), 4.74 (dd, 1H, J = 8.6, 6.8 Hz), 6.28 (d, 1H),
56.73: H, 6.52: N, 5.84: S, 6.99. 6.32-6.33 (m, 1H), 7.38-7.39 (m, 1H)'C NMR (CDCk, 100

MHz) § 14.1, 15.3, 38.7, 51.9, 52.4, 60.9, 74.8, 75.1,.3,08
4.5.4.Ethyl 2-((3R,5R)-3-((benzyloxy)methyl)-5-((6R,7aR)-8,8- 110.3, 142.5, 151.2, 171.8, 171.9.. Anal. Calcd foHGNO:
dimethyl-2,2-dioxidohexa_hydro-SI_—|-_3a,6-methanobenzo- C, 56.56; H, 6.44; N, 4.71. Found: C, 56.72; H, 6.39; N, 4.90.
[clisothiazole-1-carbonyl)isoxazolidin-2-yl)acetadd

Eluent: hexane/EtOAc, 7:3. (0.417 g, 80%): aillf® -52 (¢~ +--9-Methyl (3R ,5R)-3-((benzyloxy)methyl)-2-((S)-1-ethoxy-1-
1.0 CHCL); 'H NMR (CDCk, 400 MHz)3 0.96 (s, 3H), 1.13 (s, oxopropan-2-yl)isoxazolidine-5-carboxyleie .
3H), 1.26 (t, 3H, J = 7.1 Hz), 1.34-1.43 (m, 2H), 1.87-1.92 (m, Eluent: hlexane/EtOAc, 5:1. (0.169 g, 48%); Gﬂ]Df -23 (c
3H), 1.98-2.09 (m, 1H), 2.13-2.19 (m, 1H), 2.54-2.58 (m, 2H)L-0 CHCL); *H NMR (CDCk, 400 MHz)3 1.25 (t, 3H), 1.48 (d,
3.39-3.51 (m, 3H), 3.53-3.63 (m, ZH), 3.85-3.97 (m’ 3H), 4.20 (q,3H, J=6.7 HZ), 2.51 (ddd, 1H,J=12.4,75 HZ), 2.62 (ddd, 1H, J
2H,J =71 HZ), 4.52 (q; ZH), 5.10 (t, 1H), 7.26-7.36 (m, 5HO;: 12.4, 8.6 HZ), 3.39 (dd, 1H,J=9.0,7.2 HZ), 3.58-3.66 (m, 2H),
*C NMR (CDCl, 100 MHz)5 14.2, 19.8, 20.8, 26.4, 32.9, 36.4, 3-73-3.76(m, 4H), 4.12-4.24 (m, 2H), 4.49-4.56 (m, 3H), 7.28-
38.3, 44.6, 47.8, 48.9, 52.9, 59.9, 60.7, 64.7, 65.4, 70.8, 73.3;37 (M, 5H);”C NMR (CDCL, 100 MHz)$ 14.0, 16.4, 35.6,
76.2, 127.6, 127.7, 128.4, 137.8, 169.3, 171.0. Anal. Calcd for2-2, 60.6, 61.0, 63.7, 71.2, 73.3, 75.9, 127.6, 128.3, 128.7,
CoeHssN,0,S: C, 59.98; H, 6.97; N, 5.38; S, 6.16. Found: C,130'7' 137.7,171.5, 172.1. Anal. Calcd fegHGsNOs: C, 61.52;
60.12; H, 6.77; N, 5.48; S, 6.33. H, 7.17; N, 3.99. Found: C, 61.48; H, 6.95; N, 4.13.

4.5.5.Ethyl 2-((3R,5R)-3-(((tert-butoxycarbonyl)amino)methyl)- 4-5.10.Methyl (3R,5R)-3-(((tert-butoxycarbonyl)amino)methyl)-
5-((6R,7aR)-8,8-dimethyl-2,2-dioxidohexahydro-3H-3a,6-meth- 2-((S)-1-ethoxy-1-oxopropan-2-yl)isoxazolidine-5-carboxyBate
anobenzo[c]isothiazole-1-carbonyl)isoxazolidin-2-yl)acetzde Eluent: hexane/EtOAc, 95:5. (0.130 g, 36%); ailf® -21 (c
Eluent: hexane/EtOAc, 3:2. (0.444 g, 75%); aifff® -73 (¢ 1.0 CHCE); *H NMR (CDCk, 400 MH2)$ 1.27 (t, 3H, J = 7.1
1.0 CHCH); *H NMR (CDCk, 400 MHz)3 0.96 (s, 3H), 1.13 (s, H2z), 1.41 (s, 9H), 1.49 (d, 3H, J = 6.6 Hz), 2.34 (ddd, 1H, J =
3H),1.27 (t, 3H, J = 6.9 Hz), 1.33-1.40 (m, 2H), 1.42 (s, 9H)13.1, 8.9 Hz), 2.58 (ddd, 1H, J = 13.1, 7.8 Hz), 2.97-3.03 (m, 1H)
1.87-1.92 (m, 3H), 2.02-2.12 (m, 2H), 2.43-2.49 (m, 1H), 2.653-18-3.24 (m, 1H), 3.43-3.49 (m, 1H), 3.60 (q, 1H, J = 6.6 Hz),
(dt, 1H, J = 7.1, 13.7 Hz), 3.08-3.15 (m, 1H), 3.19-3.25 (m, 1H)3:74 (S, 3H) 4.18 (q, 2H, J = 7.1 Hz), 4.52 (t, 1H, J = 8.5 Hz) 5.23
3.41 (d, 1H, J = 13.8 Hz), 3.44-3.47 (m, 1H), 3.50 (d, 1H, J 4bs, 1H).;°C NMR (CDCk, 100 MHz)$ 14.1, 16.6, 28.4, 29.7,
13.8 Hz) 3.56 (d, 1H, J = 16.5 Hz), 3.88 (dd, 1H), 3.96 (d, 1H, 35-0, 43.0, 52.4, 61.1, 63.9, 64.3, 77.3, 81.5, 158.2, 172.1, 172.5.
= 16.5 Hz), 4.20 (q, 2H, J = 6.9 Hz), 5.05 (dd, 1H, J = 7.1, g.@\nal. Calcd for GgHpgN,O;: C, 53.32; H, 7.83; N, 7.77. Found:
Hz), 5.20 (bs, 1H)}*C NMR (CDCk, 100 MHz)$ 14.1, 19.9, C,53.48;H, 7.91; N, 7.85.
20.9, 26.4, 28.4, 32.9, 38.2, 40.1, 42.2, 44.7, 47.8, 48.9, 52.9,5 11 Methyl (3R,5R)-2-((S)-1-6thoxy-1-0x0-3-phenylpropan-2-
59.5, 60.9, 71.5, 77.5, 79.4, 855, 156.6, 168.9, 171.1. Analy)_3.isopropylisoxazolidine-5-carboxylagk
Calcd for GeHsgN;QgS: C, 54.43; H, 7.42) N, 7.93; S, 6.05. ° g ent: hexane/EtOAC, 4:1. (0.175 g, 50%); oilf® -15 (c
Found: C, 54.49; H, 7.52; N, 7.96; S, 6.19. 0.75 CHCY): 'H NMR (CDCl, 400 MHz)3 0.92 (d, 3H, J = 6.7
4.5.6.Methyl (3R,5R)-2-((S)-1-ethoxy-1-oxopropan-2-yl)-3- Hz), 0.98 (d, 3H, J = 6.7 Hz) 1.06 (t, 3H, J = 7.1Hz), 1.68 (dt,
isopropylisoxazolidine-5-carboxylagé 1H, J = 13.6, 6.8 Hz), 2.49-2.56 (m, 2H), 2.98-3.02 (m, 1H), 3.08
Eluent: hexane/EtOAc, 9:1. (0.109 g, 40%); aifff® -21 (¢ (dd, 1H,J =13.1, 10.6 Hz), 3.58 (dd, 1H, J = 13.1, 4.3 Hz), 3.80
0.5 CHC}); 'H NMR (CDCk, 400 MHZ)$ 0.92 (d, 3H, J = 6.8 (s, 3H), 3.85(q, 1H, J = 10.6, 4.3 Hz), 3.98 (q, 1H, J = 7.1 Hz),
Hz), 0.98 (d, 3H, J = 6.7 Hz) 1.27 (t, 3H, J = 7.1 Hz), 1.48 (d, 3H4-56 (t, 1H, J = 8.4 Hz), 7.16-7.26 (m, SHJC NMR (CDCl,
J = 6.6 Hz), 1.70 (qd, 1H, J = 13.7, 6.8 Hz), 2.47 (ddd, 2H, J 100 MHz)$ 13.7, 18.9, 19.8, 30.5, 34.0, 36.9, 52.2, 60.54,70.
8.5, 4.7 Hz), 3.05 (ddd, 1H, J = 7.2, 6.8 Hz), 3.61 (g, 1H, J = 6.61.9, 77.4,126.2, 128.1, 129.2, 137.2, 170.4, 172.9. Anal. Calcd
Hz), 3.65 (s, 3H), 4.17 (q, 2H, J = 7.1Hz), 4.48 (t, 1H, J = g.gor CgH,/NOs: C, 65.31; H, 7.79; N, 4.01. Found: C, 65.22; H,
Hz);; *C NMR (CDCL, 100 MHz)5 14.1, 16.0, 18.7, 20.1, 30.8, 7-68; N, 4.26.
33.9, 52.2, 60.8, 64.5, 70.1, 77.2, 172.3, 172.9. Anal. Calcd for
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4.5.12 Methyl (3R,5R)-2-((S)-1-ethoxy-1-oxo-3-phenylpropan-2-4.6.1.ethyl 2-((3R,5R)-5-(((tert-butoxycarbonyl)amino)methyl)-
yl)-3-phenylisoxazolidine-5-carboxylade 3-hydroxy-2-oxopyrrolidin-1-yl)acetatia

Eluent: hexane/EtOAc, 9:1. (0.280 g, 73%); ailf> +36 (c Eluent: EtOAc. (0.220 g, 93%); oilp]2* +59 (c 0.9 CHG);
0.9 CHCE); 'H NMR (CDCk, 400 MHz)5 0.96 (t, 3H), 2.73 'H NMR (CDCk, 400 MHz)$ 1.27 (t, 3H, J = 7.0 Hz), 1.42 (s,
(ddd, 1H, J = 13.0, 8.7, 6.5 Hz), 2.85 (ddd, 1H, J = 13.0, 7.2, 59H),1.77 (dt, 1H, J = 7.2, 13.4 Hz), 2.52 (ddd, 1H, J = 7.2, 8.5,
Hz), 3.05 (dd, 1H, J = 13.3, 10.5 Hz), 3.37 (dd, 1H, J = 13.3, 4.33.4 Hz), 3.30-3.41 (m, 2H), 3.77-3.83 (m, 1H), 3.98 (m, 1H),
Hz), 3.74-3.78 (m, 2H), 3.82 (s, 3H), 3.92 (dd, 1H, J = 10.5, 4.3.16-4.22 (m, 2H), 4.37 (q, 2H, J = 7.0 Hz), 5.27 (bs, 2H, ex.
Hz), 4.40 (t, 1H), 4.70 (dd, 1H, J = 8.7, 5.9 Hz), 7.13-7.41 (mP,0); **C NMR (CDCL, 100 MHz)5 13.9, 28.4, 30.8, 41.1, 42.6,
10H); **C NMR (CDC}, 100 MHz)5 13.8, 36.2, 42.6, 52.4, 60.6, 55.2, 61.7, 68.9, 79.8, 156.2, 168.8, 175.9 Anal. Calcd for
66.6, 70.9, 75.9, 126.5, 127.5, 127.8, 128.3, 128.5, 129.3, 137.2;,H.,.N,0s: C, 53.15; H, 7.65; N, 8.86. Found: C, 53.09; H,
138.9, 170.2, 172.1. Anal. Calcd for,B,sNOs: C, 68.91; H, 7.51; N, 8.96.

6.57; N, 3.65. Found: C, 69.02; H, 6.47; N, 3.56. 4.6.2.Ethyl (S)-2-((3R,5R)-3-hydroxy-5-isopropyl-2-
4.5.13.Methyl (3R,5R)-2-((S)-1-ethoxy-1-oxo-3-phenylpropan-2- oxopyrrolidin-1-yl)-3-phenylpropanoattb
yl)-3-(furan-2-yl)isoxazolidine-5-carboxylagen Eluent: hexane/EtOAc, 4:1. (0.228 g, 95%); aifff> +10 (c

Eluent: hexane/EtOAc, 9:1. (0.258 g, 69%); oillof> +2 (¢ 1.0 CHCL); *H NMR (CDCk, 400 MHz)& 0.89 (d, 3H, J = 6.8
1.0 CHCL,); *H NMR (CDCk, 400 MHz)5 1.01 (t, 3H, J = 7.1 Hz), 0.96 (d, 3H, J = 6.7 Hz), 1.27 (t, 3H, J = 7.2 Hz), 1.33 (d,
Hz), 2.80 (ddd, 1H, J =13.1, 7.5, 7.0 Hz), 2.91 (ddd, 1H, J = 13.BH, J=7.0 Hz), 1.75-1.89 (m, 3H), 2.51 (ddd, 1H, J = 7.4, 6.1
8.7, 4.6 Hz), 3.05 (dd, 1H, J = 13.1, 10.8 Hz), 3.34 (dd, 1H, J #z), 3.45 (q, 1H, J = 7.0 Hz), 4.18 (g, 1H, J = 7.2 Hz), 4.53 (dd,
13.1, 4.2 Hz), 3.73-3.76 (m, 1H), 3.81 (s, 3H), 3.93 (q, 1H, J 4H, J = 7.4, 3.5 Hz)"*C NMR (CDCL, 100 MHz)5 14.1, 17.0,
7.1 Hz), 4.58 (dd, 1H, J = 7.5, 4.6 Hz), 4.77 (dd, 1H, J = 8.7, 7.09.5, 19.9, 29.0, 30.9, 54.2, 60.9, 61.0, 70.2, 174.8, 175.2. Anal.
Hz), 6.29 (d, 1H, J = 3.2 Hz), 6.34 (dd, 1H, J = 1.9 Hz, J = 3.Zalcd for GgH,sNO,: C, 67.69; H, 7.89; N, 4.39. Found: C,
Hz), 7.13-7.24 (m, 5H), 7.41-7.42 (m, 1HJC NMR (CDC}, 67.49; H, 7.74; N, 4.50.
1105, 1265, 1282, 1291, 1360, 1428, 1515, 1705, 17283 EM (5)2-(BR5R) S hycroxy-5-isopropyl-2-

- e T e o T oxopyrrolidin-1-yl)propanoatd Oc
Anal. Calcd for GgH»3NOg: C, 64.33; H, 6.21; N, 3.75. Found: C, I

Eluent: hexane/EtOAc, 4:1. (0.173 g, 95%); oil]f° -2 (c

64.29; H, 6.18; N, 3.90. §
0.5 CHC}); 'H NMR (CDC}, 400 MHz)$ 0.85 (d, 3H, J = 6.8

4.5.14 Methyl (3R,5R)-3-((benzyloxy)methyl)-2-((S)-1-ethoxy-1- Hz), 0.88 (d, 3H, J = 6.7 Hz), 1.11 (t, 3H, J = 7.1 Hz), 1.69-1.83
oxo-3-phenylpropan-2-yl)isoxazolidine-5-carboxylate (m, 3H), 2.48 (ddd, 1H, J = 7.4, 6.1, 3.0 Hz), 2.89 (dd, 1H, J =

Eluent: hexane/EtOAc, 7:3. (0.197 g, 46%); oillof> +9 (¢ 13.4, 7.7 Hz), 3.02 (dd, 1H, J = 13.4, 6.0 Hz), 3.61 (dd, 1H, J =
1.0 CHCH); "H NMR (CDCk, 400 MHz)§ 0.94 (t, 3H), 2.49 7.7, 6.0 Hz), 4.04 (q, 2H, J = 7.1 Hz), 4.43 (dd, 1H, J = 8.0, 3.4
(ddd, 1H, J = 12.8, 7.7 Hz), 2.61 (ddd, 1H, J = 12.8, 8.7 Hz), 2.901z), 7.14-7.29 (m, 5H)*C NMR (CDCL, 100 MHz)35 13.9,
(dd, 1H, J = 13.2, 10.5 Hz), 3.31 (dd, 1H, J = 9.4, 7.8 Hz),3.447.0, 19.8, 29.5, 31.4, 40.6, 60.8, 61.1, 61.4, 69.7, 126.7, 128.3,
(dd, 1H, J = 13.2, 4.3 Hz), 3.51 (dd, 1H, J = 9.4, 5.5 Hz) 3.5929.2, 136.6, 174.5, 174.9. Anal. Calcd fashG;NO,: C, 59.24;
(ddd, 1H, J = 7.8, 5.5 Hz), 3.73 (s, 3H), 3.83-3.94 (m, 3H), 4.46, 8.70; N, 5.76. Found: C, 59.37; H, 8.58; N, 5.83
(d, 2H), 4.51 (t, 1H), 7.10, 7.29 (m, 10HJC NMR (CDCk, 100
MHz) § 13.9, 34.9, 36.8, 52.4, 60.8, 63.3, 70.8, 71.14,785.7,
126.5, 127.7, 128.2, 128.4, 129.4, 137.1, 137.9, 170.6, 172.

Anal. Caled for GH,oNOs: C, 67.43; H, 6.84; N, 3.28. Found: C,  To a solution of the pyrrolidin-2-one (0.5 mmol) in anhydrous

4.7.General Procedure for the Synthesis of Mosher Edters
8nd 12

67.36, H, 6.94; N, 3.11. dichloromethane (15 mL), the corresponding Mosher acid (1.24
4.5.15.Methyl (3R,5R)-3-(((tert-butoxycarbonyl)amino)methyl)- mmol), DCC (0.309 g, 1.5 mmol) and DMAP (12 mg, 0.1 mmol)
2-((S)-1-ethoxy-1-ox0-3-phenylpropan-2-yl)isoxazolidine-5- are sequentially added. The resulting mixture is stirred at ambient
carboxylate3o temperature for 12 h at which time the solvent is eliminated

Eluent: hexane/EtOAc, 9:1. (0.201 g, 46%); oa':l]DfS 7 (c under reduced pressure. The crude product is purified by column
0.25 CHCY): 'H NMR (CDCl, 400 MHz)3 1.05 (t, 3H, J = 7.1 chromatography to provide the pure Mosher ester.
Hz), 1.43 (s, 9H), 2.42 (ddd, 1H, J = 13.2, 9.0 Hz), 2.64 (ddd, 1H4.7.1.(3R,5R)-5-(((tert-butoxycarbonyl)amino)methyl)-1-(2-
J =13.2, 7.8 Hz), 2.96-3.02 (m, 1H), 3.07 (dd, 1H, J = 13.3 10.8thoxy-2-oxoethyl)-2-oxopyrrolidin-3-yl (R)-3,3,3-trifluoro-2-
Hz), 3.23-3.29 (m, 1H), 3.45-3.49 (m, 1H), 3.57 (dd, 1H, J =methoxy-2-phenylpropanoatda
13.3, 4.3 Hz), 3.81 (s, 3H), 3.83 (dd, 1H, J = 10.3, 4.3 Hz), 3.97 Elyent: hexane/EtOAc, 7:3. (0.186 g, 70%); aifjf° +22 (c
(g, 2H, 3 =7.1 Hz), 4.61 (t, 1H, J = 8.5 Hz), 5.15 (bs, 1H), 7.18p.5 CHC}); 'H NMR (CDChk, 400 MHz)§ 1.27 (t, 3H), 1.38 (s
7.26 (m, 5H);®C NMR (CDCk, 100 MHz)$ 13.6, 28.1, 37.1, 9H), 2.33-2.36 (m, 1H), 2.63 (ddd, 1H, J= 13.8, 8.8, 7.3 Hz),
42.6, 52.3, 60.6, 64.1, 71.0, 77.3, 78.6, 126.3, 128.0, 129.3,15-3.19 (m, 1H), 3.30-3.35 (m, 1H), 3.64 (s, 3H), 3.82-3.87 (m,
136.7, 155.5, 170.1, 172.8. Anal. Caled foptG:N,O;: C,  1H), 4.04 (d, 1H), 4.17 (d, 1H), 4.18-4.23 (m, 2H), 4.82 (bs, 1H),

60.54; H, 7.39; N, 6.42. Found: C, 60.67; H, 7.26; N, 6.51. 5.66 (dd, 1H, J = 8.8, 7.2 Hz), 7.40-7.42 (m, 3H), 7.59-7.61 (m,
. 13

4.6.General Procedure for the Synthesis of 3-hydroxypyrro|idin-ZH)" C NMR (CDCE, 100 MH2)5 14.2, 28.0, 28.4, 29.8, 41.5,

2-onesl0 43.3, 55.4, 55.9, 61.9, 71.2, 80.2, 83.2, 121.6, 124.5, 127.3,

128.7, 129.7, 131.4, 156.3, 165.9, 168.6, 170.2. Anal. Calcd for
A solution of cycloadduct (0.75 mmol) in ethanol (12 mL) is Cy;H3;FsN,Og: C, 54.13; H, 5.87; F, 10.70; N, 5.26. Found: C,
treated with Pd(OH)C (28 mg, 0.19 mmol) and stirred at 54.34; H, 5.69; N, 5.36.

ambient temperature for 48 h under a pressure of 100 atm gf .
hydrogen. The reaction mixture is filtered and the solven%;zo's;rsrgi’gi?él_;/(l((s'%;_léesth; ﬁﬁtﬁé‘?gﬁ%?ﬁ;;{g:S"SOprOpyl'z'

evaporated to afford the crude product which was purified b)bhenylpropanoatalb
column chromatography.
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Eluent: hexane/EtOAc, 7:3. (0.156 g, 68%); aillsf® +32 (¢ 1H, J = 13.7, 7.0 Hz), 1.89 (dtd, 1H, J = 6.9, 6.7, 3.4 Hz), 2.11
1.0 CHCE); *H NMR (CDCl, 400 MHz)3 0.69 (d, 3H, J = 6.7 (ddd, 1H, J = 13.7,9.3 Hz), 2.37 (ddd, 1H, J = 7.0, 3.4 Hz), 3.31-
Hz), 0.86 (d, 3H, J = 6.9 Hz), 1.21 (t, 3H, J = 7.1 Hz), 1.43 (d3.41 (m, 2H), 3.52 (s, 3H), 3.98 (dd, 1H, J = 9.7, 6.3 Hz), 4.12-
3H, J = 7.2 Hz), 1.67 (ddd, 1H, J = 13.9, 6.4 Hz), 2.05 (dtd, 1H, 4.24 (m, 2H), 5.49 (dd, 1H, J = 9.3, 7.0 Hz), 7.17-7.19 (m, 2H),
= 6.9, 6.7, 3.4 Hz), 2.44 (ddd, 1H, J = 13.9, 9.4, 7.6 Hz), 3.62 (§,27-7.33 (m, 3H), 7.40-7.41 (m, 3H), 7.58- 7.61 (m, 28;
3H), 3.66 (ddd, 1H, J = 7.6, 6.4, 3.4 Hz), 4.16- 4.27 (m, 3H), 5.58IMR (CDCl, 100 MHz)$ 13.9, 18.6, 25.2, 27.7, 34.2, 55.4,
(dd, 1H, J = 9.4, 6.4 Hz), 7.39-7.41 (m, 3H), 7.58-7.61 (m, 2H).57.4, 61.4, 61.6, 71.4, 127.0, 127.8, 128.4, 128.7, 129.0, 129.6,
3C NMR (CDCH, 100 MHz)3 13.6, 13.9, 14.6, 18.7, 24.8, 28.2, 131.4, 137.7, 165.9, 168.9, 169.1. Anal. Calcd fgHGF;NO;:
50.9, 55.7, 59.9, 61.5, 71.1, 124.6, 127.3, 128.4, 129.6, 132.G, 62.80; H, 6.02; F, 10.64; N, 2.62. Found: C, 62.97; H, 5.95; N,
165.9, 169.4, 170.0. Anal. Calcd fop,B,gFsNOs: C, 57.51; H,  2.69.

6.14; F, 12.40; N, 3.05. Found: C, 57.78; H, 5.95; N, 3.19.

4.7.3.(3R,5R)-1-((S)-1-ethoxy-1-oxo-3-phenylpropan-2-yl)-5-
isopropyl-2-oxopyrrolidin-3-yl (R)-3,3,3-trifluoro-2-methoxy-2-
phenylpropanoatélc
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