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MiPNO, a new chiral cyclic nitrone for enantioselettve amino acid
synthesis: the cycloaddition approach.

Maryse Thiverny, Christian Philouze, Pierre Yves Clavant and Véronique Blandin*

The resolution of chiral nitronesa derivatization of hydroxylamines was applied to Mi®, a
new, stable, easily prepared chiral cyclic nitrofiee application of MiPNO in totally regio- and
diastereo- selective 1,3-dipolar cycloaddition teats provides an expeditious enantioselective
access to unusugthydroxy a-aminoacids.

Introduction

The regio- and diastereo- selective 1,3-dipoladagddition reaction of chiral nitrones with dipotghiles is a powerful tool to
obtain chiral nitrogenated compoundm particular, wheru-alkoxycarbonyl om-alkylaminocarbonyl nitrones are at stake, the
cycloaddition reaction with alkenes followed byalage of the N—O bond leads to side chain-functized chirala-amino acid
derivatives? In order to gain a high stereoselectivity in tlyeloaddition reaction, overcoming the problemEsZ isomerization
around the nitrone double bond is importAsmall-ring endocyclic chiral nitrones are thus d@andidates and their more rigid
cyclic skeleton compared to acyclic nitrones istheo asset to obtain high stereoselectivity. Seviiva-* and six® membered
chiral cyclic nitrones of this type have been poaly designed.

In parallel to our work in the field dfi-hydroxy peptides synthesis and applicatiome sought an access kbhydroxy amino
acids via the addition of functionalized organonii@aeagent8 on to properly designed enantiopure nitrones. Hie e€nd, we
designed a series of chiral nitrofi%% obtained by oxydation of imidazolidinones and lhsEn the self-regeneration of
stereocenters principfeln our continuous effort to provide storable resgeand intermediates using inexpensive starting
materials and scalable synthe$®we developed the new chiral nitroh¢MiPNO), that turned out to feature an excellergrthal
stability. This madd a good candidate for 1,3-dipolar cycloadditionctéans that usually require prolonged heating. \&eort
herein the synthesis dfand its evaluation as a successful substrateiémtereoselective 1,3-dipolar cycloaddition reatsio

Results and discussion

Nitrone 1 was conveniently prepared in three steps accorthn§cheme 1, starting from glycine ethyl esterrogtiloride.
Condensation of amino amidewith 3-methyl-butanone led exclusively to the dedicyclic product3. Oxidation of3 was
performed using urea-hydrogen peroxide (UHP) comjiethe presence of inexpensive sodium tungstattha catalyst' The
whole process was routinely carried out on a 200ofem scale. After recrystallization the yield bf over three steps, was
typically 54%. Nitronel could be stored at room temperature for monthbavit noticeable degradation.



MeNH,, EtOH
CH;N.__COfEt — —  » CIH;N.__ CONHMe

uant.
d 2

o) NEt;

E EtOH reflux | 77%
E MS 40)
E >Z —

HN N
fo) 3

1) UHP, Na,WO0,2H,0 cat.
MeOH/H,0, 40-50C | 71%

2) recrystallization

! 54% yield
I 3steps
| 200 mmol scale -
[N - O~y N
\ ’:\
O
MiPNO 1

Scheme 1Preparation of MiPNQ.

X-ray analysis ofl*? showed a planar ring with one side hindered byittog@ropyl group. In order to evaluate its level of
diastereoinduction, nitronewas engaged in 1,3-dipolar cycloaddition reactinitt a wide range of alkenes (Table 1), either in
neat conditions or using toluene as the solV&fthe reaction was highly regio- and diastereo-ctéle, the nitrone reacting from
the less hindered side in anomode to give cycloadduc&a-h.** The NMR and LC/MS analysis of the crude produntidated
an isomeric purity of more than 98% in all casesegt in case of the acet&ld (table 1, entry 4)Nevertheless, after
chromatographic purification all compounds werdased as pure cycloadducts in excellent yield.

Alkyne dipolarophiles are seldom reported in teaation with nitrone’§ and the cycloadducts are prone to rearrangeniénts.
In our hands, no reaction occured between nitrénand propargylic alcohol or protected derivativéereof. However,
phenylacetylene reacted smoothly to give the exgqibcycloadduc? in 73% isolated yield (entry 9). An open-chain kimine or
keto-enamine by-produdt derived from7 throughp-elimination® was also isolated in 20% yield (Scheme 2).

Table 1.1,3-dipolar cycloaddition of racemic nitrofi¢o alkenegta-h and alkynes.
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@ Unless otherwise stated, reactions were perfoimeadsealed vessel at 80 °C for 3-16 h, using LOvetjor 6 without solvent. The main isomer,
representing: 98% of the cycloadducts in the crude product (LSJMs shown® Yield of the isolated main isomérStarting from (-)-R)-1. ¢ Isomeric
purity of the crude produet 95%.° Toluene was used as a cosolvent. Reaction tinte: 9% conversior.1.2 equiv alkene were used, in tolueh2.
equiv alkyne were used, in toluene. The monocystmer?7' resulting fromB-elimination was isolated in 20% yield.

Scheme 2Tautomeric structures of by-produgt

To elaborate the amino acid side chain furtheduotive cleavage of the N-O bond was investigat8dhéme 3).
Hydrogenolysis obe and5f under transfer conditions afforded amino alcol8#snd8f in good isolated yield. In the case&ff
a 9:1 mixture of diastereomers was obtaife8or the styrene-derived cycloadduixt, the reductive cleavage was performed



using zinc in acetic acid, leading to amino alcoBoln excellent yield.
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Scheme 3Reductive cleavage of the N-O bond.

In order to obtain MiPNQL in enantiomerically pure form, we decided to usstrategy under development in our group,
namely the resolution of secondary hydroxylamiwés O-acylation with a chiral carboxylic acid. The nitronel was thus
converted into th&-hydroxy-imidazolidinone by reduction with sodium borohydride (Scheme 4).

Interestingly, this reduction was clean when TH&swthe solvent, whereas the reduction in MeOH vea®mpanied by the
formation in large amount (30%) of the imine reBujt from dehydration 0f. Moc-Phe-OH?® was chosen as the chiral
derivatizing agent for its ability to provide chratographically separable diastereomers. The 1:1umeof diastereomerk) was

obtained in high yield.
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Scheme 4Resolution of MiPNO: derivatization of hydroxylaneif..
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Unfortunately, theD-acylated hydroxylamine proved to be very sensitivsilica gel and partially decomposed into MocePh
OH and imine. Nevertheless, submitting the mixtofediastereomers to medium pressure liquid chrogratphy allowed the
isolation of the first eluted diastereonfdaas a solid in 32% yield. On the basis of the retatonfiguration obtained by X-ray
analysis of recrystallizetiOa (Figure 1)!° the stereochemistry of the imidazolidinone moiistyR).



Figure 1. ORTEP drawing ol0a The ellipsoids are plotted at the 25% probabiétsel.

Treatment ofLl0awith basic aqueous hydrogen peroxide overniglivedld the one-pot liberation of the hydroxylaminel ais
oxidation into the nitrone (-)R)-1. More efficiently, MnQ may be added as soon as the first step is completerder to
accelerate the process (Scheme 5).
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Scheme 5Resolution of MiPNO: one-pot removal of resolvirgeat and oxidation.

The enantiomeric excess of (t)was above 99% as determined by chiral HPLC anwlyEhe nitrone (-}t proved to be
configurationally stable when purified by chromatmghy on silica géf or when heated in toluene at 80 °C for 16h.

The 1,3-dipolar cycloaddition of enantiopure MiPNQ-1 with several alkenes gave results consistent thitlse obtained for
the racemic series (Table 1, entries 1, 2, 6 and7@ N—-O bond of (-bf was cleaved using method A (Scheme 2) andBfwas
obtained in 67% yield. Next, the tricyclic compoufe)-5g was chosen to investigate the transformation elaadducts into
convenientlyN-protected amino acids (Scheme 6). We developedceomave-assisted procedure where acidic hydroggitol
conditions allow the one-pot cleavage of the N-mide, and N-C-N bond®. The cruden-aminoy-lactoné' was Boc-protected
to give after chromatography (1t as a single isomer in 42% yield from (3¢ This is to our knowledge the first preparation of
11 in enantiopure form.
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Scheme 60ne-pot conversion of cycloaddusy to N-protected-aminoy-lactone (-)11.

Conclusion

The new nitrone MiPNQ, easily prepared on large scafethree inexpensive steps and one recrystallipatias proven to exibit

a high degree of facial differentiation, makingatpromising new building block for the synthesis cemino acids. The

cycloaddition reaction with alkenes features exa@lregio- and stereo- selectivity, affording agéénenantiopure isomer in high
yields. From there, one operation providesmino y-lactones, a masked form gfhydroxy a-amino acids. We are currently
studying improved resolutions of MiPNO, as wellitssapplications to other addition reactions.



Experimental
General

THF was freshly distilled from sodium benzophendwetyl. Styrene, cyclohexene, methyl crotonate ahdnylacetylene were
distilled before use, other purchased reagents wesal without purification. Unless otherwise statdte indicated reaction
temperatures are external ones (oil bath). Reastwware monitored by thin layer chromatography (TL&jng commercial
aluminium-backed silica gel plates (Merck, Kies¢l§@ F,s4). TLC spots were viewed under ultraviolet lightdaoy heating the
plate after treatment with an appropriate stairéntution (KMnQ, ninhydrine for amines, basic TTC (2,3,5-triphdrydazolium
chloride) for hydroxylamines). Product purificatiby column chromatography were performed using Maey Nagel Silica Gel
60M (230-400 mesh). Microwave irradiation experiteewere conducted in a CEM Discover S-Class apparédingle mode
technology), equipped with a gas addition kit. Nredtpoints were determined in capillary tubes watBichi B-540 apparatus.
Optical rotations were measured on a Perkin Elnddr Bolarimeter, the corresponding concentratiogiven in g/100 crii. *H
NMR (400 MHz) and™*C NMR (100 MHz) spectra were recorded on a Vari@BOMR spectrometer in CDG(dy 7.26 ppm:dc
77.2 ppm:; standard foiH spectra: tetramethylsilan®; 0.0 ppm). NOESY experiments were run on a UnitysP500 MHz
Varian. Multiplicities are reported as follows: ssinglet, d = doublet, t = triplet, g = quadruplgyint = quintuplet, hept =
heptuplet, m = multiplet, br = broad, coupling ctargsJ are reported in HZH and**C resonance assignments were performed
using conventional 1D and 2D techniques (DEPT, CO8SWQC and HMBC experiments). Relative stereochémisvas
assigned using NOESY experiments. Infrared spedRa were obtained either from a thin film or fromndispersion of the
compound in a KBr pellet. IR spectra were recordada Nicolet Impact-400 FT-IR spectrometer and da&a are reported as
absorption maxima in cth Mass spectra (LRSM) were recorded on an Esquite Blus Bruker Daltonics spectrometer (ESI).
High resolution mass spectra (HRMS) were recordadaoThermoquest Orbitrap spectrometer at the LCO3SBR 7613,
Université Pierre et Marie Curie, Paris, Francep&imental errors for HRMS data are estimated betweand 2 ppm.

(rac)-2-Isopropyl-2,3-dimethyl-imidazolidin-4-one 3

The aminoamid® was prepared according to ref. 22ai250-mL Erlenmeyer flask under magnetical stirrimgthylamine (125
mL, 8M in ethanol, 1.0 mol) was added to glycinéyetester hydrochloride (27.92 g, 200 mmol) in etbla(80 mL). After
stirring for 16h at room temperature, and concditmg the crude product was taken up in ethanoD(BQ) and the solvent and
excess methylamine were removed under vacuum. ®pé&ration was repeated twice to give p@g24.91 g, 200 mmol,
guantitative yield) as an amorphous solid.

In a 500-mL flask fitted with a reflux condenserreéntroduced the aminoamide hydrochlor2ié24.91 g, 200 mmol), ethanol
(200 mL), 3-methyl-2-butanone (42.8 mL, 400 mmadi)ethylamine (28.1 mL, 200 mmol) and activated #blecular sieves
(beads, 60 g). The reaction mixture was heated.@oh at reflux without stirring, then the sievesravéiltered off and the solvent
was evaporated under reduced pressure. The crudte whirry was taken up in ethyl acetate (150 mih)e precipitated
triethylamine hydrochloride was filtered off andetholvent evaporated under reduced pressure td 245 g of crude material
3 (theoretical: 31.25 gy = 0.33 (ethyl acetate/ethanol - 80:20).. (KBr pellet): 3327, 2970, 2942, 2876, 1685, 148204 and
1124;5y (400 MHz; CDC}; Me,Si) 3.53 (d,J 16.0, 1H), 3.42 (dJ 16.0, 1H), 2.74 (s, 3H), 1.91 (9d6.4 and 6.8, 1H), 1.71 (br
s, 1H), 1.34 (s, 3H), 0.96 (d,6.4, 3H), 0.79 (dJ 6.8, 3H);3: (100 MHz, CDC}) 172.7, 82.0, 49.4, 34.7, 25.2, 24.2, 16.6, 16.2
ppm; MS (ES): m/z335 (2M + N&, 30%,), 179 (M + N§ 55), 157 (M + H, 100); HRMS:m/z157.13329 (M + H) gH1,N,O
requires 157.13354.

(rac)-2-1sopropyl-2,3-dimethyl-1-oxy-2,3-dihydro-imidazl-4-one 1

In a 500-mL flask fitted with a reflux condenseetbrude amin® (24.15 g, 154.58 mmol) was dissolved in metha@6i0(mL)
and the reaction mixture was heated at 40 °C. Sndiwngstate dihydrate (5.09 g, 15.46 mmol) suspéndevater (1.99 g) was
added, followed by the urea-hydrogen peroxide cexgr2.71 g, 772.90 mmol) in two portions. The in&d temperature of the
flask was maintained below 50°C (water bath). Té&ction was monitored by TLC (silica gel, ethyl tate) and was completed
after 3 h. The reaction flask was cooled in anbath and MnQ@ (Fluka, ref 63548, 10.0 g) was added in threeipogto destroy
the excess of hydrogen peroxide. The reaction unétvas vigorously stirred until the end of dioxggevolution (15 min) and
the solvent was removed under vacuum. The resicagtaken up in dichloromethane (100 mL), anhydidasSO, (40 g) was
added, and the reaction mixture was filtered ovelit€. After concentration, the crude product weBuxed in ethyl acetate (32
mL), the hot reaction mixture was filtered and ojatxane (29 mL) was added portionwise to the bgilnlution. The reaction
mixture was allowed to cool slowly and after 4 hr@adm temperature, filtration yielded the nitrob@&s white crystals (18.56 g,
109.04 mmol, 54 % from glycine ethyl ester hydracide); mp 113.0-113.1 °Q; = 0.32 (ethyl acetatey,.« (KBr pellet): 2972,
2803, 1701, 1561, 1259 and 1044;(400 MHz; CDC}; Me,Si) 7.06 (s, 1H), 2.99 (s, 3H), 2.30 (g§7.2 and 6.8, 1H), 1.66 (s,
3H), 1.00 (dJ 7.2, 3H), 0.97 (dJ 6.8, 3H) ppm®d¢c (100 MHz, CDC}) 162.8, 124.9, 94.1, 34.4, 26.0, 21.5, 16.1, 15.m;pdS
(ES"): m/z363 (2M + N4, 23%), 341 (2M + H, 29), 193 (M + Nj 57), 171 (M + H, 100); Anal. Found: C, 56.08; H, 8.26; N,
16.59; Calc. for gH4N,O,: C, 56.45; H, 8.29; N, 16.46%.

(rac)- and (2R,3aR,6R) acetic acid (6-isopropyl-5,6-dimethyl-4-oxo-hexafdro-imidazo[1,5-blisoxazol-2-yl)methyl ester 5a and (-)-
5a



The preparation obais typical: The reaction was performed in a sealesisel. A mixture of nitron& (340 mg, 2.00 mmol) and
allyl acetate (2.16 mL, 20.00 mmol) was heated @t’8 for 16 h. The major part of the alkene was aeed under reduced
pressure. The residue was purified by column chtography (silica gel, ethyl acetate/cyclohexane 0:30) to yield
isoxazolidine5a (468 mg, 1.73 mmol, 87 %) as a yellow d#;= 0.35 (ethyl acetatey,,.x (KBr pellet):2973, 2935, 2890, 1735,
1696, 1407, 1382, 1260, 1235, 1084 and 1647400 MHz; CDC}; Me,Si) 4.16-3.98 (m, 4H), 2.77 (s, 3H), 2.65 (ddd,.2, 6.4
and 12.4, 1H), 2.24 (td,8.8 and 12.4, 1H), 2.05 (s, 3H), 1.83 (4.8 and 7.2, 1H), 1.45 (s, 3H), 1.02 §&.8, 3H), 0.78 (dJ
7.2, 3H) ppmdc (100 MHz, CDC}) 172.1, 170.7, 88.6, 74.5, 66.1, 64.1, 36.4, 35625220.9, 17.9, 17.0; MS (ES m/z563
(2M + N4, 11), 293 (M + N3 100), 271 (M + H, 32); HRMS:m/z293.14756 (M + Na); GH,,N,O,Na requires 293.14718.
(-)-5a (60 mg, 222umol, 94%) was obtained starting from){1 (40 mg, 235umol) and allyl acetate (254L, 2.35 mmol) as a
pale yellow oil which solidified upon standing; r8{.9-88.0 °C; @]D20 -37.9 €1.06, CHC}); Anal. Found: C, 57.47; H, 8.43; N,
10.25; Calc. for GH,,N,04: C, 57.76; H, 8.20; N, 10.36%. The enantiomericifyuof (-)-5a (> 97% ee) was determined by
chiral HPLC on a Daicel Chiralpak AD-RH column, 4800 mm, eluent water/acetonitrile — 60:40, 0l5/mmin, retention time
for (-)-5a7.67 min and for (+pa6.76 min.

(rac)- and (2R,3aR,6R)-2-Hydroxymethyl-6-isopropyl-5,6-dimethyl-tetrahydro-imidazo[1,5-b]isoxazol-4-one 5b and (-)-5b

5b was prepared as described & usingl (851 mg, 5.00 mmol) and allyl alcohol (3.4 mL, 80.mmol). The reaction mixture
was heated at 80 °C for 3.5 h. Purification by ceuchromatography (silica gel, ethyl acetate/etharg®:10) gavesb (1.07 g,
4.69 mmol, 94%) as a pale yellow oil which soliddiupon standing. An analytic sample crystallizexhft-butyl methyl ether
had a mp of 85.0-85.1 °®; = 0.42 (ethyl acetate/ethanol - 80:20) (KBr pellet): 3360, 2974, 2924, 2883, 1685, 145409,
1381, 1089, 1049 and 88d;; (400 MHz; CDC}; Me,Si) 4.07 (br d,J 9.2, 1H), 4.04-4.00 (m, 1H), 3.78 (ddd2.8, 5.2 and 12.0,
1H), 3.59 (dddJ 2.0, 6.8 and 12.0, 1H), 2.80 (s, 3H), 2.63 (d#idl,6, 6.4 and 12.4, 1H), 2.39 (ddH7.2, 9.2 and 12.4, 1H), 2.20
(br t,J6.0, 1H), 1.86 (hept] 6.8, 1H), 1.48 (s, 3H), 1.04 (d,6.8, 3H), 0.83 (dJ 6.8, 3H);5c (100 MHz, CDC}) 172.4, 88.4,
77.3, 66.3, 63.7, 36.5, 33.9, 26.7, 17.8, 17.311MS (ES): m/z479 (2M + N4, 42%), 251 (M + N&, 100), 229 (M + H, 54);
HRMS: m/z251.13580 (M + Na); GH»oN,OzNa: requires 251.13661.

(-)-5b (46 mg, 201lumol, 86%) was obtained starting from){1 (40 mg, 235umol) and allyl alcohol (16QL, 2.35 mmol) as a
pale yellow oil which solidified upon standing; r89.5-99.6 °C; §i]p° -32.7 € 1.08 in CHC}); Anal. Found: C, 57.55; H, 9.00;
N, 12.27; Calc. for GH,N,Os: C, 57.87; H, 8.83; N, 12.27%. The enantiomericifyuf (-)-5b (> 91% ee) was determined by
chiral HPLC on a Daicel Chiralpak AD-RH column, 4800 mm, eluent water/acetonitrile — 60:40, 0l5/mmin, retention time
for (-)-5b 5.39 min and for (+Bb 4.54 min.

(rac)-(2R* ,3aR* ,6R*)-6-Isopropyl-5,6-dimethyl-2-phenyl-tetrahydro-imidazo[1,5b]isoxazol-4-one 5c¢

5c was prepared as described & usingl (340 mg, 2.00 mmol) and styrene (2.3 mL, 20.00 mynithe reaction mixture was
heated at 80 °C for 3 h. Purification by columnarhatography (silica gel, ethyl acetate/cyclohexai®:30) gavesc (494 mg,
1.80 mmol, 90%) as a colourless d&;= 0.48 (ethyl acetatey.x (KBr pellet): 3084, 3067, 3028, 2974, 2939, 288696, 1452,
1404, 1082, 1049, 760, 708y (400 MHz; CDC}; Me,Si) 7.38-7.30 (m, 5H), 4.73 (dd,5.0 and 10.6, 1H), 4.20 (br d8.6, 1H),
2.95(dd,J5.0 and 12.2, 1H), 2.85 (s, 3H), 2.52 (dd@®,6, 10.6 and 12.2, 1H), 1.92 (hep8.8, 1H), 1.55 (s, 3H), 1.09 (d6.8,
3H), 0.83 (d,J 6.8, 3H);3c (100 MHz, CDC}) 172.1, 137.8, 128.7, 128.4, 126.7, 89.3, 79.1, 64164, 36.3, 26.4, 18.6, 17.0,
16.8; MS (ES): m/z571 (2M + N&, 57%), 297 (M + N§j 100), 275 (M + H, 54); HRMS:m/z 297.15803 (M + Na);
C16H2oN,0O-Na requires 297.15735.

(rac)-(2R* ,3aR* ,6R*)-2-Butoxy-6-isopropyl-5,6-dimethyl-tetrahydro-imidazo[1,5b]isoxazol-4-one 5d

5d was prepared as described && usingl (340 mg, 2.00 mmol) and-butyl vinyl ether (2.6 mL, 20.00 mmol). The reaxti
mixture was heated at 80 °C for 16 h. Purificatipncolumn chromatography (silica gel, ethyl acefatelohexane - 70:30) gave
5d (476 mg, 1.76 mmol, 88%) as a colourless oil whietlidified upon standing; mp 54.7-54.8 °®& = 0.40 (ethyl
acetate/cyclohexane - 70:30);ax (KBr pellet): 2958, 2921, 2873, 1691, 1458, 143201, 1386;5y (400 MHz; CDCY;
Me,Si) 5.01 (dd,J 1.4 and 6.2, 1H), 4.06 (dd,2.8 and 9.6, 1H), 3.68 (td,6.8 and 10.0, 1H), 3.40 (td,6.8 and 10.0, 1H), 2.80
(s, 3H), 2.76 (dddJ] 2.8, 6.2 and 13.4, 1H), 2.46 (ddH].4, 9.6 and 13.4, 1H), 1.85 (hep.2, 1H), 1.56 (quint) 6.8, 2H), 1.43
(s, 3H), 1.42-1.35 (m, 2H), 1.03 (d,7.2, 3H), 0.91 (dJ 7.2, 3H), 0.91 (tJ 7.4, 3H);5c (100 MHz, CDC}) 173.5, 99.8, 87.3,
67.6, 64.1, 39.0, 37.0, 31.8, 27.3, 19.4, 18.13177.0, 13.9; MS (ES: m/z563 (2M + N4, 68%), 293 (M + N§ 100), 271 (M
+ H", 30); Anal. Found: C, 62.36; H, 9.78; N, 10.40]cdor C;4H,6N,O3: C, 62.20; H, 6.70; N, 10.37%.

(rac)-(2R*,3aS* ,6R*)-6-Isopropyl-5,6-dimethyl-4-oxo-hexahydro-imidazol ,5-blisoxazole-2-carboxylic acid ethyl ester 5e

5ewas prepared as described &&rusingl (340 mg, 2.00 mmol) and ethyl acrylate (2.2 mL,G@0mmol). The reaction mixture
was heated at 80 °C for 4 h. Purification by coluohmomatography (silica gel, ethyl acetate/cyclarex- 70:30) gavée (454
mg, 1.68 mmol, 84%) as a colourless &;= 0.42 (ethyl acetatey; ., (KBr pellet): 2973, 2918, 2883, 1740, 1686, 145399,
1378, 1088, 1049 and 883, (400 MHz; CDC}; Me,Si) 4.33 (t,J 6.8, 1H), 4.24-4.10 (m, 2H), 4.04 (d#i1.8 and 9.2, 1H), 2.83
(ddd,J 1.8, 7.2 and 12.6, 1H), 2.78 (s, 3H), 2.74 (d#id,2, 9.2 and 12.6, 1H), 1.82 (q§6.8 and 7.2, 1H), 1.47 (s, 3H), 1.26 (t,
J 6.8, 3H), 1.01 (dJ 6.8, 3H), 0.82 (dJ 7.2, 3H);5c (100 MHz, CDC}) 172.1, 170.4, 88.2, 74.3, 65.3, 61.5, 36.7, 35892
17.6,17.5,17.1, 14.2; MS (ESm/z563 (2M + N3, 16%), 293 (M + N&, 100), 271 (M + H, 21); HRMS:m/z293.14783 (M +



Na); C3H2oN,0O4Na requires 293.14718.

(rac)- and (2S,3R,3aR,6R)-6-isopropyl-2,5,6-trimethyl-4-oxo-hexahydro-imidao[1,5-blisoxazole-3-carboxylic acid methyl esterf5
and (-)-5f

5f was prepared as described 5@&rusingl (340 mg, 2.00 mmol) anlans-methyl crotonate (2.1 mL, 20.00 mmol). The reactio
mixture was heated at 80 °C for 16 h. Purificatipncolumn chromatography (silica gel, ethyl acefatelohexane - 70:30) gave
5f as a colourless oil (435 mg, 1.61 mmol, 80R)= 0.41 (ethyl acetatey.x (KBr pellet):2971, 2934, 2885, 1743, 1697, 1437,
1403, 1374, 1086 and 1058; (400 MHz; CDC}; Me,Si) 4.27 (d,J 9.2, 1H), 4.08 (qdJ 6.0 and 10.4, 1H), 3.78 (s, 3H), 3.20 (t,
J9.2, 1H), 2.75 (s, 3H), 1.86 (qd6.4 and 6.8, 1H), 1.49 (s, 3H), 1.28 k6.0, 3H), 1.03 (dJ 6.4, 3H), 0.73 (dJ 6.8, 3H);dc
(100 MHz, CDC}) 169.2, 168.9, 89.1, 74.9, 68.0, 56.1, 52.2, 36612218.5, 16.9, 16.6, 16.5; MS (§Sm/z563 (2M + N4,
26%), 293 (M + N& 100), 271 (M + H, 16); HRMS:m/z293.14770 (M + Na); GH2,N,O4Na requires 293.14718.

(-)-5f (84 mg, 311umol, 80%) was obtained starting fromR){1 (66 mg, 388umol) andtrans-methyl crotonate (41LL, 3.88
mmol) as a colourless oilp]?°-96.1 € 1.00, CHCY).

The enantiomeric purity of (-3f (> 99% ee) was determined by chiral HPLC on a Da@eralpak AD-RH column, 4.6 x 100
mm, eluent water/acetonitrile — 60:40, 0.5 mL/mietention time for (+)5f 8.21 min and for (-bBf 7.47 min.

(rac)- and (1R,3aR,3bS,7aS)-1-Isopropyl-1,2-dimethyl-octahydro-8-oxa-2,8a-diaa-cyclopentap]inden-3-one 5g and (+)-5g

5g was prepared as described &rusingl (340 mg, 2.00 mmol), cyclohexene (2.0 mL, 20.00ahnand toluene (0.5 mL). The
reaction mixture was heated at 80 °C for 48 h (9@8aversion). Purification by column chromatograplsjlica gel, ethyl
acetate/cyclohexane - 65:35) gébgas a pale yellow oil (376 mg, 1.48 mmol, 74% yielg)= 0.29 (ethyl acetate/cyclohexane -
70:30); vmax (KBr pellet): 2973, 2939, 2883, 1685, 1449, 140684 and 105034 (400 MHz; CDC}; Me,Si) 3.78-3.76 (m, 1H),
3.66 (br s, 1H), 2.75 (s, 3H), 2.63 (ddd2.4, 6.4 and 12.0, 1H), 1.99-1.96 (m, 1H), 1.83,&#§.4 and 7.2, 1H), 1.80-1.76 (m,
1H), 1.70-1.66 (m, 1H), 1.55-1.41 (m, 4H), 1.463kl), 1.24-1.13 (m, 1H), 1.04 (d,6.4, 3H), 0.74 (dJ 7.2, 3H);5c (100 MHz,
CDCly) 172.1, 89.3, 74.8, 73.7, 45.1, 36.4, 27.3, 26.15284.3, 19.8, 18.7, 17.1, 16.7; MS (ESM/z527 (2M + N4&, 26%),
275 (M + Nd,42), 253 (M + H, 100); HRMS:m/z275.17304 (M + Na); GH,.N,0,Na requires 275.17300.

(+)-5g (72 mg, 285umol, 65% yield) was obtained starting froR){1 (75 mg, 441umol) and cyclohexene (44iL, 4.41
mmol) as a pale yellow oilo]]p° +8.9 € 1.04 in CHC}). The enantiomeric purity of (+5g (> 99% ee) was determined by chiral
HPLC on a Daicel Chiralpak AD-RH column, 4.6 x 1@@n, eluent water/acetonitrile - 68:32, 0.5 mL/mietention time for (-)-
59 19.30 min and for (+pg 17.70 min.
(rac)-(1R*,3aR*,3bS*,4S*,7R*,7aS*)-1-Isopropyl-1,2-dimethyl-octahydro-4,7-methano-8xa-2,8a-diaza-cyclopenta]]inden-3-
one 5h

5h was prepared as described & usingl (170 mg, 1.00 mmol), 2-norbornene (113 mg, 1.20ofirand toluene (1 mL). The
reaction mixture was heated at 80 °C for 16 h. faation by column chromatography (silica gel, dthgetate/cyclohexane -
65:35) gavebh as a white solid (238 mg, 9Q0nol, 90%); mp 79.7-79.8 °Q = 0.32 (ethyl acetate/cyclohexane - 65:3§)i,
(KBr pellet): 2958, 2873, 2360, 2339 and 1685;(400 MHz; CDC}; Me,Si) 3.99 (br d,J 6.8, 1H), 3.61 (dJ 2.4, 1H), 2.76 (s,
3H), 2.72-2.70 (m, 1H), 2.27-2.25 (m, 2H), 1.878.(8, 1H), 1.78 (hept] 6.8, 1H), 1.47-1.42 (m, 2H), 1.39 (s, 3H), 1.183L.1
(m, 1H), 1.10-1.07 (m, 1H), 1.01 (d,6.8, 3H), 0.99-0.94 (m, 1H), 0.83 (d6.8, 3H);3. (100 MHz, CDC}) 171.8, 87.8, 86.0,
70.8, 55.8, 41.9, 41.0, 36.6, 33.0, 27.5, 26.75237.8, 17.5, 17.1; MS (EB m/z551 (2M + N§, 42), 287 (M + N3 20), 265
(M + H*, 100); Anal. Found: C, 68.12; H, 9.25; N, 10.5&I€ for GsH,4N,0,: C, 68.15; H, 9.15; N, 10.60%.

(rac)-(3aR* ,6R*)-6-isopropyl-5,6-dimethyl-2-phenyl-5,6-dihydro-3&-imidazo[1,5-b]isoxazol-4-one 7

7 was prepared as described &rusingl (170 mg, 1.00 mmol), phenylacetylene (249 2.00 mmol) and toluene (1 mL). The
reaction mixture was heated at 80 °C for 16 h. faation by column chromatography (silica gel, dthgetate/cyclohexane -
75:25) gaver as a beige solid (199 mg, 73@nol, 73%); mp 146.8-146.9 *Rf = 0.33 (ethyl acetatey, .« (KBr pellet): 3089,
3067, 3037, 2963, 2937, 2898, 2872, 1702, 1451214291, 823 and 733} (400 MHz; CDC}; Me,Si) 8.04 (dd,J 1.2 and 7.2,
2H), 7.61 (tt,J 1.2 and 7.2, 1H), 7.51 (§,7.2, 2H), 3.52 (dJ 5.2, 1H), 3.18 (dJ 5.2, 1H), 2.64 (s, 3H), 1.92 (g4,6.4 and 6.8,
1H), 1.16 (s, 3H), 1.10 (d} 6.4, 3H), 0.90 (dJ 6.8, 3H);5c (100 MHz, CDC}) 194.2, 168.9, 137.8, 134.0, 129.0, 128.7, 84.1,
45.3, 42.3, 38.7, 26.0, 20.7, 16.4, 16.2; MSE8/z567 (2M + N3, 52%), 545 (2M + H, 32), 295 (M + N3 100), 273 (M +
H*, 65); Anal. Found: C, 70.17; H, 7.58; N, 10.29]cCdor Cy¢H,oN,O,: C, 70.57; H, 7.41; N, 10.29%.

A monocyclic isomer7’ with two possible tautomeric structures was isadain 20% vyield (yellow oil, 55 mg, 202mol): Rf =
0.52 (ethyl acetatefy (400 MHz; CDC}; Me,Si) 7.97 (d,J 6.8, 2H), 7.48-7.41 (m, 3H), 6.51 (s, 1H), 2.953Hl), 2.10 (qq,J
6.4 and 6.8, 1H), 1.54 (s, 3H), 1.10 (6.8, 3H), 0.67 (dJ 6.4, 3H);5c (100 MHz, CDC}) 191.2, 162.6, 150.4, 138.9, 131.8,
128.5, 127.5, 86.8, 80.6, 34.7, 25.0, 23.9, 175141MS (ES): m/z567 (2M + N4&, 100%), 295 (M + N§ 27), 273 (M + H, 16).

(rac)-(2S* ,5R*)-5-[(2R*)-2-hydroxy-2-phenylethyl]-2-isopropyl-2,3-dimethyimidazolidin-4-one 8c

In a 25-mL flask, zinc dust (657 mg, 10.06 mmol)sveadded in one portion to a solution5af (138 mg, 0.503 mmol) in acetic
acid (1.7 mL). The reaction was monitored by TL@i¢a gel, ethyl acetate) and was completed withis h at room temperature.
The reaction mixture was filtered and the solid wiased with dichloromethane. After concentratidntlee filtrate, the crude



product was purified by column chromatography ¢silgel, ethyl acetate/cyclohexane - 80:20) to y8elés a colourless oil (116
mg, 0.420 mmol, 83 %) which solidified upon starglimp 84.8-84.9 °CRf = 0.32 (ethyl acetate/cyclohexane - 80:2@).x
(KBr pellet): 3345, 3066, 3033, 2970, 2873, 167451, 1405, 764 and 703, (400 MHz; CDC}; Me,Si) 7.41-7.39 (m, 2H),
7.35-7.31 (m, 2H), 7.26-7.22 (m, 1H), 4.95 (d&®.8 and 8.8, 1H), 3.85 (dd,4.4 and 7.2, 1H), 2.83 (s, 3H), 2.10-1.94 (m, 3H),
1.42 (s, 3H), 1.00 (dJ 6.8, 3H), 0.83 (dJ 6.8, 3H);5c (100 MHz, CDC}) 174.1, 144.7, 128.4, 127.3, 125.7, 81.0, 72.6, 59.4
42.8, 35.3, 26.4, 25.7, 16.9, 16.6; MS {ESn/z575 (2M + N§, 12%), 277 (M + H, 100); Anal. Found: C, 69.54; H, 8.75; N,
10.25; Calc. for GH24N,0,: C, 69.54; H, 8.76; N, 10.14%.

(rac)-(2R*)-2-hydroxy-3-[(2S*,4R*)-1,2-dimethyl-5-0x0-2-(propan-2-yl)imidazolidin-4yl]-propanoic acid ethyl ester 8e

In an argon-flushed 25-mL two-necked flask wasadtrced Pd/C 10 % (Fluka, ref 75990, 67 mg), folldveg 2 mL of methanol
and then a solution dic (114 mg, 422umol) in methanol (2 mL). Ammonium formate (532 n8343 mmol) was added in one
portion and the argon inlet was removed. The reactias monitored by TLC (silica gel, ethyl acetae)l was completed within
75 min at room temperature. The reaction mixture fithered over Celite and the solid was rinsedhwdichloromethane. The
filtrate was diluted with water (2.5 mL), the aqueolayer was separated and extracted with dichletbeme (5 mL). The
gathered organic layers were dried over anhydroaS®, and filtered. After concentration under reducedssure, purification
by column chromatography (silica gel, ethyl acefatelohexane - 80:20) yielded amino alcolBel(84 mg, 30&umol, 73 %) as a
yellow oil; R = 0.26 (ethyl acetateyma, (film): 3445, 3348, 2973, 2937, 2880, 1739, 168273 and 755§, (400 MHz; CDC};
Me,Si) 4.39 (t,J 4.8, 1H), 4.24 (qJ 7.2, 2H), 3.78 (t]) 6.4, 1H), 2.78 (s, 3H), 2.10-2.07 (m, 2H), 1.96ghd 6.8, 1H), 1.40 (s,
3H), 1.29 (t,J 7.2, 3H), 0.99 (dJ 6.8, 3H), 0.80 (dJ 6.8, 3H);5¢ (100 MHz, CDC}) 174.2, 173.4, 80.9, 69.5, 61.6, 57.8, 37.1,
35.1, 26.4, 25.5, 16.8, 16.4, 14.3; MS {ESn/z567 (2M + N4, 5%), 295 (M + N& 29), 273 (M + H, 100);HRMS: m/z
295.16307 (M + Na); GH24N,O4Na requires 295.16338.

(rac)- and (2S,3R)-3-Hydroxy-2-((2S,4R)-2-isopropyl-1,2-dimethyl-5-oxo-imidazolidin-4-yl}butyric acid methyl ester 8f and (+)-
8f

8f was prepared as described e using 5f (83 mg, 307umol). Purification by column chromatography (siligel, ethyl
acetate/cyclohexane - 80:20 to 100:0) yielded angiltohol8f (57 mg, 0.209 mmol, 68%) as a colourless oil whiotidified
upon standing; mp 72.3-72.4 °®; = 0.21 (ethyl acetate/cyclohexane - 80:20)s« (KBr pellet): 3373, 2974, 2927, 2883, 1719,
1677, 1438, 1407, 1378, 1088 and 105Q{400 MHz; CDC}; Me,Si) 4.24 (quint,J 6.4, 1H), 4.04 (dJ 6.4, 1H), 3.70 (s, 3H),
2.82-2.76 (m, 1H), 2.80 (s, 3H), 1.97 (hep6.8, 1H), 1.34 (s, 3H), 1.23 (d,6.4, 3H), 0.96 (dJ 6.8, 3H), 0.81 (dJ 6.8, 3H);5¢
(100 MHz, CDC}) 172.9, 172.7, 80.9, 67.2, 59.3, 56.2, 51.7, 35@2225.5, 21.3, 16.8, 16.4; MS (BSm/z567 (2M + N4,
5%), 295 (M + N3, 10), 273 (M + H, 100); HRMS:m/z273.18081 (M + H); GH2sN,0,4 requires 273.18088.

(+)-8f (49 mg, 180umol, 67%) was obtained starting from &)-(73 mg, 270umol) as a colourless oil which solidified on
standing; mp 89.3-89.4 °Cp[p%° +47.1 € 1.06, CHCY); Anal. Found: C, 57.59; H, 8.90; N, 10.12; Céiar Cy3H»4N,04: C,
57.33; H, 8.88; N, 10.29%.

(rac)-1-Hydroxy-2-isopropyl-2,3-dimethyl-imidazolidin-4-one 9

In a 100-mL flask under an argon atmosphere, nérb(3.40 g, 20.00 mmol) was dissolved in anhydroudTK0 mL). Sodium
borohydride (1.51 g, 40.00 mmol) was added in ocodipn. The reaction mixture was stirred for 2.&athroom temperature and
was then treated with @ (2.9 mL, 160.00 mmol). The reaction mixture wésred until the end of dihydrogen evolution (15
min) and then the solvent was removed under redgpecedsure. The crude product was taken up in etbgtate (50 mL), the
organic layer was separated from the aqueous ama] dver anhydrous N8O, and filtered. The filtrate was concentrated under
vacuum to yield pur® (3.44 g, 20.00 mmol, quantitative yield) as a pgéfow oil; R = 0.32 (ethyl acetatey,ay (film): 3352,
2970, 2937, 2881, 2838, 1682, 1435 and 1405400 MHz; CDC}; Me,Si) 5.78 (s, 1H), 3.79 (d] 16.0, 1H), 3.57 (dJ 16.0,
1H), 2.77 (s, 3H), 1.86 (hep1,6.8, 1H), 1.38 (s, 3H), 1.01 (d,6.8, 3H), 0.84 (dJ 6.8, 3H);5c (100 MHz, CDC}) 170.1, 88.3,
59.8, 35.3, 26.1, 17.5, 17.2, 15.8; MS {ESn/z367 (2M + N4, 58%), 195 (M + Nj 100), 173 (M + H, 37); HRMS:m/z
195.11024 (M + Na); gH16N-O,Na requires 195.11040.

(S)-2-Methoxycarbonylamino-3-phenyl-propionic acid R)-2-isopropyl-2,3-dimethyl-4-oxo-imidazolidin-1-ylester 10a

Moc-Phe-OH (11.41 g, 51.11. mmol, 87%) was prepdrenh L-phenylalanine (9.69 g, 58.66 mmol) according to 28.

In a 100-mL flask,N-(methoxycarbonyl)--phenylalanine (1.34 g, 6.00 mmol) was dissolvedlichloromethane (10 mL) and
solid 1,3-dicyclohexylcarbodiimide (1.24 g, 6.00 wilnwas added. A solution of hydroxylami®e(861 mg, 5.00 mmol) in
dichloromethane (10 mL) was added rapidly at 0 T@e reaction mixture was stirred for 1 h at 0 °@ent the urea was
precipitated by addition of diethylether (20 mL)dafiltered off. The filtrate was stirred for 5 mitas with a 1M aqueous solution
of HCI (20 mL); the aqueous phase was separatedeatrdcted twice with diethylether (50 mL). The lyated organic layers
were washed with a saturated aqueous solution 6f0N& (100 mL), then with brine (100 mL), dried over adhgus NaSO, and
filtered. After removal of the solvents under reddcpressure, more urea was precipitated in diethgteand filtered off.
Concentration of the filtrate under vacuum yieldbd 1:1 mixture of diastereocisomet®6 as a white foam (1.55 g, 4.10 mmol).
Separation by medium pressure liquid chromatograsilica gel, diethylether/dichloromethane - 101®0100:0 in 15 min, 15
mL.minY) yielded the diastereocisom#a (300 mg, 0.795 mmol, 32%) as a white solid; mp.32121.4 °C; §i]p?° +21.2 € 0.98



in CHCl3); Ry = 0.38 (dichloromethanebutyl methyl ether - 70:30);max (KBr pellet): 3326, 3020, 2963, 2933, 2920, 17Y601,
1686, 1540, 1125, 751 and 71; (400 MHz; CDC}; Me,Si) 7.32-7.27 (m, 3H), 7.17 (d,6.4, 2H), 5.22 (br d] 6.4, 1H), 4.52-
4.47 (m, 1H), 3.82 (dJ 17.2, 1H), 3.67 (s, 3H), 3.07 (dd6.8 and 13.6, 1H), 3.01 (d,17.2, 1H), 2.98 (ddJ] 8.0 and 13.6, 1H),
2.79 (s, 3H), 1.85 (hept 6.8, 1H), 1.30 (s, 3H), 0.99 (d,6.8, 3H), 0.91 (d) 6.8, 3H);5c (100 MHz, CDC}) 170.4, 169.5,
156.3, 135.3, 129.4, 129.0, 127.6, 89.5, 58.7, 58216, 38.7, 36.1, 26.6, 17.5, 17.2, 16.4; MS*|EB/z777 (2M + N4&, 14%),
400 (M + N4, 100), 378 (M + H, 11),177(M + Na - Moc-Phe-OH, 39), 155 (M + H - Moc-Phe-OHl 84); Anal. Found: C,
60.67; H, 7.12; N, 11.15; Calc. for;§1,7N30s: C, 60.47; H, 7.21; N, 11.14%.

The relative configuration df0awas determined by X-ray crystallography of an atia} sample recrystallized in ethanol.

(R)-2-Isopropyl-2,3-dimethyl-1-oxy-2,3-dihydro-imidaol-4-one R)-1

In a 50-mL flask,10a (394 mg, 1.04 mmol) was dissolved in methanol (5. NaHCG; (877 mg, 10.44 mmol) was added,
followed by a 35% aqueous solution of hydrogen gete (1.01g, 10.44 mmol). The reaction was monidoby TLC (ethyl
acetate); hydrolysis of the ester bond was comglatithin 4 h at room temperature. MpQFluka, ref 63548, 600 mg) was then
added portionwise, both to destroy the excess odrdgen peroxide and complete the oxydation of theermediate
hydroxylamine. The reaction mixture was stirred I& min at room temperature and was then filteregr €elite. The solid was
rinsed with ethyl acetate and the solvents wereorad under vacuum. Purification by column chromaapdy (silica gel, ethyl
acetate/cyclohexane - 70:30), followed by recrystation from ethyl acetate/cyclohexane (1.0 mL/@E) yielded the nitrone
(R)-1 as a beige solid (124 mg, 729.5 mmol, 70%)],5f° -28.5 € 3.96 in CHC}). The enantiomeric purity of (-)R)-1 (> 99%
ee) was determined by chiral HPLC on a Daicel Gphak AD-RH column, 4.6 x 100 mm, eluent aceton@ater - 70:30, 0.5
mL/min, retention time forR)-1 6.96 min and for$)-1 5.94 min.

(rac)- and (3R,3aS,7aS)-(2-Oxo-octahydro-benzofuran-3-yl)-carbamic acidert-butyl ester 11 and (-)-11

In a 10-mL microwave vial were introduced isoxadalie 5g (85 mg, 337umol), glacial acetic acid (2 mL), a 3N aqueous
solution of HCI (2 mL) and Pd/C 10% (Fluka, ref P9 20 mg). The vial was brought into the microwagactor, evacuated,
filled up with H, and the reaction mixture was stirred undergtessure (7 bar) for 15 min at 150 °C. After &itlion through
Celite, the solids were rinsed with acetic acid andcentration under vacuum yielded the acetateo$dhe lactone.

The crude salt was dissolved in methanol (3 mL) added to a mixture of triethylamine (0.12 mL, 8480l) and methanol (1
mL), followed by dit-butyldicarbonate (147 mg, 67dmol). The reaction mixture was stirred for 4.5 h 48 °C, then
concentrated under reduced pressure. Purificatipcotumn chromatography (silica gel, dichlorometé#utyl methyl ether -
98:2) yieldedN-Boc lactonell (35 mg, 137umol, 42%) as a colourless oil which solidified upgtanding; mp 95.6-95.7 °®; =
0.26 (dichloromethanebutyl methyl ether - 97:3\max (KBr pellet): 3328, 2994, 2975, 2937, 2663, 178684, 1527, 1164 and
967; 8y (400 MHz; CDC}; Me,Si) 5.00 (br s, 1H), 4.54-4.50 (m, 2H), 2.73-2.68 (1H,)12.26-2.23 (m, 1H), 1.76-1.54 (m, 4H),
1.45 (s, 9H), 1.41-1.29 (m, 1H), 1.19 (4t2.8 and 13.2, 1H), 0.91 (dg,3.2 and 13.2, 1H)}c (100 MHz, CDC}) 175.8, 155.6,
80.4, 76.8, 57.3, 39.4, 28.4, 27.4, 22.8, 22.071MS (ES): m/z533 (2M + N&, 47%), 278 (M + N§ 100); Anal. Found: C,
60.94; H, 8.47; N, 5.21; Calc. for;H,;NO,: C, 61.16; H, 8.29; N, 5.49%.

(-)-11 (26 mg, 102umol, 42%) was obtained starting from (3 (62 mg, 243umol) as a pale yellow oil which solidified upon
standing; mp 112.4-112.6 °Cq]»°° -78.1 € 1.04 in CHC}).
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