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Abstract—(R)-4-Hydroxymethyl-2-phenyl-4,5-dihydrooxazol-4-ylmethyl acetate was efficiently obtained by lipase-catalyzed asymme-
trization of the prochiral diol. (R)-4-Hydroxymethyl-2-phenyl-4,5-dihydrooxazol-4-ylmethyl acetate was converted to (R)-2-(hydroxy-
methyl)glutamic acid and a synthetic intermediate of (K)-deoxydysibetaine.
q 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, compounds containing highly functionalized
a-substituted a-amino acid moieties have been reported to
possess intriguing biological activity (Fig. 1). For example,
myriocin (also known as thermozymocidin and ISP-1) is an
a-substituted a-amino acid derivative isolated from the
culture broth of Myriococcum albomyces, Mycelia sterilia
0040–4020/$ - see front matter q 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.02.022

Figure 1. Structure of biologically active compounds containing a-
substituted a-amino acid moieties.
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and Isaria sinclairii, and has reported to possess antifungal
and immunosuppressive activity.1–3 Lactacystin is an
a-substituted a-amino acid derivative isolated from the
culture broth of Streptomyces sp. OM-6519 and first
attracted interest due to its ability to inhibit cell proliferation
and induce nerve outgrowth in mouse neuroblastoma. The
compound exhibits significant neurotropic activity due to its
ability to inhibit the 20S proteasome.4 (R)-2-(Hydroxy-
methyl)glutamic acid is a selective agonist of metabotropic
glutamate receptor group II (mGluR3).5 Dysibetaine is an
a-substituted a-amino acid derivative isolated from the
marine sponge Dysidea herbacea collected in Yap
(Micronesia). As this compound is able to induce convulsive
behavior in mice, it was suspected of acting on glutamate
receptors in the central nervous system.6 These biological
features have prompted many groups to pursue synthetic
studies of compounds containing highly functionalized
a-substituted a-amino acid moieties.5,7–9

The chiral a-substituted a-amino acid derivatives were
synthesized using a number of methods including alkylation
of chiral enolates,5a,f,7f,8a–c,e,g,h,k,l Strecker synthesis,5c,e,8m

rearrangement of chiral trichloroacetimidates,7i,8d,f chiral
epoxide-opening with azide7e,g or trichloroacetimidates,7h,8o

and desymmetrization of prochiral compounds.10

The synthetic method employed to generate biologically
active chiral compounds using chiral building block
represents one of the useful methods. Although many chiral
building blocks, prepared by enzymatic methods or from the
chemical conversion of natural sources (sugars, amino acids
etc.), have been developed for the synthesis of versatile
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chiral compounds, only a few chiral building blocks have
been prepared for the synthesis of highly functionalized

a-substituted a-amino acid derivatives.10

The authors previously reported the development of chiral
building blocks using lipase11 and the successful synthesis
of biologically active natural products from these chiral
building blocks.12 In this paper, the authors developed
useful a novel chiral building block for the synthesis of
a-substituted a-amino acid derivatives using lipase-cata-
lyzed asymmetrization of the prochiral diol. The chiral
building block was converted to (R)-2-(hydroxymethyl)-
glutamic acid and a synthetic intermediate of (K)-
deoxydysibetaine.
Figure 2. ORTEP drawing of p-bromobenzoate 3.
2. Results and discussion

Prochiral diol 1,13 prepared from 2-amino-2-hydroxy-
methylpropane-1,3-diol and benzoic acid, was treated with
vinyl acetate in THF at rt for 5 days in the presence of
Lipase PSw (from Pseudomonas cepacia) and gave mono
acetate 2 in 82% yield (Scheme 1). Enantiomeric excess of
acetate 2 was O99% ee as determined by HPLC using a
chiral column. In the case of using Lipase AYw (from
Candida rugosa) or Lipase AKw (from Pseudomonas
fluorescence), enantiomeric excess of acetate 2 was 16 or
87% ee. The absolute configuration of acetate 2 was
determined by X-ray analysis of p-bromobenzoate 3
(Fig. 2),14 which was derived from 2 and p-bromobenzoic
acid. The configuration of the chiral center in 2 was thus
concluded to be in the R configuration. For the assessment
of optically active 2 as a potential chiral building block of
a-substituted a-amino acid derivatives, (R)-2-(hydroxy-
methyl)glutamic acid and a synthetic intermediate of (K)-
deoxydysibetaine were synthesized from acetate 2.
Scheme 1. Reagents and conditions: (a) p-Br–BzOH, DCC, DMAP,
CH2Cl2, rt, quant.

Scheme 2. Reagents and conditions: (a) (i) DMSO, (COCl)2, Et3N, CH2Cl2,
K78 8C to rt, (ii) (iPrO)2P(O)CH2CO2Et, NaH, THF, K78 to 0 8C, 86%
(two steps); (b) K2CO3, EtOH, rt, 96%; (c) H2, Pd/C, EtOH, rt, quant.;
(d) (i) TEMPO, BAIB, H2O–CH2Cl2, rt, (ii) 6 M HCl, reflux, 96%
(two steps).
The primary alcohol 2 was oxidized by DMSO/(COCl)2 to
give the aldehyde.15 This was followed by a Horner–
Wadsworth–Emmons reaction to afford (E)-a,b-unsaturated
ester 4 as the sole product (Scheme 2). Ethanolysis of the
acetyl group in ester 4 was carried out by treatment with
K2CO3 in EtOH to give alcohol 5. Hydrogenation of the
carbon–carbon double bond in 5 in the presence of 10%
Pd/C in EtOH gave alcohol (S)-6. Primary alcohol (S)-6 was
oxidized by treatment with 2,2,6,6-tetramethyl-1-piperidi-
nyloxyl (TEMPO) and bis(acetoxy)iodobenzene (BAIB) to
give the carboxylic acid.16 Finally, hydrolysis of oxazoline
by treatment with 6 M HCl under reflux afforded (R)-2-
(hydroxymethyl)glutamic acid, [a]D

25 K11.9 (c 1.17, H2O).5

The primary hydroxy group of acetate 2 was protected
to give TBS ether 7 and methanolysis of the acetate
by treatment with K2CO3 in MeOH to give alcohol 8
(Scheme 3). Alcohol 8 was oxidized by DMSO/TFAA
oxidation followed by a Horner–Wadsworth–Emmons
reaction to give (E)-a,b-unsaturated ester 9 as a sole
product. Hydrogenation of the carbon–carbon double bond
in 9 in the presence of 10% Pd/C in EtOH gave ester 10.
Deprotection of the TBS group in ester 10 was carried out
by treatment with TBAF in THF to give alcohol (R)-6.
Primary alcohol (R)-6 was oxidized directly into the



Scheme 3. Reagents and conditions: (a) TBSCl, imidazole, DMF, rt, quant.;
(b) K2CO3, MeOH, rt, 98%; (c) (i) DMSO, TFAA, Et3N, CH2Cl2, K78 8C
to rt, (ii) (iPrO)2P(O)CH2CO2Et, NaH, THF, K78 to 0 8C, 95% (two steps);
(d) H2, Pd/C, EtOH, rt, 98%; (e) TBAF, THF, rt, 79%; (f) (i) TEMPO,
BAIB, H2O–CH2Cl2, rt, (ii) CH2N2, MeOH, 0 8C, 77% (two steps); (g) 1 M
HCl, MeOH, 80 8C, 81%; (h) K2CO3, MeOH, rt, 81%.
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carboxylic acid using TEMPO and BAIB.16 This was
followed by esterification of the carboxylic acid by
treatment with CH2N2 to afford methyl ester 11. Hydrolysis
of oxazoline in ester 11 by treatment with 1 M HCl gave
lactam 12. Finally, lactam 12 was treated with K2CO3 in
MeOH at rt to afford alcohol 13, [a]D

25 C34.3 (c 0.46,
CHCl3), which is a synthetic intermediate of (K)-
deoxydysibetaine.9b,d

A lipase-catalyzed method for the preparation of optically
active oxazoline 2 was established. The present method of
desymmetrization of prochiral diol can easily be conducted
under mild conditions even in a large-scale experiment.
Enantiomeric excess of oxazoline 2 is higher than
enantiomeric excess of the chiral compounds provided by
the reported enzymatic desymmetrization of prochiral
compounds. The optically active oxazoline 2 was
clearly shown to be useful as a chiral building block for
the synthesis of biologically active chiral compounds
containing a-substituted a-amino acid moieties.
3. Experimental

3.1. General

Melting points (mp) were measured using a Yazawa melting
point apparatus BY-2 and are uncorrected. Optical rotations
were measured using a Jasco P-1030 polarimeter or a Jasco
DIP-360 polarimeter. IR spectra were recorded using a
Jasco FT-IR/620 spectrometer. UV spectra were recorded
using a Jasco V-550 spectrophotometer. 1H and 13C NMR
spectra were recorded on a Bruker DRX-400 spectrometer.
Chemical shifts are given on the d (ppm) scale using
tetramethylsilane (TMS) as the internal standard (s, singlet;
d, doublet; t, triplet; m, multiplet; br, broad). ESIMS and
high-resolution ESIMS (HRESIMS) spectra were obtained
using a Micromass LCT spectrometer. Elemental analysis
data were obtained using an Elemental Vavio EL. X-ray
diffraction was measured on Bruker MXC18 KHF22 and
Rigaku RAXIS-RAPID diffractometers. Flash column
chromatography was carried out using Kanto Chemical
Silica Gel 60 N (spherical, neutral) 40–50 mm. Reversed
phase column chromatography was carried out using
Wakosil 25C18 (spherical) 15–30 mm.

3.1.1. (R)-4-Hydroxymethyl-2-phenyl-4,5-dihydro-
oxazol-4-ylmethyl acetate (2). To a solution of diol 112

(33.0 g, 159 mmol) and vinyl acetate (147 mL, 1.59 mol) in
THF (318 mL) was added Lipase PSw (6.36 g) and the
mixture was stirred for 5 days at rt. The reaction mixture was
filtered through Celite and the filtrate was concentrated under
reduced pressure to give a crude solid (40.7 g,O99% ee). The
crude solid was purified by recrystallization from acetone–
hexane to yield acetate 2 (32.5 g, 82% yield) as colorless
plates. Enantiomeric excess of acetate 2 was O99% ee as
determined by HPLC analysis (CHIRALPAK ASw, 0.46!
25 cm, hexane/2-propanolZ93:7, flow rate: 1.0 mL/min, 2:
tRZ22.6 min, ent-2: tRZ16.8 min), mp: 128 8C; [a]D

26 K18.6
(c 1.08, CHCl3); IR (KBr) cmK1: 3199, 2962, 1731, 1634; 1H
NMR (400 MHz, CDCl3) d: 7.80 (2H, m), 7.44 (1H, m), 7.32
(2H, m), 4.39 (1H, d, JZ8.6 Hz), 4.30 (1H, d, JZ8.6 Hz),
4.22 (1H, d, JZ11.3 Hz), 4.18 (1H, d, JZ11.3 Hz), 3.85 (1H,
br dd, JZ9.2, 15.3 Hz), 3.63 (1H, br dd, JZ8.1, 15.3 Hz),
3.62 (1H, br s), 2.05 (3H, s); 13C NMR (100 MHz, CDCl3) d:
170.8, 165.9, 131.7, 128.4, 128.2, 126.8, 74.7, 71.4, 66.2,
64.7, 20.7; ESIMS m/z: 250 (MCCH, 100); HRESIMS m/z:
250.1071 (Calcd for C13H16NO4: MCCH, 250.1079). Anal.
Calcd for C13H15NO4: C, 62.64; H, 6.07; N, 5.62. Found: C,
62.73; H, 6.12; N, 5.33.

3.1.2. (R)-4-Acetoxymethyl-2-phenyl-4,5-dihydrooxazol-
4-ylmethyl 4-bromobenzoate (3). To a solution of alcohol
2 (99.8 mg, 400 mmol) in CH2Cl2 (2.00 mL) were added
p-bromobenzoic acid (88.4 mg, 440 mmol), DCC (90.8 mg,
440 mmol) and DMAP (4.9 mg, 40.0 mmol). Following
stirring at rt for 1 h, the reaction mixture was filtered
through a thin silica gel pad and the filtrate was concentrated
under reduced pressure. The residue was purified by silica
gel column chromatography (hexane/AcOEtZ4:1) to give
p-bromobenzoate 3 (173 mg, quantitative yield) as colorless
pillars: mp: 118–120 8C; [a]D

25 K28.3 (c 1.08, CHCl3); IR
(KBr) cmK1: 2984, 1739, 1709, 1650; 1H NMR (400 MHz,
CDCl3) d: 7.96 (2H, m), 7.82 (2H, m), 7.52 (3H, m), 7.42
(2H, m), 4.54 (1H, d, JZ11.3 Hz), 4.45 (1H, d, JZ
11.3 Hz), 4.44 (1H, d, JZ9.0 Hz), 4.38 (1H, d, JZ11.4 Hz),
4.37 (1H, d, JZ9.0 Hz), 4.32 (1H, d, JZ11.4 Hz), 2.07 (3H,
s); 13C NMR (100 MHz, CDCl3) d: 170.6, 165.7, 165.4,
131.9, 131.8 (!2), 131.1 (!2), 128.5, 128.4, 127.0, 73.0,
72.0, 65.9, 66.3, 20.8; ESIMS m/z: 432 (MCCH, 100);
HRESIMS m/z: 432.0421 (Calcd for C20H19

79BrNO5: MCC
H, 432.0447). Anal. Calcd for C20H18BrNO5: C, 55.57; H,
4.20; N, 3.24. Found: C, 55.58; H, 4.28; N, 3.09.

3.1.3. Ethyl (R,E)-3-(4-acetoxymethyl-2-phenyl-4,5-
dihydrooxazol-4-yl)acrylate (4). To a cold (K78 8C)
solution of oxalyl chloride (210 mL, 2.41 mmol) in
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CH2Cl2 (6.0 mL) was added DMSO (230 mL, 3.21 mmol).
Following stirring at K78 8C for 10 min, a solution of
alcohol 2 (200 mg, 802 mmol) in CH2Cl2 (2.0 mL) was
added. Following stirring at K78 8C for 30 min, Et3N
(560 mL, 4.01 mmol) was added. The mixture was warmed
to rt for over 15 min and then stirred for 30 min. The
reaction mixture was diluted with Et2O and then washed
with saturated aqueous NaHCO3, water and finally saturated
aqueous NaCl. The organic layer was dried over MgSO4,
filtered, and concentrated under reduced pressure to give the
crude aldehyde. The crude aldehyde was subsequently used
without further purification.

To a suspension of NaH (55%, 49 mg, 1.12 mmol) in THF
(2.0 mL) was added (iPrO)2P(O)CH2CO2Et (270 mL,
1.20 mmol) at 0 8C and the mixture was stirred at 0 8C for
30 min. A solution of the above crude aldehyde in THF
(2.0 mL) was added to the mixture at K78 8C and then the
mixture was warmed to 0 8C for over 30 min. The reaction
mixture was diluted with Et2O and then washed with
saturated aqueous NH4Cl, water, and saturated aqueous
NaCl. The organic layer was dried over MgSO4, filtered,
and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (hexane/
AcOEtZ5:2) to give a,b-unsaturated ester 4 (219 mg, 86%
yield, two steps) as a colorless oil: [a]D

25 K75.9 (c 1.56,
CHCl3); IR (neat) cmK1: 3064, 2981, 2902, 1745, 1719,
1644, 1603, 1496; UV (EtOH) nm: 242 (3 11,900); 1H NMR
(400 MHz, CDCl3) d: 7.97 (2H, m), 7.51 (1H, m), 7.42 (2H,
m), 7.07 (1H, d, JZ15.7 Hz), 6.15 (1H, d, JZ15.7 Hz), 4.46
(1H, d, JZ8.7 Hz), 4.26 (1H, d, JZ8.7 Hz), 4.25 (2H, s),
4.20 (2H, q, JZ7.1 Hz), 2.06 (3H, s), 1.28 (3H, t, JZ
7.1 Hz); 13C NMR (100 MHz, CDCl3) d: 170.6, 166.1,
165.3, 146.5, 131.9, 128.6, 128.4, 127.0, 122.8, 74.0, 73.7,
67.6, 60.7, 20.8, 14.2; ESIMS m/z: 318 (MCCH, 100);
HRESIMS m/z: 318.1345 (Calcd for C17H20NO5: MCCH,
318.1341). Anal. Calcd for C17H19NO5: C, 64.34; H, 6.03;
N, 4.41. Found: C, 64.29; H, 5.98; N, 4.29.
3.1.4. Ethyl (S,E)-3-(4-hydroxymethyl-2-phenyl-4,5-
dihydrooxazol-4-yl)acrylate (5). To a solution of acetate
4 (34.6 mg, 109 mmol) in EtOH (550 mL) was added K2CO3

(5.5 mg, 39.8 mmol). After stirring at rt for 40 min, the
reaction mixture was diluted with Et2O and then washed
with saturated aqueous NH4Cl, water, and saturated aqueous
NaCl. The organic layer was dried over MgSO4, filtered,
and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (hexane/
AcOEtZ3:2) to give alcohol 5 (28.8 mg, 96% yield)
as a colorless oil: [a]D

25 K56.9 (c 0.96, CHCl3); IR (neat)
cmK1: 3241, 2980, 2932, 1717, 1641, 1604, 1496; UV
(EtOH) nm: 242 (3 8050); 1H NMR (400 MHz, CDCl3) d:
7.85 (2H, m), 7.47 (1H, m), 7.35 (2H, m), 7.00 (1H, d, JZ
15.7 Hz), 6.09 (1H, d, JZ15.7 Hz), 4.59 (1H, d, JZ8.4 Hz),
4.28 (1H, d, JZ8.4 Hz), 4.19 (2H, q, JZ7.1 Hz), 3.87 (1H,
dd, JZ11.6, 4.8 Hz), 3.64 (1H, dd, JZ11.6, 9.2 Hz), 3.25
(1H, m), 1.27 (3H, t, JZ7.1 Hz); 13C NMR (100 MHz,
CDCl3) d: 166.1, 165.8, 147.5, 131.8, 128.4, 128.2, 126.5,
122.4, 75.9, 73.0, 66.1, 60.6, 14.2; ESIMS m/z: 276 (MCC
H, 100); HRESIMS m/z: 276.1217 (Calcd for C15H18NO4:
MCCH, 276.1236). Anal. Calcd for C15H17NO4: C, 65.44;
H, 6.22; N, 5.09. Found: C, 65.34; H, 6.24; N, 4.90.
3.1.5. Ethyl (S)-3-(4-hydroxymethyl-2-phenyl-4,
5-dihydrooxazol-4-yl)propionate ((S)-6). A solution of
a,b-unsaturated ester 5 (158 mg, 574 mmol) in EtOH
(5.74 mL) was hydrogenated with 10% Pd/C (57.4 mg).
The mixture was stirred at rt under a balloon pressure of H2

for 1 h. The reaction mixture was diluted with AcOEt and
filtered through Celite. The filtrate was concentrated under
reduced pressure. The residue was purified by silica gel
column chromatography (hexane/AcOEtZ2:3) to give ester
(S)-6 (159 mg, quantitative yield) as a colorless oil: [a]D

25

C13.4 (c 1.20, CHCl3); IR (neat) cmK1: 3376, 2927, 1732,
1644, 1579, 1496; 1H NMR (400 MHz, CDCl3) d: 7.86 (2H,
m), 7.46 (1H, m), 7.38 (2H, m), 4.44 (1H, d, JZ8.5 Hz),
4.15 (1H, d, JZ8.5 Hz), 4.11 (2H, dq, JZ1.7, 7.2 Hz), 3.77
(1H, dd, JZ11.4, 3.0 Hz), 3.53 (1H, dd, JZ11.4, 7.8 Hz),
2.38 (2H, m), 2.09 (1H, ddd, JZ14.2, 8.4, 7.6 Hz), 1.85
(1H, ddd, JZ14.2, 8.6, 6.6 Hz), 1.20 (3H, t, JZ7.2 Hz); 13C
NMR (100 MHz, CDCl3) d: 173.5, 164.7, 131.5, 128.3,
128.2, 127.0, 74.4, 72.8, 66.9, 60.6, 31.1, 28.6, 14.1; ESIMS
m/z: 278 (MCCH, 100); HRESIMS m/z: 278.1404 (Calcd
for C15H20NO4: MCCH, 278.1392). Anal. Calcd for
C15H19NO4: C, 64.97; H, 6.91; N, 5.05. Found: C, 64.89;
H, 6.89; N, 4.78.

3.1.6. (R)-2-(Hydroxymethyl)glutamic acid. To a solution
of alcohol (S)-6 (57.2 mg, 206 mmol) in H2O–CH2Cl2 (2/1,
630 mL) were added TEMPO (9.7 mg, 61.8 mmol) and
BAIB (199 mg, 618 mmol). After stirring at rt for 75 min,
the reaction mixture was diluted with CHCl3 and then
washed with saturated aqueous Na2S2O3 and 1 M HCl. The
organic layer was dried over Na2SO4, filtered, and
concentrated under reduced pressure. The residue was
diluted with CHCl3–MeOH (69/1) and filtered through silica
gel using CHCl3–MeOH (69/1–4/1). The filtrate was
concentrated under reduced pressure to give the crude
carboxylic acid. The crude carboxylic acid was used for the
next reaction without further purification.

A solution of the above crude carboxylic acid in 6 M HCl
(1.03 mL) was refluxed for 12 h. The reaction mixture was
washed with Et2O. The aqueous layer was concentrated
under reduced pressure. The residue was purified by
reversed phase column chromatography (H2O) to give the
hydrochloride salt. The hydrochloride salt was passed
through a DOWEXw 50W-X8 ion-change resin. Elution
with 5% aqueous NH4OH furnished (R)-2-(hydroxy-
methyl)glutamic acid (35.2 mg, 96% yield, two steps) as
colorless needles: [a]D

25 K11.9 (c 1.17, H2O). The physical
and spectral properties were consistent with the literature
values.5

3.1.7. (R)-4-(tert-Butyldimethylsiloxymethyl)-2-phenyl-
4,5-dihydrooxazol-4-ylmethyl acetate (7). To a solution
of alcohol 2 (2.51 g, 10.1 mmol) in DMF (10.1 mL) were
added imidazole (1.31 g, 19.2 mmol) and tert-butylchloro-
dimethylsilane (2.28 g, 15.1 mmol). After stirring at rt for
1 h, the reaction mixture was diluted with Et2O and then
washed with saturated aqueous NaHCO3, water, and
saturated aqueous NaCl. The organic layer was dried over
MgSO4, filtered, and concentrated under reduced pressure.
The residue was purified by silica gel column chromato-
graphy (hexane/AcOEtZ6:1) to give alcohol TBS ether 7
(3.66 g, quantitative yield) as a colorless oil: [a]D

25 K20.6
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(c 1.04, CHCl3); IR (neat) cmK1: 2954, 2930, 2858, 1746,
1649, 1604, 1580, 1496; 1H NMR (400 MHz, CDCl3) d:
7.93 (2H, m), 7.48 (1H, m), 7.40 (2H, m), 4.44 (1H, d, JZ
8.6 Hz), 4.28 (1H, d, JZ11.4 Hz), 4.25 (1H, d, JZ11.4 Hz),
4.23 (1H, d, JZ8.6 Hz), 3.84 (1H, d, JZ10.0 Hz), 3.63 (1H,
d, JZ10.0 Hz), 2.05 (3H, s), 0.85 (9H, s), 0.06 (3H, s), 0.03
(3H, s); 13C NMR (100 MHz, CDCl3) d: 170.9, 164.9,
131.5, 128.4, 128.3, 127.5, 74.7, 71.9, 66.5, 65.9, 25.7, 20.9,
18.1, K5.5. K5.5; ESIMS m/z: 364 (MCCH, 100);
HRESIMS m/z: 364.1948 (Calcd for C19H30NO4Si: MCC
H, 364.1944). Anal. Calcd for C19H29NO4Si: C, 62.78; H,
8.04; N, 3.85. Found: C, 62.76; H, 7.87; N, 3.75.

3.1.8. (S)-[4-(tert-Butyldimethylsiloxymethyl)-2-phenyl-
4,5-dihydrooxazol-4-yl]methanol (8). To a solution of
acetate 7 (3.61 g, 9.93 mmol) in MeOH (49.7 mL) was
added K2CO3 (497 mg, 3.60 mmol). After stirring at rt for
10 min, the reaction mixture was diluted with Et2O and then
washed with saturated aqueous NH4Cl, water and finally
saturated aqueous NaCl. The organic layer was dried over
MgSO4, filtered, and concentrated under reduced pressure.
The residue was purified by silica gel column chromato-
graphy (hexane/AcOEtZ2:1) to give alcohol 8 (3.14 g, 98%
yield) as colorless needles: mp: 90 8C; [a]D

25 K6.6 (c 1.01,
CHCl3); IR (KBr) cmK1: 3214, 2954, 2929, 2657, 1640,
1604, 1496; 1H NMR (400 MHz, CDCl3) d: 7.84 (2H, m),
7.45 (1H, m), 7.35 (2H, m), 4.46 (1H, d, JZ8.4 Hz), 4.36
(1H, d, JZ8.4 Hz), 3.82 (1H, dd, JZ11.3, 4.0 Hz), 3.81
(1H, d, JZ9.8 Hz), 3.73 (1H, dd, JZ11.3, 6.2 Hz), 3.61
(1H, d, JZ9.8 Hz), 0.86 (9H, s), 0.07 (3H, s), 0.03 (3H, s);
13C NMR (100 MHz, CDCl3) d: 165.4, 131.5, 128.3, 128.2,
127.3, 76.2, 72.0, 66.6, 65.9, 25.7, 18.1, K5.5, K5.5;
ESIMS m/z: 322 (MCCH, 100); HRESIMS m/z: 322.1866
(Calcd for C17H28NO3Si: MCCH, 322.1838). Anal. Calcd
for C17H27NO3Si: C, 63.51; H, 8.47; N, 4.36. Found: C,
63.28; H, 8.43; N, 4.08.

3.1.9. Ethyl (S,E) 3-[4-(tert-butyldimethylsiloxymethyl)-
2-phenyl-4,5-dihydrooxazol-4-yl]acrylate (9). To a cold
(K78 8C) solution of TFAA (65.9 mL, 474 mmol) in CH2Cl2
(1.0 mL) was added DMSO (44.8 mL, 632 mmol). Following
stirring at K78 8C for 30 min, a solution of alcohol 8
(50.7 mg, 158 mmol) in CH2Cl2 (580 mL) was added.
Following stirring at K78 8C for 30 min, Et3N (110 mL,
790 mmol) was added. The mixture was warmed to rt for
over 15 min and then stirred for 20 min. The reaction
mixture was diluted with Et2O and then washed with
saturated aqueous NaHCO3, water and finally saturated
aqueous NaCl. The organic layer was dried over MgSO4,
filtered, and concentrated under reduced pressure to give the
crude aldehyde. The crude aldehyde was used for the next
reaction without further purification.

To a suspension of NaH (55%, 20.7 mg, 474 mmol) in THF
(1.0 mL) was added (iPrO)2P(O)CH2CO2Et (120 mL,
553 mmol) at 0 8C. Following stirring at 0 8C for 45 min, a
solution of the above crude aldehyde in THF (580 mL) was
added to this mixture at K78 8C. The mixture was
subsequently warmed to 0 8C for over 15 min. The reaction
mixture was diluted with Et2O and then washed with
saturated aqueous NH4Cl, water, and saturated aqueous
NaCl. The organic layer was dried over MgSO4, filtered,
and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (hexane/
AcOEtZ10:1) to give a,b-unsaturated ester 9 (56.0 mg,
95% yield, two steps) as a colorless oil: [a]D

25 C47.6 (c 1.11,
CHCl3); IR (neat) cmK1: 2954, 2930, 2857, 1722, 1647,
1580, 1496; UV (EtOH) nm: 242 (3 15,300); 1H NMR
(400 MHz, CDCl3) d: 7.95 (2H, m), 7.49 (1H, m), 7.41 (2H,
m), 7.15 (1H, d, JZ15.8 Hz), 6.11 (1H, d, JZ15.8 Hz), 4.61
(1H, d, JZ8.4 Hz), 4.19 (2H, q, JZ7.1 Hz), 4.19 (1H, d,
JZ8.4 Hz), 3.76 (1H, d, JZ9.9 Hz), 3.71 (1H, d, JZ
9.9 Hz), 1.28 (3H, t, JZ7.1 Hz), 0.84 (9H, s), 0.06 (3H, s),
0.01 (3H, s); 13C NMR (100 MHz, CDCl3) d: 166.4, 164.8,
148.1, 131.6, 128.4, 128.3, 127.5, 121.9, 75.9, 74.0, 67.6,
60.4, 25.7, 18.1, 14.2, K5.4, K5.5; ESIMS m/z: 390 (MCC
H, 100); HRESIMS m/z: 390.2089 (Calcd for C21H32NO4Si:
MCCH, 390.2101). Anal. Calcd for C21H31NO4Si: C,
64.75; H, 8.02; N, 3.60. Found: C, 64.47; H, 8.06; N, 3.47.

3.1.10. Ethyl (S)-3-[4-(tert-butyldimethylsiloxymethyl)-
2-phenyl-4,5-dihydrooxazol-4-yl]-propionate (10). A
solution of a,b-unsaturated ester 9 (114 mg, 305 mmol) in
EtOH (3.05 mL) was hydrogenated with 10% Pd/C
(30.5 mg). The mixture was stirred at rt under a balloon
pressure of H2 for 30 min. The reaction mixture was diluted
with Et2O, filtered through Celite, and the filtrate
concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (hexane/
AcOEtZ8:1) to give ester 10 (112 mg, 98% yield) as a
colorless oil: [a]D

25 K6.2 (c 1.04, CHCl3); IR (neat) cmK1:
2954, 2930, 2857, 1737, 1649, 1604, 1496; 1H NMR
(400 MHz, CDCl3) d: 7.91 (2H, m), 7.47 (1H, m), 7.39 (2H,
m), 4.44 (1H, d, JZ8.6 Hz), 4.10 (2H, dq, JZ7.1, 2.2 Hz),
4.08 (1H, d, JZ8.6 Hz), 3.68 (1H, d, JZ9.9 Hz), 3.61 (1H,
d, JZ9.9 Hz), 2.42 (1H, ddd, JZ16.3, 10.1, 6.3 Hz), 2.36
(1H, ddd, JZ16.3, 9.9, 6.3 Hz), 2.07 (1H, ddd, JZ14.0,
10.1, 6.3 Hz), 1.95 (1H, ddd, JZ14.0, 9.9, 6.3 Hz), 1.20
(3H, t, JZ7.1 Hz), 0.84 (9H, s), 0.05 (3H, s), 0.01 (3H, s);
13C NMR (100 MHz, CDCl3) d: 173.6, 163.8, 131.3, 128.3,
128.2, 127.8, 74.4, 73.5, 68.2, 60.4, 31.0, 29.0, 25.7, 18.1,
14.1, K5.4, K5.5; ESIMS m/z: 392 (MCCH, 100);
HRESIMS m/z: 392.2265 (Calcd for C21H34NO4Si: MCC
H, 392.2257). Anal. Calcd for C21H33NO4Si: C, 64.41; H,
8.49; N, 3.58. Found: C, 64.53; H, 8.47; N, 3.47.

3.1.11. Ethyl (R)-3-(4-hydroxymethyl-2-phenyl-4,5-
dihydrooxazol-4-yl)propionate ((R)-6). To TBS ether 10
(66.0 mg, 176 mmol) was added TBAF (1.0 M in THF,
530 mL, 527 mmol). After stirring at rt for 5 min saturated
aqueous NH4Cl was added to the reaction mixture. The
mixture was diluted with AcOEt and then washed with
water and saturated aqueous NaCl. The organic layer was
dried over MgSO4, filtered, and concentrated under reduced
pressure. The residue was purified by silica gel column
chromatography (CHCl3/AcOEtZ2:1) to give alcohol (R)-6
(38.6 mg, 79% yield) as a colorless oil: [a]D

25 K14.6 (c 1.23,
CHCl3). Anal. Calcd for C15H19NO4: C, 64.97; H, 6.91; N,
5.05. Found: C, 65.11; H, 7.09; N, 4.90.

3.1.12. Methyl (S)-4-(2-ethoxycarbonylethyl)-2-phenyl-
4,5-dihydrooxazole-4-carboxylate (11). To a solution of
alcohol (R)-6 (28.8 mg, 104 mmol) in H2O–CH2Cl2 (2/1,
330 mL) were added TEMPO (4.9 mg, 31.2 mmol) and
BAIB (100 mg, 312 mmol). After stirring at rt for 75 min,
the reaction mixture was diluted with CHCl3 and then
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washed with saturated aqueous Na2S2O3 and 1 M HCl. The
organic layer was dried over Na2SO4, filtered, and
concentrated under reduced pressure. The residue was
diluted with CHCl3–MeOH (69/1) and filtered through silica
gel using CHCl3–MeOH (69/1–4/1). The filtrate was
concentrated under reduced pressure to give the crude
carboxylic acid. The crude carboxylic acid was sub-
sequently used without further purification.

To a cold (0 8C) solution of the above crude carboxylic acid
in MeOH (1.0 mL) was added a solution of CH2N2 in Et2O
until the mixture turned yellow. After stirring at 0 8C for
5 min and then at rt for 50 min, the reaction mixture was
concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (hexane/
AcOEtZ3:1) to give diester 11 (24.5 mg, 77% yield, two
steps) as a colorless oil: [a]D

25 C18.6 (c 0.66, CHCl3); IR
(neat) cmK1: 2981, 1735, 1643, 1603, 1496; 1H NMR
(400 MHz, CDCl3) d: 7.98 (2H, m), 7.50 (1H, m), 7.41 (2H,
m), 4.75 (1H, d, JZ9.1 Hz), 4.28 (1H, d, JZ9.1 Hz), 4.11
(2H, dq, JZ1.0, 7.1 Hz), 3.80 (3H, s), 2.52–2.35 (3H, m),
2.19 (1H, m), 1.22 (3H, t, JZ7.1 Hz); 13C NMR (100 MHz,
CDCl3) d: 173.1, 172.7, 165.1, 131.9, 128.6, 128.3, 126.9,
77.1, 74.1, 60.6, 52.8, 33.2, 29.0, 14.1; ESIMS m/z: 306
(MCCH, 100); HRESIMS m/z: 306.1348 (Calcd for
C16H20NO5: MCCH, 306.1341). Anal. Calcd for
C16H19NO5: C, 62.94; H, 6.27; N, 4.59. Found: C, 62.73;
H, 6.26; N, 4.46.

3.1.13. Methyl (S)-2-benzoyloxymethyl-5-oxopyrroli-
dine-2-carboxylate (12). To a solution of diester 11
(752 mg, 2.46 mmol) in MeOH (18.3 mL) was added 1 M
HCl (6.1 mL). After stirring at 80 8C for 2.5 h, the reaction
mixture was diluted with AcOEt and then washed with
saturated aqueous NaHCO3, water and finally saturated
aqueous NaCl. The organic layer was dried over MgSO4,
filtered, and concentrated under reduced pressure. The
residue was purified by silica gel column chromatography
(hexane/AcOEtZ1:3) to give lactam 12 (552 mg, 81%
yield) as colorless needles: mp: 140 8C; [a]D

25 C37.6 (c 0.37,
CHCl3); IR (KBr) cmK1: 3232, 2959, 1751, 1723, 1702; 1H
NMR (400 MHz, CDCl3) d: 7.97 (2H, m), 7.58 (1H, m),
7.44 (2H, m), 6.40 (1H, br s), 4.68 (1H, d, JZ11.1 Hz), 4.36
(1H, d, JZ11.1 Hz), 3.80 (3H, s), 2.50–2.40 (3H, m), 2.25
(1H, m); 13C NMR (100 MHz, CDCl3) d: 176.6, 172.0,
165.7, 133.6, 129.7, 129.0, 128.6, 68.5, 64.7, 53.2, 29.2,
27.7; ESIMS m/z: 278 (MCCH, 100); HRESIMS m/z:
278.1054 (Calcd for C14H16NO5: MCCH, 278.1028). Anal.
Calcd for C14H15NO5: C, 60.64; H, 5.45; N, 5.05. Found: C,
60.52; H, 5.58; N, 4.90.

3.1.14. Methyl (S)-2-hydroxymethyl-5-oxopyrrolidine-2-
carboxylate (13). To acetate 12 (9.9 mg, 35.7 mmol) was
added K2CO3 (0.5 g/L in MeOH, 360 mL). After stirring at rt
for 1.5 h, the reaction mixture was diluted with CHCl3 and
then washed with saturated aqueous NH4Cl, water, and
saturated aqueous NaCl. The organic layer was dried over
MgSO4, filtered, and concentrated under reduced pressure.
The residue was purified by silica gel column chromato-
graphy (CHCl3/MeOHZ20:1) to give alcohol 13 (5.0 mg,
81% yield) as colorless pillars: mp: 1338C; [a]D

25 C34.3
(c 0.46, CHCl3). The physical and spectral properties were
consistent with the literature values.9d
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