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The fraction eluting from 150 to 250 mL was subjected to chro- 
matography on a Sep-Pak ODS cartridge (Waters) with 
MeOH/H20 (3:7, 20 mL) and then MeOH (20 mL) to give al- 
teramide (1, 50 mg, 0.1% wet weight) in the latter fraction. 

Alteramide A (1): yellow powder; mp -200 "c dec; [.IDz2 
+36.2O (c 0.1, MeOH); UV (MeOH) A,, 268 (c 30300) and 347 
nm (11 000); IR (KBr) v, 3400,1660 (sh), 1610, and 1470 cm-'; 
'H and 1% NMR (Table I); FABMS (positive ion, glycerol matrix) 
m/z 533 (M+ + Na); HRFABMS m/z 533.2629 (M+ + Na; calcd 
for CzaH3sN206Na, 533.2628). 

Photochemical Cycloaddition of 1. The irradiation was 
carried out using a mercury lamp housed in a water-cooled Pyrex 
jacket. A solution of 1 (3.0 mg) in 1.0 mL of degassed methanol 
was irradiated under argon atmosphere at 0 OC for 30 min. 
Removal of the methanol by evaporation under reduced pressure 
afforded 3.0 mg of 2 white amorphous solid; mp -160 OC dec; 
[.IaD + 16.7O (c 1.0, MeOH); UV (MeOH) A- 245 (e 15000) and 
286 nm (15500); IR (KBr) v, 3330,1640,1520, and 1480 cm-l; 
lH NMR (CD,OD) 6 0.90 (3 H, t, J = 7.3 Hz, Me-301, 0.92 (1 H, 
m, H-7b), 0.94 (1 H, m, H-gb), 1.04 (3 H, d, J = 6.4 Hz, Me-31), 
1.10 (1 H, m, H-29b), 1.26 (1 H, m, H-11), 1.28 (1 H, m, H-26b), 
1.34 (m, H-26a), 1.37 (1 H, m, H-lo), 1.64 (1 H, m, H-29a), 1.66 
(1 H, m, H-12), 1.80 (2 H, m, H-6, H-13),1.92 (1 H, m, H-7a), 2.08 
(1 H, m, H-9a), 2.76 (1 H, m, H-8), 2.86 (1 H, m, H-5), 3.00 (1 H, 
m, H-27b), 3.20 (1 H, m, H-27a), 3.26 (1 H, m, H-15), 3.60 (1 H, 
m, H-14), 4.00 (1 H, m, H-2), 4.03 (1 H, m, br E, H-23), 4.10 (1 
H, m, H-25), 5.12 (1 H, m, H-18), 5.41 (1 H, dd, J = 5.3, 8.8 Hz, 

9.3, H-16), and 6.16 (1 H, m, H-17); 13C NMR (CD,OD) 6 13.0 
H-4), 5.57 (1 H, dd, J = 8.1,8.8 Hz, H-3), 5.69 (1 H, dd, J = 8.3, 

(q, C-30), 18.5 (4, C-31), 27.2 (t, C-29), 30.7, (t, C-26), 36.6 (t, C-27), 
36.7 (t, C-7), 41.6 (t, C-9),45.8 (d, C-5), 47.8 (d, C-11, C-l8), 50.4 
(d, C-8), 51.1 (d, C-2), 54.2 (d, C-12), 54.9 (d, C-lo), 58.8 (d, C-6), 
59.6 (d, C-15), 65.2 (d, C-13, C-23), 78.2 (d, C-25), 81.9 (d, C-14), 
108.1 (8, C-20), 128.6 (d, C-17), 129.6 (d, C-3), 135.9 (d, C-l6), 136.9 
(d, C-4), 175.7 (8, C-l), 176.8 (8,  C-21), .and 191.1 (8 ,  C-19, C-24). 
FABMS (positive ion, glycerol matrix) m/z 533 (M + Na)+; 
HRFABMS m/z 533.2624 (M+ + Na; calcd for C29H3sN206Na, 
533.2628). 

Reductive Ozonolysis of 1. Through a solution of 1 (9.0 mg) 
in MeOH (1.0 mL) at -40 OC was passed ozonized oxygen for 5 
min. After the excess of ozone was expelled by a nitrogen stream, 
the mixture was allowed to warm to 0 "C and NaBH4 (9.0 mg) 
was added. The mixture was stirred for 45 min, and ex= hydride 
was decomposed with 1 mL of 1 M potassium phosphate buffer 
(pH 7). The mixture was extracted with EtOAc (1 mL X 5),  and 
the organic solvent was evaporated. The residue was treated with 
acetic anhydride/pyridine (1:l) overnight at room temperature. 
After evaporation under reduced preasure the residue was purified 
by chromatography on a silica gel column (0.7 X 7 cm) eluted with 
hexane/acetone (101) to yield compound 3 (3.0 mg) as a colorless 
oil: [a]$' -25.3O (c 0.6, CHCl,); IR (neat) Y- 1740 cm-'; 'H NMR 
(CDCl,) 6 0.86 (3 H, t, J = 7.6 Hz, Me-30), 0.96 (3 H, d, J = 6.8 
Hz, Me-31), 0.98 (1 H, m, H-gb), 1.06 (1 H, m, H-29b), 1.10 (1 
H, m, H-7b), 1.20 (1 H, m, H-ll), 1.34 (1 H, m, H-lo), 1.60 (1 H, 
m, H-29a), 1.79 (1 H, m, H-13), 1.86 (1 H, m, H-12), 2.01 (1 H, 
dt, J = 7.3, 11.7 Hz, H-7a), 2.04 (3 H, s, CH,CO), 2.05 (3 H, S, 
CH,CO), 2.06 (3 H, 8, CH,CO), 2.09 (1 H, m, H-ga), 2.11 (1 H, 
m, H-6),2.34 (1 H, m, H-8),4.03 (1 H, dd, J = 5.9,10.7 Hz, H-50, 
4.05 (1 H, dd, J = 7.8,11.7 Hz, H-15'),4.09 (1 H, dd, J = 5.9, 10.7 
Hz, H-5), 4.28 (1 H, dd, J = 3.9, 11.7 Hz, H-15), and 5.16 (1 H, 
dd, J = 3.9,7.8 Hz, H-14); '% NMR (CDClA 6 12.4 (9, C-30),17.1 
(9, C-31), 20.8 (9, CHaCO), 20.9 (9, CHSCO), 21.1 (9, CH&O), 
26.8 (t, C-29),37.5 (t, C-9),38.9 (t, C-7),41.9 (d, C-8),43.7 (d, Ca), 
46.2 (d, C-11),48.2 (d, H-13), 51.5 (d, H-lo), 55.5 (d, C-12), 64.4 
(t, C-15), 67.4 (t, C-5), 73.2 (d, C-14), 170.6 (s, CHJO), 170.7 (8,  
CH,CO), and 171.1 (8, CH,CO); EIMS m/z 309 (M+ - CH,COO), 
and 248 (M+ - 2 X CH,COOH); HREIMS m/z 309.2094 [(M+ - 
CH,COO); calcd for C18HmO4, 309.20651. 

Determination of L-erytlrro-8-Hydroxyomithine. Through 
a solurion of 1 (2.0 mg) in MeOH (0.7 mL) at -40 OC was passed 
ozonized oxygen for 2 min. After the exma of ozone was expelled 
by a nitrogen stream, the solution was evaporated under reduced 
pressure, and to the residue 98% formic acid (0.5 mL) and 35% 
hydrogen peroxide (50 rL) were added. The mixture was stirred 
for 1 h at 0 OC and then for 18 h at room temperature. The solvent 
was evaporated, and the residue was chromatographed on a 
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Sep-Pak ODS cartridge with MeOH/H20 (3:7) to give a mixture 
of amino acids (0.4 mg), which was analyzed by a Hitachi amino 
acid autoanalyzer (Model 835; No. 2617,4.0 X 250 mm) at a flow 
rate of 0.275 mL/min with 0.2 N sodium citrate buffer and de- 
tected at 570 nm. The relative stereochemistry of @Horn was 
determined by comparing the retention time with those for the 
authentic erythro- and threo-BHOm (91.0 and 90.4 min, re- 
spectively). The retention time of the @Horn in the degradation 
products of 1 was found to be 91.0 min. The absolute stereo- 
chemistry of BHOm was elucidated by the chiral HPLC analysis 
(Chiralpak WH, Daicel Chemical, 4.6 X 250 mm) at a flow rate 
of 1.0 mL/min with 1.0 mmol/L of CuS04 aqueous solution and 
detected at 254 nm. The retention times of authentic L- and 
Derythro-BHOm were 22 and 10 min, respectively. The retention 
time of the BHOrn in degradation products of 1 was found to be 
22 min. 
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The importance of taxol's C-13 side chain to the drug's 
powerful antileukemic and tumor-inhibiting activity was 
noted in the very earliest biological studies on this re- 
markable molecule.' Side chain structure-activity rela- 
tionship studies have subsequently led to other promising 
drug candidates2 and to the suggestion that the 3'-amide 
substituent plays an important role in the preorganization 
of taxol for binding to microtubules.3 Interest in synthetic 
routes to the N-benzoyl-3-phenylisoserine side chain 3 has 

OH 
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Scheme I1 

been further heightened by the isolation of 10-deacetyl- 
baccatin I11 (2) from a renewable natural source in rea- 
sonably high yield (up to l g/kg),4s5" leading to optimism 
that routes involving coupling of synthetic side chain 3 to 
naturally-derived 2 may provide taxol in sufficient amounta 
to meet anticipated demand. Indeed, the successful ap- 
plication of such semisynthetic strategies to the synthesis 
of 1 has been achieved,6 and this has prompted research 
into the development of taxol side-chain synthesis that are 
practical and adaptable to relatively large-scale production. 

Promising approachea toward enantiomerically enriched 
3 include semisynthesis drawing from the chiral pool: 
enzymatic kinetic resolution of racemic esters of 3,' 
diastereoselective reactions with covalently-bound chiral 
auxiliaries,6b*c*s and asymmetric catalysis.BJo Herein we 
describe a new, efficient synthesis of the taxol side chain 
via a highly enantioselective epoxidation reaction catalyzed 
by the readily available (salen)Mn(III) complex 4.11J2 The 
s u c m  of the catalytic process, the simplicity and low cost 
of all reagents, and the fact that preparative chromato- 
graphic separations are completely avoided may render this 
the most practical route to enantiomerically pure 3- 
phenylisoserine derivatives developed to date. 

H $)#" 

Results and Discussion 
Partial hydrogenation of commercial ethyl phenyl- 

propiolate to cis-ethyl cinnamate was effected in good yield 
with Lindlar's catalyst and a solvent system composed of 
hexane and 1-hexene (7:2 v/v) (Scheme I).13 The product 
mixture contained 9% overreduced material and trans 
alkene, but these byproducts did not interfere with sub- 

(4) ChauviBre, G.; GuBnard, D.; Picot, F.; SBnilh, V.; Potier, P. C. R. 
Acad. Sci. Paris 1981,293,501. 

(5) (a) Denis, J. N.; Greene, A. E.; GuBnard, D.; Gheritte-Voegelein, 
F.; Mangatal, L.; Potier, P. J.  Am. Chem. SOC. 1988, 110, 5917. (b) 
Holton, R. A. U.S. Patent 5,015,744,1991. (c) Ojima, I.; Habus, I.; Zhao, 
M.; Georg, G. I.; Jayasinghe, L. R. J.  Org. Chem. 1991,56, 1681. 

(6) Denis, J. N.; Correa, A.; Greene, A. E. J. Org. Chem. 1991,56,6939. 
(7) HBnig, H.; Seufer-Waseerthal, P.; Weber, H. Tetrahedron 1990,46, 

3841. ~. ~~ 

(8) Georg, G. I.; Mashava, P. M.; Akgtin, E.; Milstead, M. W. Tetra- 

(9) Denis, J. N.; Greene, A. E.: Serra, A. A,; Luche, M.-J. J. Org. Chem. 
hedron Lett. 1991,32,3151. 

1986. SI. 46. - - - -, - - , - - . 
(10) Denis, J. N.; Correa, A.; Green, A. E. J. Org. Chem. 1990,55,1957. 
(11) Jacobsen, E. N.; Zhang, W.; Muci, A. R.; Ecker, J. R.; Deng, L. 

(12) An improved and highly optimized procedure for the synthesis 

(13) Akbulut, N.; Hartsough, D.; Kim, J.-I.; Schuater, G. B. J.  Org. 

J. Am. Chem. SOC. 1991,113,7063. 

of 4 is provided in the Experimental Section. 

Chem. 1989,54, 2549. 
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sequent steps and were easily removed later in the syn- 
thetic sequence. Epoxidation of cis-ethyl cinnamate thus 
obtained was effected with commercial bleach in the 
presence of 6 mol % (R,R)-4 to afford the corresponding 
cis epoxide in 95-97% ee favoring the (R,R)-(+)-enan- 
tiomer. The enantioselectivity of the reaction proved to 
be quite sensitive to the identity of the ester group, with 
cis-methylcinnamate being epoxidized under similar con- 
ditions but in only 87-89% ee.'l Addition of 4-phenyl- 
pyridine N-oxide (CPPNO) or other similar hydrophobic 
pyridine N-oxide derivatives was also crucial to the success 
of the reaction, since in the absence of such additives 
epoxidation took place with 10-15% lower selectivity and 
proceeded to only partial conversion of olefin, even with 
15-20 mol % added cataIyst. We have ascertained through 
control experiments and spectroscopic studies that the 
N-oxide does not act as an oxygen-atom source, but rather 
as an axial ligand to manganese.'* Coordination of N- 
oxide to the mildly Lewis acidic Mn(II1) and/or Mn(V) 
oxo intermediate appears to effectively inhibit catalyst 
decomposition by pathways involving complexation of 
epoxide to the manganese center. It also appears that 
enantioselectivity enhancement induced by N-oxide is due 
to suppression of a nonselective minor pathway involving 
Lewis acid-catalyzed conjugate addition of bleach to the 
unsaturated ester. 
Trans epoxide was generated as a significant byproduct 

of the epoxidation reaction (cis:trans - 3.51 in the crude 
reaction mixture), presumably as a result of a stepwise 
oxygen-atom transfer mechanism involving a discrete 
benzylic radical or cation intermediate.15 Although sep- 
aration of the diastereomeric epoxides could be effected 
by flash chromatography, the mixture could be carried 
forward in the synthetic sequence. Thus, the distilled 
mixture of cis and trans epoxides was treated directly with 
ammonia in ethanol to generate 3-phenylisoserinamide in 
a highly regioselective ring-opening process (Scheme 1I).l6 
No regioisomeric products could be detected by 'H NMR 
analysis of the crude product mixture, and the diastereo- 
meric impurity resulting from ring opening of the trans 
epoxide was successfully removed by recrystallization of 
the crude product mixture from methanol. Hydrolysis of 
the amide was effected without epimerization using Ba- 
(OH), in water.15 After acidification of the reaction mix- 
ture with H8O4, precipitated barium sulfate was removed 
by centrifugation, and (+)-3-(2R,3S)-3-phenylisoeerine was 
obtained directly by crystallization from the supernatant 
aqueous solution. This material was converted to the taxol 
side chain 3 by treatment with benzoyl chloride/NaHCO, 

(14) Samsel, E. G.; Srinivasan, K.; Kochi, J. K. J. Am. Chem. SOC. 
1986,107,7606. Kabuki fmt noted an effect of donor ligands in related 
(salen)manganese-catalyzed asymmetric epoxidations. hie ,  R.; Ito, Y.; 
Kabuki, T. Synlett 1991, 265. 

(15) Lee, N. H.; Jacobsen, E. N. Tetrahedron Lett. 1991, 32, 6533. 
(16) This reaction has been reported previously in the racemic series: 

Kamandi, E.; Frahm, A. W.; Zymalzowski, F. Arch. Parmaz. 1974,307, 
871. 
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in a two-phase reaction in good yield." Isolation of ana- 
lytically pure 3 from the benzoic acid byproduct was ac- 
complished without chromatography by crystallization 
from acetone/hexane. The enantiomeric purity of 3 was 
determined to be >97% by HPLC analysis of its methyl 
ester (Pirkle column) and by I9F NMR and 'H NMR 
analysis of its corresponding Mosher ester. The rotation 
of 3 prepared from (R,R)-4 matched that of the side chain 
from natural taxol = -35.9O (c 0.56, EtOH) (lit." 
[ ( u ] ~ ~ D  = -37.78')). 

In summary, the four-step synthesis of (R,R)-3- 
phenylisoserine outlined in Schemes I and I1 begins with 
commercially available ethyl phenylpropiolate and employs 
H2, household bleach, NH3, and Ba(OHI2 as stoichiometric 
reagents. The yields and conditions described above 
correspond to a complete sequence carried out on 5 g of 
cis-ethyl cinnamate that afforded 1.65 g of 3 (25% overall 
yield). Adaptation of this methodology to the preparation 
of substituted and isotopically labeled analogs of 3 is 
currently under investigation in our laboratories. 

Experimental Section 
General. Melting points were obtained in open capillary tubes 

and are uncorrected. All boiling points are also uncorrected. 
Elemental analyses were performed by the Microanalytical 
Laboratory of the University of Illinois. 

Analytical thin-layer chromatography (TLC) was conducted 
on Merck glass plates coated with 0.25 mm of silica gel 60 Fzm. 
TLC plates were visualized with UV light and/or in an iodine 
chamber unless noted otherwise. Gas-liquid chromatographic 
(GC) analyses were performed on a J & W Scientific 0.32-mm X 
30-m DB-5 capillary column. 

The buffered bleach solutions employed in the epoxidation 
reactions were prepared from Clorox according to the published 
method." Unless otherwise noted, all starting materials were 
purchased from Aldrich and were used as received. 

Preparation of Catalyst 4.18 3,s-Di-tert -butyl-%- 
hydroxybenzaldehyde (Di-tert -butylsalicylaldehyde). The 
procedure described by Casiraghi et al.l9 was followed with several 
modifications. Prior to use, 2,6-lutidine was distilled from KOH, 
toluene was distilled from Na/benzophenone ketyl, and para- 
formaldehyde was dried over PzOs at  100 "C under vacuum. All 
glassware for this step was oven-dried overnight. 

A 200-mL, three-necked, round-bottomed flask equipped with 
a mechanical stirrer, an addition funnel, and a reflux condenser 
with a nitrogen inlet was charged with 2.80 mL of 2,6-lutidine 
(24.1 mmol,0.4 equiv) and 12.40 g of 2,4di-tert-butylphenol(59.9 
mmol, 1.0 equiv) in 12 mL of dry toluene. SnC4 (5.99 mmol, 0.1 
equiv) was added dropwise to the solution, and the addition funnel 
was rinsed with 3 mL of dry toluene to wash in the last traces 
of SnC14 The heterogeneous yellow mixture was stirred at  room 
temperature under nitrogen for 1 h, after which the nitrogen purge 
was shut off and 5.95 g of paraformaldehyde (198 mmol,3.3 equiv) 
was added quickly as a solid. The nitrogen purge was rees- 
tablished, the addition funnel was replaced with a glass stopper, 
and the mixture was heated in a 100 "C oil bath. After 3 h, GC 
analysis indicated >99% disappearance of starting di-tert-bu- 
tylphenol, and the reaction mixture appeared as a slightly yellow 
solution over a thick, medium brown, oily layer. The mixture was 
allowed to cool to room temperature, and stirring was continued 
while 100 mL of water was added to the flask. The thick mixture 
was transferred to a separatory funnel, and the flask was rinsed 
with an additional 100-mL portion of water. The aqueous layer 

(17) Zhang, W.; Jacobsen, E. N. J. Org. Chem. 1991,56, 2296. 
(18) This procedure was developed by Dr. J. W. Young. Young, J. W., 
(19) Casiraghi, G.; Caanati, G.; Puglia, G.; Sartori, G.; Terenghi, G. J. 

(20) Claw, P.; Schilling, P.; Gratzl, J. S.; Kratzl, K. Monatsh. Chem. 

(21) Capdevielle, P.; Baranne-Lafont, J.; Sparfel, D.; Cuong, N. K.; 

Jr.; Jacobsen, E. N. Manuscript in preparation. 

Chem. Soc., Perkzn Tram. 1 1980, 1862. 

1972,103, 1178. 

Maumy, M. J. Mol. Catal. 1988,47, 59. 

was acidified to approximately pH 2 with a few milliliters of 2 
N HC1 and shaken with 150 mL of ether. An intractable emulsion 
resulted, and the entire mixture was filtered through Celite to 
facilitate subsequent phase separation. The aqueous layer was 
extracted with two additional 150-mL portions of ether. The 
combined ether extracts were washed with 200 mL of water and 
200 mL of brine and dried over sodium sulfate. 

Removal of the ether by rotary evaporation afforded a thick 
yellow oil (12.088 g). The mixture was recrystallized once at -10 
OC from 18 mL of absolute ethanol to yield 9.70 g (69%) 3,5- 
di-tert-butylsalicylaldehyde as fine, pale yellow needles (purity 
99.5% by GC), mp 54-56 "C (lit.20 mp 58-60 "C; mp 62-63 

= 2.4 Hz, 1 H), 7.35 (d, J = 2.4 Hz, 1 H), 1.43 (8 ,  9 H), 1.33 (s, 

119.9, 35.0, 34.2, 31.3, 29.2. 
Catalyst Synthesis. A l-L, three-necked, round-bottomed 

flask equipped with a reflux condenser, an addition funnel, and 
a mechanical stirrer was charged with 4.70 g (20.0 "01) of 
3,5-di-tert-butylsalicylaldehyde in 200 mL of 95% EtOH. A 
solution of 1.14 g of tram-1,2-diaminocyclohexane (10.0 mmol) 
in 100 mL of 95% EtOH was added. The flask was heated at  
reflux for 15 min with appearance of the Schiff base as a bright 
yellow slurry. A solution of 0.5 M KOH (40.0 mL, 20.0 mmol) 
in 95% EtOH was then added dropwise. The mixture was vig- 
orously stirred at reflux until all  of the d e n  had dissolved to give 
a deep yellow solution.22 A solution of Mn(OAc),.(H,O), (25.0 
mmol) in 20 mL of water was then added slowly. The reaction 
mixture immediately became opaque, the solution turned brown, 
and a flocculent, off-white precipitate quickly formed. Stirring 
was continued at reflux for 30 min and then continued for 30 min 
as the reaction was allowed to cool to room temperature. A 
solution containing 1.27 g of LiCl(30 mmol) in 10 mL of water 
was added, and the mixture was stirred at room temperature for 
0.5 h. TLC analysis at  this stage showed a single spot (Rt 0.42, 
5% EtOH/CH,ClJ, with no evidence of free ligand. The resulting 
dark brown solution was then filtered through a l-cm pad of Celite, 
and the filtrate was reduced to a volume of approximately 100 
mL by rotary evaporation and then poured into a 2-L Erlenmeyer 
flask containing 500 mL of water, resulting in the precipitation 
of a fine brown powder which was collected by filtration. The 
damp powder was redissolved in CHzClz (100 mL) and extracted 
twice with 100 mL of water. The organic phase was dried over 
sodium sulfate and filtered, and the solvent was removed under 
vacuum. The resulting dark brown powder was dried overnight 
in a vacuum desiccator over CaSO,. Yield of 4: 5.84 g (92%). 
Anal. Calcd for C~H5zClMnN20z: C, 67.19; H, 8.31; C1,5.22; Mn, 
8.09, N, 4.12. Found: C, 67.05; H, 8.34, C1,5.48, Mn, 8.31; N, 4.28. 

&-Ethyl Cinnamate. The literature procedure was followed 
with modifications.23 Under an atmosphere of dry nitrogen, ethyl 
phenylpropiolate (10.8 g, 0.062 mol) was dissolved in a mixture 
of hexane and 1-hexene (7:2 v/v, 540 mL), followed by addition 
of quinoline (11.2 g) and palladium on calcium carbonate (lindlar 
catalyst, 3.6 g). The resulting reaction mixture was connected 
to a hydrogen-filled balloon (1 atm) and stirred at  room tem- 
perature, and the progress of the reaction was monitored by GC 
analysis. The reaction was stopped by displacement of the hy- 
drogen atmosphere with nitrogen after the starting alkyne was 
completely consumed. The resulting mixture was filtered through 
a Celite pad, and the filtrate was washed with 10% acetic acid 
(4 x 500 mL), water (3 X 500 mL), and saturated NaHCO3 (4 x 
500 mL) and dried over NazSOI. Solvent was removed under 
reduced pressure, and the residue (10.1 g) was determined to be 
a mixture containing 91.8% ck-ethyl cinnamate (84% yield), 5.7% 
over-reduced alkane, and 3.5% trans-ethyl cinnamate by inte- 
gration of its gas chromatogram and comparison with authentic 
samples. This material was used without further purification. 

(2R,3R)-Ethyl 3-Phenylglycidate. cis-Ethyl cinnamate 
obtained as described above (5.0 g, 25.5 mmol) and 4-phenyl- 
pyridine N-oxide (1.16 g, 25 mol %) were dissolved in CHzClz (60 
mL). Catalyst (R,R)-4 (1.08 g, 6.5 mol %) was added. The 

"(2): 'H-NMR (CDC13) 6 11.66 (8, 1 H), 9.86 (8, 1 H), 7.59 (d, J 

9 H); 13C-NMR (CDCl3) 6 197.3, 159.0,141.6, 137.5,131.8, 127.8, 

(22) If yellow solid remains after 15 min of refluxing, ethanol should 

(23) Akbulut, N.; Hartaough, D.; Kim, J.-I.; Schuster, G. B. J. Org. 
be added in 50" portions until all solids just dissolve. 

Chem. 1989,54, 2549. 
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resulting solution and the buffered bleach (160 mL, pH = 11.25) 
were cooled separately in an ice bath and then combined at 4 "C. 
The two-phase mixture was stirred for 12 h. tert-Butyl methyl 
ether (500 mL) was then added to the solution, and the organic 
phase was separated and filtered through a Celite pad, washed 
with water (2 X 400 mL) and brine (2 X 400 mL), and then dried 
over Na2SOI. The solvent was removed under vacuum, and GC 
analysis of the residue indicated the presence of cis and trans 
epoxides in a 3.51 ratio. The ee of the cis epoxide was determined 
to be 9597% by 'H NMR analysis with Eu(hf& as chiral shift 
reagent, and the ee of the trans isomer was determined to be 78% 
by the same method. The residue was purified by short-path 
distillation (104-105 "C (0.5 mm)) to afford 4.0 g of a mixture 
containing 70% cis epoxide (56% yield), 13% trans epoxide (10% 
yield), and remaining trace impurities arising from starting ma- 
terial (all yields determined by GC analysis). This material was 
suitable for subsequent reactions and was used without further 
purification. Alternatively, for smaller scale procedures the residue 
was purified by flash chromatography (petroleum ether/ether 
(87:13), v/v) to afford the epoxides in a 101  cis/trans ratio. 
cis-Ethyl-3-phenylglycidate: 'H NMR (CDC13) 6 1.02 (t, J = 7.2 
Hz, 3 H), 3.83 (d, J = 4.8 Hz, 1 H), 3.9-4.1 (m, 2 H), 4.27 (d, J 
= 4.8 Hz, 1 H), 7.2-7.5 (aromatic, 5 H); tram-ethyl 3-phenyl- 
glycidate: 'H NMR (CbC1,) b 1.33 (t, J = 7.2 Hz, 3 H), 3.51 (d, 
J = 2.1 Hz, 1 H), 4.09 (d, J = 1.8 Hz, 1 H), 4.24.4 (m, 2 H), 7.2-7.5 
(aromatic, 5 H). 
(ZR,3S)-3-Phenylisoserinamide. The (2R,3R)-ethyl 3- 

phenylglycidate obtained as described above (3.9 g of a mixture 
containing 14.2 mmol of &-ethyl 3-phenylglycidate) was dissolved 
in a solution of 60 mL of ethanol saturated with ammonia (pre- 
pared by passing NH3 through ethanol at -15 "C). This solution 
was placed in a stainless steel Parr reactor and heated to 100 "C 
for 3 H with mechanical stirring. After the solution was cooled 
to room temperature, solvent was removed under vacuum and 
the residue was dissolved in 70 mL of boiling methanol. The 
solution was cooled to -20 "C and a first crop of beige crystals 
(1.6 g) was collected after 8 h. The mother liquor was concentrated 
to approximately 20 mL and then cooled to -20 "C, and a second 
crop of crystals was collected (0.5 9). The two crop were combined 
and found to contain 6 7 %  of the anti diastereomer by integration 
of the 'H NMR spectrum. Recrystallization from methanol (50-60 
mL) following the same protocol described above led to isolation 
of diastereomerically pure product (1.66 g, 65%): mp 172-173 

(d, J = 3.3 Hz, 1 H), 7.0-7.5 (aromatic, 5 H); '3c NMR (DMSO-d6) 
6 57.3, 75.6, 126.3, 127.0, 127.7, 144.4, 174.9. Anal. Calcd for 

N, 15.25. 
The corresponding racemate was synthesized by an analogous 

sequence with epoxide prepared with (f)-4 mp 192-193 "C (lit.l6 
mp 187-188 "C). 

(2R ,3S)-3-Phenylisoserine. The literature procedure was 
followed with minor modifications.le (2R,3S)-3-Phenylisoserin- 
amide (1.63 g, 9.05 "01) was combined with 2.88 g (9.1 mmol) 
of Ba(OH)2.8H20 and water (16 mL). The resulting suspension 
was heated to reflux under nitrogen for 8 h. The release of 
ammonia from the reaction mixture was monitored periodically 
by holding a strip of moistened pH paper above the solution, and 
the reaction was judged to be complete once the vapor above the 
solution was neutral. The reaction mixture was then cooled to 
80 OC, and water (120 mL) was added. The temperature of the 
solution was maintained at 80 OC for 20 min before a solution 
of 910 mg of H2S04 in 8 mL of water was added. The acidified 
solution was determined to have a pH between 5 and 7. Heating 
at 80 "C was maintained for another 10 min, and the mixture was 
then cooled to room temperature. The resulting precipitate 
(BaS04) was removed by centrifugation, the supernatant liquid 
was separated, and the solvent was removed under vacuum to 
provide the desired product as a white solid (1.51 g, 92% yield), 
mp 238 "C dec: 'H NMR (D20/NaOD) 6 3.94 (d, J = 3.9 Hz, 1 
H), 4.01 (d, J = 3.9 Hz, 1 H), 7.0-7.5 (aromatic, 5 H). Anal. Calcd 
for C8HllN03: C, 59.66; H, 6.07; N, 7.73. Found: C, 59.33; H, 
6.13; N, 7.67. 
N-Benzoyl-(2R,3S)-3-phenylisoserine (3). (2R,3S)-3- 

Phenylisoserine (1.50 g, 8.25 "01) was dissolved in 10% aqueous 
NaHC03 (200 mL) with stirring. The solution was cooled to 4 

OC; 'H NMR (DMSO-de/D20) 6 3.87 (d, J = 3.3 Hz, 1 H), 4.08 

C&1202N*: C, 60.00, H, 6.67; N, 15.55. Found C, 59.90; H, 6.71; 

0022-3263/92/1957-4323$03.00/0 0 

OC, and benzoyl chloride (3 mL, 3.57 g, 25 "01) was added. This 
mixture was stirred for 6 h at 4 "C and then acidified to pH = 
1 by addition of aqueous HC1 solution (18%). This resulted in 
formation of a white precipitate suspended in the aqueous solution. 
The aqueous mixture was extracted with THF/CH2C12 (41,3 x 
250 mL), and the organic phases were combined, dried over 
Na$04, and removed under reduced pressure to provide a white 
crystalliie mixture containing both desired product and benzoic 
acid. The latter was removed by dissolution of the mixture in 
a minimum amount of acetone (40 mL) and subsequent addition 
of 800 mL of hexane. The resulting product 3 was isolated as a 
white solid by filtration (1.74 g, 74% yield) and was determined 
to be diastereomerically pure by 'H NMR: mp 177-179 "C (lit.% 
mp 167-169 "C). FABMS m/z  286 (M+ + 1); 'H NMR 

1 H), 5.3-5.7 (b, 1 HI, 7.2-7.6 (m, 9 H), 7.84 (d, J = 7.5 Hz, 1 H), 
8.58 (d, J = 9.0 Hz, 1 H), 12.5-13.0 (br, 1 H); '3c NMR (acetonede) 
6 56.5, 74.3,128.0,128.1, 129.0, 129.2, 132.2, 135.5, 141.0, 167.1, 
173.9; FABHRMS calcd for C16H1eN04 286.1079, obsvd 286.1068; 
[ a ] % ~  -35.9" (c 0.565, EtOH) (lit.% [.]%D +36.5" (c 1.45, EtOH) 
(for the 2S,3R isomer); -37.78" (c 0.9, EtOH) (for the 2S,3S 
isomer)). Anal. Calcd for Cl1Hl5NO4: C, 67.36; H, 5.30; N, 4.91. 
Found C, 67.31; H, 5.26; N, 4.87. 
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Introduction 
Recent reports from our laboratory have described the 

use of functionalized (E)-crotylsilanes as carbon nucleo- 
philes in diastereo- and enantioselective addition reactions 
to acetals and  aldehyde^.^ We have reported the stereo- 

(I) Recipient of a James Flack Norris Award, 1991, Northeast Section 
of the American Chemical Society. 

nek, J. S.; Yang, M. J. Org. C 
J. S.; Yang, M. J. Am. Chem. SOC. 1991,ll 

'anek, J. S.; Yang, M. J. Am. ?hem. SOC. 1991,113,6594-6600. 
hem. 1991,56,5755-5758. (c) Panek, 

3, 9868-9870. 
(3) Reviews on allylmetal chemistry: (a) Hoffmann, R. W. Angew. 

Chem., Int. Ed. Engl. 1982,21,555-566. (b) Yamamoto, Y.; Maruyama, 
K. Heterocycles 1982,18,357. For detailed reports of the use of chiral 
crotylboronates in addition reactions to aldehydes, see: (c) Roush, W. 
R.; Hoong, L. K.; Palmer, M. A. J.; Straub, J. A.; Palkowitz, A. D. J. Org. 
Chem. 1990,55,4117-4126. (e) Roush, W. R.; Ando, K.; Powers, D. B.; 
Palkowitz, A. D.; Halterman, R. L. J. Am. Chem. SOC. 1990, 112, 
6339-6348. (0 Roush, W. R.; Palkowitz, A. D.; Ando, K. J.  Am. Chem. 
SOC. 1990,112, 6348-6359 and references cited therein. 
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