Tetrahedron Vol. 44, No. 12, pp. 3489 10 3500, 1988 0040-4020/38  $3.00 4 .00
Printed in Great Britain. © 1988 Pergamon Press pic

SYNTHETIC STUDIES OF DIDEMNINS. II.
SYNTHRESES OF STATINE AND ISOSTATINE STEREOISOMERS
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Abstracl: The stereoselectivily of the reduction of f-kelo esler precursors leading tlo several
sterecisomers of slaline and isostatine was invesligated. As a resull, a short and bighly

sloreossleclive route lo the isomer of isostatine found in the didemnins, (35,4R,5S)-isoataline, was
devised.

The didomnina (Pigure 1) are a group of macrocyclic depsipeptides isolated from tunicates
collected in the waters off the cossts of such countries as Columbia, Mexico, Honduras, Panama, and
Guadeloupe.1'2 These interesting marine natural products exhibit promising biological activity as
anticancer3, antiviral$, and lmmunoauppmtive5 agenis. Because of their biological significance,
saveral investigators have reportad their efforts toward Lthe syntheses of Lhese cyclic

depsipeptides.8 The original structural elucidation of the didemnins did not provide rigorous
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proof Lhat the proposed (38,4R) stereoisomer of staline (4) was the correct amino acid.l In fact,
subsequont high ficld NMR studios by other investigators suggested that soine stersoisomer of
isostatine was present in the didemnins.2 Bventunlly, synthesis of the didemnins with either 4 or
{38,4R,8S8)~isoslatine (5) incorporated into the depsipeptide ring provided conclusive proof that

indeed 5§ was the amino acid with the correct absoluts configuration.5%

Ok O oM o

\,/\5\}0.. AL,

3

mera (Sch 1,

One of the mosL common approsches (o siatine and its various ster
equation 1) involves an aldol condensation on a suitably protacted leucinal derivative (1).7 This
sirategy bhas been used (o0 produce statine sterocoisomers in studios concorm"n( the siructural
elucidation and the synthesis of the didemnins.l1:68 However, this approsch suffers from several
drawbacks such as exlensive inilial functional group interconversion from leucine to leucinal, poor

sterecssleclivily in the aldol densation, and ch of racemization of the s-amino aldehyde.70
3489
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A more attractive route8:9 {Scheme 1, equation 2) involves direct activation of the carboxylic
functionality of leucine followed by alkylation with auiublg enolates to produce the corresponding
f-keto esters (10). Thess p--ke_to altpr: can be reduced stereoselectively to produce various
mixtures of chromatographically separabls diastereomers. However, all previous investigations
concerning the synthesis of statine by this approach, have produced the S-keto ester in poor to
moderate yield, and no extensive study orn the optimization of the stereoselective reduction has

been reported.a

Seheme 1

o

M* CN,CO
Y | T ohcon |
NI
N ll,

14

Y\/'\/L
N \r\)\ - ngom

WW

We have very recently reported an improved procsdure for the synthesis of (38,4R)-statine

from D-lsucine via stereoselective reductien of f-ketoc esters such as 10, in connection with the
synthesis of the didemnina.? We now wish o describe our results for the optimization of the
stereoselective reduction and expansion of the methodology in devising a highly atereoselective
routs to (35,4R,55)-isostatine (5) from D-alloimoleucine. )

The synthelic studies began as outlined in Scheme 2.9 Readily available D-leucine (6) was
protacted under standard conditions by treatment with di-tert-butyldicarbonate (BOC20) in aqueous
bass to produce BOC-D-lsucine.
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The crude product was then treated with 1,1’-carbonyldiimidasole (CDI) in THF to produce the
corresponding imidazolide10 which was not imolated but treated directly with either ethyl or
tert-butyl lithioacetate at -78°C to produce, after workup and purification, the p-keto esters (11
and 12} in 86X and 82X overall yield from D-leucine, respectively. Several different reagents
under various conditions, were tried for the stereoselective reduction of the chiral a«-amino
carbonyl compounds 11 and 12, including the bulky reducing reagents dhhnylboraneu and lithium
tri—urt-buwxyaluninohydride.lz Chiral reducing reagents using N,N'dibonmylcyatine,m plnona,"
and glucofuranosel as chiral auxiliaries were also examined as well as microbial reductions using
yeast.16 The bulky hydride reagents produced the reduced products in low yields. None of the
chiral reducing reagents provided the high enantioselection in these systems as they have
exhibited with other substrates. The microbial reductions provided products in low yields and
with poor stereoselection.

Finally, we found that common, readily available borohydride reagents gave the best overall
results with reapect to ylelds, purification, and stereoselectivity. We therefore examined a periodic
trend of these borohydride reagents {LiBH4, NaBH4, KBH4, and Zn(BH4)2], under various conditions,
in order to optimize the stereoselectivity of the reduction. As shown in Scheme 2, reduction of
f-keto ester 11 with these reagents produced the corresponding f-hydroxy esters in moderate to
excellent yielda (72-93% yield) as mixtures of chromatographically separable disstereomers (13 and
14). The erythro product 18 [having the desired (3S,4R) stereochemistry] was the major product
regardless of the reducing reagem..l" Reduction of compound 12 produced diastereomers 1§ and 16
again with the erythro product 15 as the major isomer. The purity of the isolated products was
determined by comparison of rotation values and gas chromatographic analyses. The absolute
stereochemistry of diastereomers 13 and 14 was determined as shown in Scheme 3. Trestment of

either pure 13 or 14 with trifluoroacetic acid (TFA) effected removal of the BOC protecting group.
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Subsequent neutralization of the trifluorcacstate ammonium salt with triethylamine and further
treatment with CDI in methylene chloride, produced the oxazolidinones 17 and 1B. Decoupling
experiments on 17 and 18 allowed determination of the relative configurations at the 3 and 4
positions of statine. Thus, decoupling at the proto}u Iabeled 3 in compounds 17 and 18, allowed
determination of the coupling constants between ring protons 1 and 2. For the ozxagzolidinone 17,
derived from compound 13, the coupling constant was 7.5Hz, thereby suggesting a cia relationship

and confirming the (3S,4R) assignment. The coupling constant between the ring protons in
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oxazoldinons 18, derived from the assigned (3R,4R} isomer 14, was 4.7Hx which is indicative of &
trans relationskip, thus confirming the (3R,4R) assignmwent. The resuits of these decoupling
experiments are in good agreement with values obiained from decoupling experiments on other
oxazalidine systems used to determine the absolute atersochemistry of statine derivatives.88:18

The approach described was then expanded to develop a synthetic route to several isomers of
isostatine. Using readily available BOC-L-isoleucine (19) as a precursor (Scheme 4), produced the
corresponding f-keto ester 20, after activation with CDI and alkylation with tert-butyl lithioacetate.
Reduction of the keto group in 20, with the aforementioned reducing reagents, produced mixtures
of chromatographically separable diastereomsrs (21 and 22), in yields ranging from 70-90X.
Compound 21 was always produced as the major product. The absoluts stereochemistry was again
determined by decoupling experimenis on oxazolidines derived from the pure isolated g-hydroxy
estera. Thus, treatment of either pure 21 or 22 with 2-methoxypropene in dimethylformamide, in
the presence of p-toluenesulfonic acid, produced oxarolidines 28 and 24, respectively. Decoupling

experiments showed that the coupling constant between the ring protons in 23 was 5.0 Hs while
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that in 24 was 2.2Hz, suggesiing a cis and trans relationship respectively. These results confirmed
the assignments of (3R,4S,55) for 21 and {35,48,55) for 22.

Similar results wers obiained when BOC-D-alloisoloucine (25) (Schems 5) was used as the amino
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acid precursor. Eowéver, in this case, reduction of the derived f#-keto ester 268 produced one
disstereomer in high exceas over the other. The #-hydroxy ester 27 waas produced as the major
isomer regardless of the reducing agent used. Compound 27 was assigned the (3SAR,5S)
configuration based on previous results. Compound 28 was produced in such a amall amount that
it was never isolated for full characterization. Oxazolidine 29 was derived from 27 and decoupling
experiments showed that the coupling constant between the ring protons in 29 was 5.2 He. These
_results are indicative of a cis relationship and therefore confirm the (3S,4R,5S5) assignment.

The results of the stereoselective reductions are shown in Figure 2. The aforementioned
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Figure 2. Results Prom the Stervosslective Reduction of the f-keto esters.

f-keto esters 11, 12, 20 and 26 were reduced with LiBRg, NaBH4, KBH4, and Zn(BH4)2 using similar
if not identical conditions for each individual reagent. The corresponding #-hydroxy esters were
produced in moderate to excellent yields as mixtures of chromatographically separable
diastereomers, as outlined previously. Examination of these resulis reveals several periodic trends.
In general, the stereoselectivily increased for the reduction of the f-keto esters in going from
LiBH4 to KBH4 and then decreases for Zn(BH4)2. Overall, the reduction of the isostatine precursors
(20 and 26) showed greater stereoselectivity (>10:1 for KBH4) than for the statine precursora (11
and 12). Reduction with KBHg in ethanol gave the greatest stereosslectivity. These results can be
rationalized by considering the proposed transition state models by which these chiral a-amino
carbony! compounds (11, 12, 20, and 26) undergo reduction. A review by Tramontinil? concerning
the stereoselective reduction of chiral amino carbonyl compounds proposes a cyclic transition atate
such as I (Figure 3) for the reduction of chiral a-amino lynteml.”

However, spectral data (UV and NMR) suggesis that the f-keio esters 11, 12, 20, and 28 may be
easily enolized. Thus, in the enol form transition state models such as II (for 11 and 12) and III

(for 20 and 28) shown in Figure 3, are possible.
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These cytlic transition states could be formed by chelation of boron between the protected
amino group and the enolized oxygen. Hydride attack could then occur either intramolecularly -or
intermolecularly at the A-position on the least hindered face as determined by the butyl
appendage. Reduction of these models would account for ssveral of the experimental results. The

erythro product would always be produced as the major isomer. This is borne out by our

figure 5. Trameltian Stoe Wedeh

empirical data. Greater stereoselectivity would be expected in going from LiBH4 to NaBH4 to KBHy
due to the decrease in reactivity of the reducing reagent. The less reactive borohydride reagent
would allow more time for the formation of the cyclic transition state before reduction of the keto
group in the acyclic form. One would also expect greater stersosslectivity in the reduction of the
isostatine precursorg due to the fact that the transition atate model (III) has a metlhyl group
closer to the point of hydride attack than in the statine precursor transition state model (II), thus
creating greater asymmetric induction. The lack of stereoselectivity in the Zn(BHg)2 reductions can
be accounted for by considering the known chelation of zinc to S-carbonyl compoundaw as in IV
(Figure 3). This chelation would interfere with transition states 11 and 11I, and therefore decrease
the stereoselectivity, Several five and six-membered hetarocyclic amino acid boranes eimilar to
proposed models 1I and IIl have actually been synthesized and isolated.20

Compound 27, of course, hag the desired (3S, 4R, §S) stereochemistry that ig needed for the
isostatine isomer found in the didemnins. Thus, a highly stereoselective route to this unusual
amino acid has been achisved. Application of this methodology to the synthesis of the didemnins

haes been developed and the results of this investigation will be reported shortly.
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EXPRRIMENTAL
General

All solvents used were reagent grade. Anhydrous ether, tetrahydrofuran (THF), and bensene
were distilled from sodium and bensophenone. Methylens chloride and N,N-dimethylformamide (DMF)
were distilled from calcium hydride. Dioxane and anhydrous ethanol were used without further
purification. Mslting points were determined with a Thomas-Eoover meliing paint apparatus. They
are expressed in degrees Centigrade {*C) and are uncorrected. Optical rotations were measured by
a Perkin-Elmer Model 341 polarimeter at the sodium line. Proton magnetic resonance spectra (g
NMR} were recorded on & Bruker WM 250 (260 MHz) or a 500 (6500 MHez) Fourier transform
apectrometer. Decoupled carbon magnetic resonance specira (3¢ NMR) were recorded on a Bruker
500 MHz Pourisr transform spectrometer. Chemical shifts are measured in parts per million (4§}
relative to tetramethylsilane (TMS) as an internal standard. Coupling constanta (J values) are in
Hertz (Hz). Multiplicities are designated as singlet (s), broad singlet (brs), doublet (d), triplet (t),
quartet {q), and multiplet {m}). Infrared spectra {IR} were obtained on a Perkin-Elmer Model 281B
specirometer. Solid samples were analyzed as chloroform msolutions in wsodium chioride cells.
Liquids or oils were analysed as neat films between sodium chloride plates or ag chloroform
solutiona in sodium chloride cells. Absorptions are reported in wave numbers (cm~%) and their
intensities are designated as strong (s), medium {m}, and week (w), and only the most prominent or
characteriastic absorptions are noted. The specira taken on the Perkin-Blmer Model 281B
spectrometsr, are calibrated against the 1601 cn-l band of polystyrene. Anatytical thin layer
chromatography (tic) was performed on ailica gel plates (0.25 cm) precoated with a fluorescent
indicator. Viaualization was effected with ultraviclet light, ninhydrin (3% w/v) in 85X ethancl
containing 2% acetic acid, and phosphomolybdic acid reagent (TX w/v] in 85X ethanol. High
resolution mass spectra (HRMS) wers obtained on a Hitachi-Perkin Elmer RMH-2 high resolution
double focusing, electron impact spectrometer or a Vacuum Generator’s V.G. 7070H spectrometer
interfaced with a Kratos DS-50-8 data system. Elemental analyses were performed by Desert
Analytics Organic Microsnalysis Labs, Tuscon, Arizona. Gas chromatographic analysis was done on
a Hewlett Packard 5890 gas chromatograph on a HP-1 crosslinked methyl silicone gum capiliary
column (25 m x 0.2 mm).

Preparation of f-Keio Raters.
Rthyl and tert-Butyl (R)-4-{carboxyamino)-6-methyl-3-oxoheptancate 4-tert-butyl ester (11 and 12).

To a suspension of D-leucine {8) (0.20 g; 1.52 mmol) in dioxane (1.22 mL) and water (0.60 mL),
stirring at 0°C, was added IN aqueous sodium hydroxide (3.2 mL) and di-tert-butyl dicarbonate
(0.67 g; 3.07 mnol). The resulting mixture was warmed to room temperature and stirred for a
total of 15 h. The reaction was washed wilh pentane (2 x 10 mL), and the pentane layer was
axtracted with saturated aqueous sodium bicarbonate (3 x § mL). The combined aqueous layers
were cooled to 0°C and acidified to pR 1 by litmus with IN potassium hydrogen sulfate. The
resulting aqueous solution was extracted with ether (4 x 20 mL), and the combined organic layers
washed with brine (1 x 10 mL), dried (Na2504), and concentrated in vacuo to produce
N-tert-butoxycarbonyl-D-leucine {0.368g, crude quantiiative yield). The crude product was then
azeotropically dried with bengene {3 x 10 mL} and diluted with THF (6.0 mL). To the solution was
added 1,1'-carbonyldiimidazole (0.272g; 1,68 mmol) with atirring at room temperature. After
stirring for approximately 10 min., the reaction was cooled to -78°C and treated with ethyl
lithioacetate (6.4 mL of a 0.77 M solution in THF; 4.93 mmol) [made by adding ethyl acetate (0.5
mlL; 5.12 mmol) to lithium diiscpropylamine ({5.87 mL of a 0.84 M solution in THF; 4.96 mwol] via a
canuls with efficient stirring. The resulting reaction became very thick, and a white precipitate
formed. The reaction was stirred at ~78°C for 0.5 h when it was quenched at -78°C with uaturated
aguecus ammonium chloride (5§ mL) and warmed to room temperaturs. The resaction mixture was
then diluted with ether {50 mlL) and water was added until all eolids were dissolved. The organic
and aqueous layers were separated and the organic layers were washed sequentially with 5%
aqueous HCl {1 x 10 mL) and 5% aqueous NaHCO3 (1 x 10 mL). The combined aqueous ilayers were
extracted with ether (3 x 10 mL). The organic layers were dried (Na2SO4) snd concentrated in
vacuo to produce the crude product which was purifisd by silica gel column chromatography using
10, 15, 20, 256X ether in petrojeum ether solvent gradient system io afford 11 (0.36g; 86% yleld from
8) as an oil which solidified upon refrigeration (m.p. 38-40°C). Compound 12 wes obtained in 82X
yield from D-leucine as described above except that tert-butyl lithicacetate was used instead of
othy! lithioacetate.

Compound 11 displayed the following spectral characteristics: [a}?%, + 18.46° {c 1.3, CHClj3),
fa]’?y + 52.66* (c 1,39, MeOH). Literature valueBC for L-isomer [«]*°, -48.5° (c 1.0, MeOH). HRMS
calcd for CisHeogNOg (M* +#H): 302.1967. Found: 302.1971. Anal. Caled for CisH7NOs: C, 58.76;
H, 9.03; N, 4.65. Found: ¢, 59.70; H, 9.24; N, 451. 1H NMR (250 MHz, CDCl3z) & 12.08 (s,
C=C-~0H, enol resonance), 5.13 (s, C=C~H, enol resonance), 4.96 (1H, d, J=6.9, NH), 4.35 (1H, m, NCH),
4.20 (2R, q, J=7.1, OCHg2}, 3.56 (2H, m, (O)CCHzC(O), 1.80-1.50 (3H, m, CH and CHyp), 1.45 (9H, s, BOC),
1.28 (3H, t, J=7.1, CH2CH3), 0.97 - 0.93 (6H, m, imopropyl). IR (neatg: 3400 (m), 2800 (s}, 2280 {w),
1760 {s), 1530 (s}, 1490 (=), 1380 (=), 1180 (=), 1050 (=), 750 (8). cm™4,

Compound 12 displayed the following spectral characteristics: («]?'y + 39.46 (c 2.23, MeQH).
HRMS calcd for Cy17HazNOs (M* + H): 330.2280. Pound 330.2278. lH NMR (250 MHz, CDCl3)} &: 12,23
{s, C=C-OH, enol resonancsj, 5.056 (s, C=0-H, enol resonancs}), 4.96 (1K, d, J=7.7 NH), 4.40 (1H, m,
NCH), 3.47 (24, m, (O)CCH2C(0)), 1.80 -~ 1.55 (38, m, CH and CHz), 1.47 (9H, a, OtBu), 1.45 (9H, s,
BOC), 0.97 - 0.93 (6H, m, isopropyl). IR (neat): 3380 (m), 2000 (=), 1750 (=), 1720 (m), 1520 (2),
1460 (m), 1380 (s), 1260 (s), 1180 (s), 760 (m) cm~1l.
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tert-Butyl (48, 58) and (4R, 6S)-4-(carboxy amino)-5-methyl-3-oxoheptancate, 4-tert-butyl ester
{20) and (28).

To a solution of N-tert-butoxycarbonyl-L-isoleucine (18) (0.523 g; 2.26 mmol) [azeotropically
dried with benzene (3x5 mL)] tn THF (7.6 mL) was added 1,1’-carbonyldiimidazole (0.48 g, 2.98 mmol)
with stirring at room temperature. After stirring for 15 min, the reaction was cooled to -78%C and.
treated with tert-butyl lithioecetate (10.14 mL of a 0.90 M aolution in THF; 9.13mmol) {made by
adding tert-butylacetate (1.30 mL, 9.66 mmol) to lithiom diisopropylamine (8.86° mL) of a 1.03 M,
solution in the THF; 8.11 mmol] dropwise with efficient stirring. The resulting thick white reaction
mixture was stirred at -78°C for 0.5 h when it wags quenched at -78*C with aqueous satursted’
ammontum chloride (10 wmL) and warmed to room temperature. The reaction was then diluted with
ether (50 mL), and water added until all solide in the reaction mixture were dissolved. The:
organic and aqueous layers were separated and the orgasnic layers were washed sequentiailly with
5X aqueous HC1 (1x10 mL) and 8% aqueous NaHCO3 (I1x10 mL). The combined aqueous layers were
then extracted with ether (3 x 20 mL), and the organic layers were dried (Na2804) and
concentrated in vacuo. The resulting residue was purified by column chromatography on silica gel
using 25X ether In petroleum ether aus ‘eluant to afford pure 20 (0.568g, 76X yield) as a calorless
oil. Compound 28 was obtained from N-tert-butoxycarbonyl -D-alloisoteucine (25) in 79% yield using
the identical protocol. .

Compound 20 displayed the following spectral characteristica: [a]?3,; + 16.52* (c 9.64, CHCl3).
HRMS calcd for C17H3INOS (M*): 328.2202. - Pound: 325.2189. Anal. Caled for C17H3{NO5: C,
61.98; H, 9.49; N, 4.25. Pound: C, 61.98; H, 9.82; N, 4.07. 1g NMR (250 MHe, CpClz) &: 12.27
{s, C=C-OH, enol resonance), 5.10 (1H, d, J=8.9, NR), 6.03 (s, C=C-H, enol resonance), 4.36 (1H, dd,
J=4.3 and 8.9, NCH), 3.46 (28, m, (O)CCH2C(0), 1.96 (1H, m, CH), 1.60 - 1.26 (1H, m, CH2), 1.47 (6H,s,
OtBu), 1.44 (9RH, s, BOC), 0.99 (3H, d, J=6.8, HCCH3), 0.90 (3H, t, J=7.3, CH2CH3). IR (neat): 3380
(m), 2900 (a), 1700 - 1750 (s), 1520 (s), 1470 (s), 1380 (s), 1260 (s), 1170 (s), 750 (m) cm~1l.

Compound 28 displayed the following spectrsl characterietica: [a]3¢; - 38.88° (¢, 2.32, OHCla).
BRMS calcd for Cy7HajNOg: 329.2202. Pound: 329.2188. Anal Celcd for Cj7HaiNOg: C, 61.96; H,
9.49; N, 4.26. Found C, 81.92; H, 9.72; N, 4.49. 17 NMR (250 MHz, CDCl3) 6: 12.31 (s, C=C-OH,
encol resonance), 5.08 (1H, d, J=8.8, NH), 5.04 (s, C=C-H, enol resonance), 4.49 (1H, dd, J=2.9 and 8.8,
NCH), 3.44 (2H, m, (O)CCH2C(0)), 2.00 (1H, m, CH), 1.60 - 1.15 (2H, m, CH2), 1.47 (9H, s, OtBu), 1.44
(98, &, BOC), 0.97 (3H, t, J=7.3, CH2CH3), 0.77 (3H, d, J=6.8, CHCH3)} IR (neat): 3380 (m), 2900
{8}, 1700 - 1760 (a), 1500 (s), 1460 (), 1380 (s), 1160 (8}, 760 (m) cm-1.

Reductions of £-Keto Esters.

Rthyl (38, 4R) end (3R, 4R)-4-(carboxyamino)-3-bydroxy-6-methylheptanocate, 4-tert-butyl ester
{13) and (14). tert-Butyl (38, 4R) and (3R, ¢R)-4-(carboxyamino)-3-hydroxy-6-methylheptancate
4-tert-butyl ester (15) and (16). tert-Butyl! (3R, 4S8, 58) and (3S, 4S, 58)-4-(carboxyamino)
-3-hydroxy-6-methytheptancate, 4-tert-butyl ester (21) and (22) and tert-Butyl (3S, 4R, 6S)-4-
(carboxyamino)-3-hydroxy-5-methyl heptancate, 4-tert-butyl ester (27).

The S8-hydroxy esters were produced by reduction of the corresponding #-keto esters using
the following procedures. The experimental is given in detail for the formation of compounds 13
and 14, and the procedure may vary with regard to reaction time, temperature, or amount of
reducing reagent for compounds 15, 16, 21, 22, or 27 as outlined in PRigure 2. Ratios were
determined by gas chromatography.

Lithium Borohydride Reductions.

To a solution of compound 11 (0.112 g; 0.37mmol) [azeotropically dried with benzene (3x5 mL}]
in THPF (1.24 mL) was added lithium borohydride (0.75 mlL of a 2M solution in THF; 1.5 mmol)
dropwise with stirring at -78°C. The reaction was stirred for 0.5 h when it war quenched with 5%
aqueous HCl (6 mL). The reaction was warmed to room temperature and diluted with ether (20
wmL). The organic and aqueous layers were separated, and the aqueous layer was extracted with
ether (3x5 mL). The combined organic layers were dried (Na2SO4) and concentrated im vacuo to
provide the crude alcohol which was purified by silica gel column chromatography using 55X ether
in petroleum ether as eluant to afford a mixture of diastereomers 13 and 14 as a colorless oil (0.098
g 87%). Compounds 13 and 14 were separated by silica gel column chromatography using 15%
ethyl acetate in petroleum ether as eluant. Diastereomers 15 and 16 were produced in 93X yield
from compound 12 and purified by silica gel column chromatography using 40X ether in petroleum
ether as eluant. The diastereomers were separated using 10X ethyl acetate in petroleum ether.
Diastereomers 21 and 22 were produced in 90X yield from compound 20, and compounds 27 and 28
were obtained in 88X yield from compound 28. The crude products were purified by column
chromatography using 35X ether in petroleum ether and the purified diastereomeric wmixture
separated using 10X ethyl acetate in petroleum ether.

Sodjum Borohydride Reductions.

To & seolution of compound 11 (0.123 g; 0.409 mmol) [azeotropically dried with benzene (3x5 ml)]
in ethanol (2.0 mL) was added NaBHy (0.54 g; 1.43 mmol) with stirring at 0°C. The reaction was
slirred at 0°C for 1h, when it was then quenched with glacial acetic acid until the pH of the
reaction mixture was 7 (litmus), The resulting solution wae diluted with ethanol (4 mlL) and
warmed with atirring - to room temperature. The reaction was then concentrated in vacuo to
produce A white solid which was diluted with a 1:1 mixture of water and ethyl acetate (20 mL).
The layers were separated, and the aqueous phase was extracted with ethyl acetate (3x6 mL). The
combined organic layers were dried (Na2SO4) and concentrated in vacuo to afford the crude
product which was purified by column chromatography, using 55X ether in petroleum ether as
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eluant on silica gel, to provide a diastsreomeric mixture of 13 and 14 as a colorless oil (0.103 g;
83X yield). Compounds 15 and 16 were obtained as described above from compound 12 in 83%
yield. The crude reaction mixture was purified by silica gel column chromatography using 40X
ether in petroleum sther as the sluant. The diaatsreomers were separated using 10X ethyl acstate
in petroleum ether as sjuant. Diastereomers 21 and 22 were produced in 82X yield from compound
20 and compounds 27 and 28 were derived in 80X yield from f-keto ester 26. The crude products
woere puriffed by column chromatography using 40X ether in petrolsum sther as eluant. The
purified diasteromeric mixtures were separated using 10% ethy! acetats in petroleum ether.

Potasgium Borohydride Reductions.

To a solution of compound 11 {0.134 g; 0.445 mmol) [mzeotropically dried with benzene (3x5
mL}] in ethanol (2.2 ml) was added KBEH; (0.084g, 1.56 mmol) with stirring at 0°C. The reaction
wag stirred for 1 h at 0°C, when it was quenched by adding glacial acetic acid dropwise at 0°C,
until th pH of the reaction mixture was 7 (litmus). The quenched reaction was diluted with ethanol
{10 mL) snd warmed with stirring to room temperastiure. The reaction was then concentrated in
vacuo to produce a white solid which was dissolved in a 1:1 mixture of watser and ethyl acetate (20
mL). The organic and aqueous phmees were mseparated, and the aqueous layera were extracted with
ethy! acetate {3x5 ml). The combined organic layers were dried (Na2SO3) and concentrated in
vacuo. The olly residue was purified by column chromatography, using 55X ether in petroleum
ether as eluant on silica gel, to afford compounds 13 and 14 as & misture of disstereomers (0.107 g,
80% yield). Diastereomers 13 and 14 were weparated by column chromatography using 15% ethyl
acetate in petroleum eother as eluant on silica gel. Compounds 16 and 18 were produced as
described above from compound 12 in 88X yisld and purified by silica gel column chromatography
using 40% ether in potroleum sther as eluant. The disstereomers 15 and 16 were separated by
gilica ge! column chromatography using 10% ethyl acetate in petroleum ether. Diastereomers 21 and
22 were produced as described (Figure 2) in 83X yield from compound 20, and diaatsreomers 27
and 28 from compound 26, in 89X yield. The crude producte were purified by column
chromatography using 40X ether in petroleum ether and the dimsterecmers were separated using
10X ethyl acetate in petroleum ether.

Zinc Borohydride Reductions.

To a solution of compound 11 (0.100 g; 0.333 mmol) [azeotropicaily drisd with benzene (3x3 mL}]
in ether {1.7 mL), stirring at 0°C, was added zinc borohydride (12.0 mL of a 0.14M solution; 1.68
mmol). The reaction was stirred at 0°C for 0.5h, when it was quenched with 5% aqueous HC1 (10
mL). The reaction was warmed to room temperature and diluted with ether (30 mL}. Additional 5%
aqueous HCl was added with stirring until all solids dissolved. The ether and aqueous layers were
separated, and the ether layer was washed with 5X aqueous NaHCO3 (1x10 mL). The combined
aqueous layers were extracted with ethyl acetate {3x10 mL). The combined ether layers were dried
{Na2S04) and concentrated in vacuo to provide the crude product. The oily residue was purified
by silica gel column chromatography using §5X ether in petroleum ether as eluant to afford the
pure product (0.073 g; 72% yield) as a diastereomeric mixture of 13 and 14, The diastereomers
were separated using 15X ethyl acetale in petroleum ether as an eluant for silica column
chromatography. Compounds 15 and 18 were produced in 75% yield from compound 12. The
diastereomers 15 and 18 were meparated using silica gel column chromatography with 10% ethyl
acetate in petroleum ether as eluant after initial purification using 40% ether in petroleum ether.
Reduction of compound 20 as described above, afforded diastereomers 21 and 22 in 70X yield, and
reduction of 28 produced 27 and 28 in 73X vyield. The crude products ware purified by silica gel
chromatography using 40X ether in petroleum ether, and the diastersomers were separated using
10% ethyl acetate in petroleum ether am eluant.

Compound 13 displayed the following physical characteristics [«}]*?y + 22.03* (c 1.77, MeOH) Lit.
value for enantiomer [=]%*, -23.2° (¢ 0.94, MeOH).7C M.p. 45-47°C. HRMS calcd for C1sH3oNOs5 (M*
+ H): 304.2124. Found: 304.2157. !H NMR (500 MHz, CDC13) &: 5.01 (1H, d, J=8.4, NH), 4.16 (2H, q,
J=7.1, OCHo}, 4.02 (1H, m, OCH), 3.80 (1H, s, OH), 3.66 (1H, m, NCH), 2.49 (2H, m, CHRC(0), 1.67 (1H,
m, CH), 1.44, (9H, s, BOC}, 1.356 {(2H, m, CHp), 1.27 (38, t, J=7.1, OCH2CH3), 0.93 (8, m, isopropyl).
IR {CHCla): 3480 (s), 2980 {a}, 2280 {(w), 1720 (a), 1700 (a), 1520 (&), 1480 {m), 1460 {(m)}, 1400 (s),
1380 (s), 1260 (s), 750 (8) cm~1. 13¢ NMR (500 MHz, CDCl3) &: 172.41 (C-1), 155.89 (BOC carbonyl},
78.94 (ester 0-C), 71.08 (C-3), 60.38 {BOC 0-C), 52.48 {(C-4), 38.49 (C-2), 38.13 (C-5), 28.07 (BOC
CH3), 24.41 (C-8), 23.44 and 21.27 (isopropyl CH3), 13.84 (ester CH3).

Compound 14 displayed the following spectral characteristics: [a)*'; + 3987 {c 0.71, MeOH).
Lit. value for enantiomer [a]*‘,, -37.9 {(c 0.84, MeOH).7C HRMS caled for C1sH3ONO5 (M* + H):
304.2124. Found: 304.2157. ‘H NMR (500 MHz, CDCl3) #&: 4.90 (IH, d, J=9.7, NR), 4.18 (2H, q, J=7.1,
OCH2}, 4.02 (18, m, OCH}, 3.63 (1H, m, NCH), 3.37 (1H, s, OH), 2.52 (2H, m, CHpC(O)}, 1.66 (1H, m, CH},
1.53 and 1,34 (2H, m, CHg2), 1.44 (9H, a, BOC}, 1.27 (3H, t, J=7.1, OCHCH3), 0.93 (6H, d, J=6.7,
isopropyl). IR (neat): 3480 (s), 3400 (s), 2980 (s), 2280 (=), 1720 (s), 1700 (e), 1520 (s}, 1480 (m),
1180 (8), 750 (8) cm~l. 13c NMR (500 MHz, CDCl3) & 172.24 {C-1), 155,98 (BOC carbonyl), 79.02
{ester 0-C), 69.60 (C-3), 60.66 {BOC 0O-C), 51.89 (C-4), 38.75 (C~-2 and C-5}, 28.27 {BOC CH3), 24.63
{C~6), 22.94 and 22.14 (isopropyl CH3), 14.03 (sster CH3).

Compound 15 displayed the following physical characteristics. [a]*4p; + 19.75° (c 0.81, MeOH).
M.p. 67-68.5°C. HRMS caled for Cy7H3aNO5 (M*):  331.2359. Found: 331.2316. _Anal, Caled. for
Cy7H33NOs: C, 61.69; H, 10.04; N, 4.23. Found: C, 81.74; H, 10.31; N, 4.48. lH NMR (500 MHz,
CDCl13) é&: 4.93 (1H, d, J=8.4, NH), 3.98 (1H, m, OCH), 3.66 (2H, m and 8, NCH and OH), 2,39 (2H, m,
CH2C(0), 1.67 (1H, m, CH), 1.46 (9H, s, OtBu), 1.44 (9H, s, BOC), 1.33 (2H, m, CH2), 0.92 (6H, m,
isopropyl). IR {(neat): 3460 (m), 3380 {m}, 2980 (=), 2280 (w), 1740 ~ 1700 (s), 1520 {(m), 1460 (m},
1170 (m}, 1050 {m) cm~l, 13C NMR (500 MHz, CDCij) 4: 171.83 {C-1), 155.85 {BOC carbonyl), 80.91
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(ester O-C), 78.96 (BOC 0-C), 71.11 (C-3), 52.39 (C-4), 39.10 (C-2), 38.39 (C-5), 28.17 (BOC CH3),
27.85 {(ester CH3), 24.48 (C-8), 23.58 and 21.36 (isopropy! CHg).

Compound 16 displayed the following. physical characteristics: [«]*3; + 45.00° (c 0.68, MeOH).
HRMS caled for C17H33MO0s (M*) 331.2359. Found: 331.2316. Anal. Calcd. for C17H3sNOg: C, 61.59;
H, 10.04; N, 4.23. Found: C, 61.74; H, 10.31; N, 4.48, 1€ NMR (500 MHg, CDCl3) 6: 4.95 (1H, d,
J=8.6 NH), 3.99 (1H, m, OCH), 3.69 (2H, m and s, NCH and OH), 2.42 (2H, m, CH2C(0)), 1.66 (1H, m,
CH), 1.62 and 1.35 (2H, m, CHp), 1.46 (9H, s, OtBu), 1.44 (9H, s, BOC), 0.93 (6H, m, isopropyl). IR
(neat): 3460 (m), 3380 (m), 2980 (s), 2280 (w) 1740-1700 (s), 1520 (m), 1460 (m), 1410 {m), 1170 (m),
1050 (m) cm-l. 13C NMR (500 MHAg, CDC13) é: 172.61 (C-1), 155.91 (BOC carbonyl), 81.07 (ester 0-C),
78.84 (BOC 0O-C), 69.95 (C-3), 51.80 (C-4), 41.67 (C-2), 39.71 (C-5), 28.26 (BOC CH3), 27.93 (ester
CH3), 24.58 (C-8), 22.94 and 22.14 (isopropy! CH3).

Compound 21 displayed the following physical characteristics: [a}?4; + 7.63° (c 0.76, MeOH),
M.p. 73 - 74°C. HRMS calcd for Cy7H33NOg (M*): 331.2369. Found: 331.2324. CHa(0) 1H NMR (500
MHz, CDCl3) 6: 4.57 (1H, d, J=10.1, NH), 3.96 (1H, m, OCH), 3.64 (1H, m, NCH), 3.45 (1H, s, OH), 2.52
and 2.36 (2R, m, CH2(0), 1.83 (1H, m, CH), 1.61 and 1.01 (2H, m, CHp), 1.46 (9H, s, OtBu), 1.44 (9H, s,
BOC), 0.93 (BH, m, 2CH3). IR (CHCl3): 3440 (s), 2980 (s), 2260 (w), 1750-1680 (s), 1610 (s), 1150 (s),
750 (8) cm~1. 13c NMR (500 MHz, CDCl3) &: 172.42 (C-1), 166.22 (BOC carbonyl), 80.96 (ester 0-C),
78.11 (BOC 0-C), 68.76 (C-3), 58.82 (C-4), 39.37 (C-2), 34.49 (C-5), 28.20 (BOC CHj3), 27.92 (ester
CH3), 28.03 (C-6), 16.15 (5-Me), 11.57 (C-T).

Compound 22 displayed the following phyaical characteriatics: [«}?4; + 38.51* (c 0.67, MeOH).
HRMS caled for C)7H33NOg (M*): 331.2369. Found: 331.2324. IH NMR (500 MHz, CDCl3) ¢: 4.97
(181, d, J=10.1, NR), 4.23 (1H, m, CH2C(0O), 3.33 (1H, brs, OH), 3.21 (1H, m, NCH), 2.46 and 2.38 (2H, m,
CH2C(0)) 1.59 (1H, m, CH), 1.55 and 1.16 (2H, m, CH2), 1.46 (9H, @, OtBu}, 1.45 (9H, g, BOC), 0.98 (3H,
d, J=6.7, CHCH3), 0.89 (3H,.t, J=7.4, CHzCII;Ié;). IR (CHCl3): 3440 (=), 2980 (s), 2260 (w), 1750 - 1680
(8), 1510 (s), 1150 (s), 750 (8) cm~], C NMR (500 MHgz, CDClgz) §&: 172,96 (C-1), 156.21 (BOC
carbonyl), 81.20 (eater 0-C), 78.86 (BOC 0-C), 66.85 (C-3), 58.00 (C-4), 40.06 (C-2), 36.46 (C-5), 28.32
(BOC CHj3), 28.00 (ester CH3), 26.54 (C-6), 15.65 (5-Me), 11.06 (C-7).

Compound 27 displayed the following apectral characteristica: [«]?3, - 8.76° (c 0.80, MeOH).
HRMS caled for C17H33NOs (M*t): 331.2359. Found: 331.2387. IH NMR (500 MHz, CDCl3) é&: 4.54
(1H, d, J=9.3, NH), 3.87 (1H, m, OCH), 3.62 (1H, m, NCH), 3.42 (lH, s, OH), 2.54 and 2.41 (2B, m, CH2
C(0)), 1.92 (1H, m, CH), 1.44 (9R, s, BOC), 1.43 (9K, a, OlBu), 1.35 and 1.21 (2H, m, CHp), 0.93 (3H, m,
CHCH3), 0.86 (3H, m, CH2CH3). IR (neat): 3480 (m), 3000 (e), 1740-1700 (s), 1510 (m), 1410 (s), 1380
(s), 1250 (s), 1150 (s) 1080 (s), 770 {s) cm~l. 13C NMR (500 MHz, CDCR) ¢6: 172.61 (C-1), 165.95
(BOC carbonyl), 81.06 (ester 0O-C), 79.04 (BOC 0-C), 68.93 (C-3), 56.48 (C-4) 39.59 (C-2), 33.82 (C-5),
28.21 (BOC CH3), 27.94 (ester CH3), 27.00 (C-6), 13.03 (5-Me), 11.58 (C-7).

Formation of the Oxazolidines.
Ethyl (4R, 5S)-4-sec-butyl-2-oxo-5-oxasolidineacetate 17 and RBthyl (4R, 5R)-4-sec-butyl-2-oxo-5-
oxazolidineacetate 18.

To a solution of compound 13 (0.069 g; 0.23 mmol) in methylene chloride (0.5 mL) stirring at
0°C waas added trifluoracetic acid (0.6 mL) via a syringe. The reaction was warmed to room
temperature and stirred for 5 minules when it was then diluted with anhydrous ether (20 mL) and
concentrated to near dryness in vacuo. The remaining trifluoracetic acid was removed
azeotropically with ether (3x5 mL). The residue containing the crude trifluoroacetate ammonium
salt was azeotropically dried with benzene and diluted with methylene chloride (1.5 mL). This
golution was then cooled to 0°C and treated with N, N-diisopropylethylamine (0.08 mL, 0.46 mmol)
via a syringe followed by addition of 1,l’-carbonyldiimidazole (CDI) (0.08g; 0.49 mmol). The
reaction was stirred 48 h when it was then diluted with methylene chloride (20 mL) and washed
sequentially with 5X aqueous HCl (1x5 mL) and 5X aqueous NaHCO3 (1x5 mL). The organic layers
were dried (Na2SO4) and concentrated in vacuo, The oily residue wasa purified by column
chromatography on silica gel, using 45X ethyl acetate in petroleum ether to afford 17 (0.033 g; 63%
from 13). Compound 18 was produced in an identical manner as described above in 60X yield from
compound 14.

Compound 17 displayed the following physical charateristics: [a]?¢p + 12.18* (c 1.1, MeOH).
HRMS caled for C11H19NOs (M*): 299.1314. Pound: 299.1300. 13 NMR (500 MHz, CDCl3) &: 6.23
(14, m, NH), 5.07 (14, m, OCH), 4.19 (2H, q, J=7.1, OCH3), 4.01 (1H, m, NCH), 2.81 (IH, dd, J=7.5 and
16.5, CRC(O) and 2.66 (1H, dd, J=6.9 and 16.5, CHC{O), 1.63 (1H, m, CRH), 1.49 and 1.13 (2H, m, CH3),
1.28 (3H, t, J=7.1, CH2CH3), 0.97 (3H, d, J=6.8, CHCH3), 0.91 (3H, d, J=6.6, CHCH3). IR (neat): 3300
(m), 2900 (s), 1740 (s), 1770 (a), 1480 (w), 1400 (8), 1200 (s), 1040 (m) cm~l.

Compound 18 displayed the following physical characteristica: [«}**; + 66.7 {c 1.15, MeOH).
HRMS calcd for C1ijH1gNOs (M*): 299.1314. Pound: 299.1300. IH NMR (500 MHz, CDCl3) 6: 5.45
(1H, m, NH), 4.56 (1H, m, OCH), 4.18 (2H, q, J=7.1, OCH2), 3.62 (1H, m, NCH), 2.81 (1H, dd, J=6.4 and
16.2, CHC(O)) and 2.69 (1H, dd, J=8.7 and 16.2, CHC(O), 1.70 - 1.40 (3H, m, CH2 and CH), 1.28 (3H, t,
J=7.1, CH2CH3z}, 0.96-0.93 (6H, m, isofropyl). IR (neat): 3300 (m), 2900 (8), 1740 (s), 1770 (s), 1480
{w), 1400 (8), 1200 (s), 1040 {(m) cm~!.

tert~Butyl (48, 5R)-2,2-dimethyl-4-[(S)-1-methylpropyl]-5—oxazolidineacetate 23. tert-butyl
{48, 58)-2,2-dimethyl-4-[(S)-1-methylpropyl]l-5-oxazolidineacetate 24 and tert-Butyl (4R, 5S)
~2,2-dimethyl—4-[(8)-1-methylpropyl}-5—oxasolidineacetate 29.
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To a stirred solution of compound 21 (0.027 g; 0.082 mmol) [areotropically dried with bensene
{(3x5 mL)]} in dimethylformamide (DMF) (0.42 ml) was added p-toluenesulfonic acid monohydrate
(0.003g, 0.016 mmol) followsd by 2-methoxypropene (0.02 mlL, 0.21 mmol). The reaction was stirred
at room temperature for 12 h. The reaction was then diluted with water (10 mL), and the resulting
mixture extracted with ether (4x15 mL). The combined ether extracts were dried (Na2804) and
concentrated fn vacuo. The crude product was purified by silica gel column chromatography,
using 15X ether in petroleum ether as eluant to provide pure 23 (0.028g; 92X yield). Compound 24
was produced from compound 22 in 91X yield, and compound 29 from compound 27 in 82X yield by
the same procedure.

Compound 23 displayed the following physical characteriatica: {a]*'p - 21.74° (c 1.65, CHCl3).
M.P. 58-59°C. HRMS calcd for CgoH3gNOs (M* + H): 372.2750. Found 327.2724. IH NMR (500 MHg,
CDCl3) é: 4.43 (1H, m, OCH), 3.91 - 3.79 (1H, m, NCH), 2.69 (2H, m, CH2C(0), 1.40 -~ 1.60 (26H, CH2,
C(CH3)g, BOC, OtBu), 1.14 (1H, m, CH), 0.96 - 0.90 (6H, m, CHCH3 and cufcgs). IR (CHCl3): 2800
(8), 1740 (8), 1690 (s), 1470 (m), 1410 (a), 1380 (s), 1310 (m), 1170 {m) cm™'.

Compound 24 displayed the following phyaical characteristics: («}*2, - 17.53° (c 2.16, CHCIl3).
HRMS caled for CgoHagNOs (M* +H): 372.2760. Found 327.2724. !H NMR (250 MHz, CDCl3) &: 4.35
{1H, m, OCH), 3.80 - 3.55 (1H, m, NCH), 2.62 - 2,42 (2H, m, CH2C(O)), 2.06 - 1.00 (9H, m, CHgz, CH,
C(CH3)2), 1.48 (9H, s, BOC), 1.46 (9H, s, OtBu), 0.94 - 0.89 (6H, CHCH3 and CHpCH3). IR (CHClL),
2900 (s), 1740 (s), 1700 (a), 1470 (m), 1410 (s), 1380 (s), 1100 (m) cm-l,

Compound 29 displays the following physical characteristics: ([a]??, + 14.79* (c 1.42, CHCl3).

HRMS calcd for CapH3gNOs (M*+R) 372.2750. Found 372.2724. !H NMR (250 MHz, CDCl3); 4.43 (1R,
m, OCH), 3.99 - 3.86 (14, m, NHC), 2.57 (2K, m, CH2C(0)), 1.72 - 1.10 (27H, m, CHg, CH, BOC, OtBu,
C(CH3)2), 0.94 - 0.88 (6H, m, CHCHj, CH%CEQ). IR (CHCl3): 2900 (s), 1740 (8), 1700 (8), 1470 (m),
1410 (s), 1380 (8), 1250 (m), 1180 (8) cm~i.
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