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Bakers’ yeast reduces esters of 2-alkyl-3-oxobutanoic acid (CH;COCHRCO;R’; R=methyl, ethyl, propyl,
propargyl, and allyl) into the corresponding (S)-hydroxy esters with exclusive stereoselectivity, while the config-
uration at the 2-position of the hydroxy esters is either S (anti) or R (syn) depending on the structure of the
alkoxyl group in the carboalkoxyl moiety of the ester. Oftenly, the stereoselectivity with respect to the 2-position
is not satisfactory. In general, the reduction of ¢-butyl esters exerts predominancy in the products, whereas that
of 1,1-dimethylpropyl esters exerts the syn predominancy. A marked difference between these two esters in
diastereoselectivity is discussed from the view point of plausible conformations of the esters.

Esters of 2-alkyl-3-hydroxybutanoic acids are impor-
tant chiral building blocks for syntheses of antibiotics
and other natural products. There are three major
methods in the literatures to prepare the esters with
high diastereo- and enantioselectivities. First of all is
the aldol condensation of chiral enolates with alde-
hydes,! and the second method is a-alkylation of a
dianion from a chiral 3-hydroxybutanoate.? The lat-
ter method is restricted to synthesize the hydroxy ester
of anti conformation. These two methods are chemi-
cal transformations and require an optically active
starting material(s) in order to obtain an optically

active product. The third and biological method
involves the reduction of achiral 2-alkyl-3-oxobuta-
noate by means of certain microbes.#> The biological
method has some advantages over the chemical
methods in that two chiral centers are introduced into
the product in one step starting from an achiral com-
pound, and that some microbes such as bakers’ yeast
(BY) are quite cheap and easily obtainable. However,
on the other hand, diastereoselectivity of microbial
reduction is not always satisfactory and sometimes
both syn and anti products are produced in nearly
equal amounts, which means that dehydrogenases
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present in the microbe and responsible for the reduc-
tion cannot recognize the configuration at the o (or
2)-position of racemic a-substituted B-keto esters (alkyl
3-oxocarboxylates).

It is known that the stereochemistry of the reduction
of B-keto esters by BY affords the corresponding (S)-
hydroxy esters with moderate to high enantioselectivi-
ties,® and the substitution by an alkyl group at the
a-position of the ester increases the selectivity.”8)
Therefore, if an a-substituted B-keto ester has a struc-
ture which exerts a large difference in rate of reduction
between its 2S- and 2R-enantiomeric isomers, one can
expect to obtain the product with a high diastereo-
meric excess (d.e.). There remains another problem,
i.e., if the rate of isomerization between the 2S- and
2R-isomers is not fast enough compared to the rate of
reduction, the chemical yield of the product cannot
exceed 50% even though the recognition between 2S-
and 2R-isomers with an enzyme is excellent. On the
other hand, if racemization at the a-position takes
place much faster than the reduction, the starting
material remains racemic whole through the reaction
period and the product is expected to be highly diaste-
reoselective after 100% completion of the reaction.

We would like to report in this paper that the diaste-
reoselectivity of the reduction of an a-substituted 8-
keto ester with BY can be controlled by the change in
the structure of alkoxyl group: the presence and
absence of a methylene group next to the alkoxyl oxy-
gen play a crucial role in determining the syn/anti
selectivity, therefore the d.e., of the reduction.

Results

Various esters of 2-methyl- (1), 2-ethyl- (2), 2-propyl-
(3), 2-propargyl- (4), and 2-allyl-3-oxobutanoates (5)
were prepared from the corresponding unsubstituted
esters by alkylation and subjected to the reducion with
BY. The diastereoselectivities of the reduction (syn/
anti ratio in the product) were monitored on GLC.
The authentic samples for the anti isomers were pre-
pared by the reaction of the dianion of 3-hydroxy-
butanoates with the corresponding alkyl halides.3

The rate of deuterium incorporation at the 2-
position of ethyl 2-methyl-3-oxobutanoate (1b) in neu-
tral deuterium oxide was measured on a 'H NMR spec-
trometer. The signal from the methine proton of 1b
(61ms: 3.8) was compared with that from the methylene
protons in the ethyl group (&1ms: 4.3). The intensity of
the former signal decreased gradually with a half-life
of about 1.5 hours, which is at least an order of magni-
tude faster than the rate of reduction. On the other
hand, practically no incorporation of deuterium was
observed with 2-methyl-3-hydroxybutanoate (6b) under
the same reaction conditions.

Results from the reduction of various esters are
summarized in Table 1. The diastereomeric compo-
sition of 2,2-dimethylpropyl 2-methyl-3-hydroxybuta-
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noate (6j) obtained by the reduction with BY was mea-
sured in detail, after it was converted into 6a, and
found the ratio of 2R, 3S5:2S, 3S:2R, 3R :2S, 3R to be
96:4:<1:<1. Thus, it was confirmed that the con-
tamination of the (3R)-isomers is negligible, if any.

Discussion

Since H-D exchange and racemization at the a-
position of a B-keto ester pass through the same inter-
mediate (enolate), there remains no doubt that fast
incorporation of deuterium in 1b under neutral condi-
tions reveals that the starting material stays in a
racemic mixture with respect to the enantiomorphism
at the a-position whole through the reduction by BY,
where there are many acid and base catalysts to pro-
mote the enolization. That is, all starting materials
subjected to the present reduction can, at least theoret-
ically, be converted into the product of desired config-
uration (kinetic resolution), provided the difference in
rate of reduction for two enantiomers is large enough.

Elongation of alkyl chain in alkoxyl group of the
B-keto ester did not show remarkable difference in the
diastereoselectivity of the reduction for all a-
substituents so far studied. This is in contrast to the
reduction of B-keto esters unsubstituted at the a-
position.!” In addition, substitution of a methylene
group in the alkyl chain by either a heteroatom such as
oxygen or sulfur or an aromatic group did not affect
the selectivity in recognizable extent as can be seen in
Table 1. Thus, the change in the polarity (or hydro-
phobicity) of the alkoxyl group seems to exert very
little effect, if any, on the selectivity. Another interest-
ing trend seen in Table 1 is that a-allyl substituent
tends to afford the anti product, whereas others prefer
to yield the syn product. The latter trend is the strong-
est with the a-methyl substituent, the shortest alkyl
group. Since the propargyl group belongs to the syn-
preferential substituent, it is clear that the anti-
orientation with the allyl group is not due to the pres-
ence of a n-bonding in this substituent.

A remarkable change in the diastereoselectivity can
be seen in anti preference with 2-allyl-3-oxobutanoates
(10) when the alkoxyl oxygen is bound directly to
a tert-carbon such as in ¢-butyl (10h) and 1,1-
dimethylpropyl (10i) esters. The same structure also
shifts the selectivity toward the anti direction in 2-
methyl-3-hydroxybutanoates (6), and the syn/anti
ratio becomes the worst in 6h. Instead, the insertion of
a methylene group between the alkoxyl oxygen and a
bulky alkyl substituent such as in 2,2-dimethylpropyl
(j) or cyclohexylmethyl (m) esters shifts the selectivity
to syn direction. Consequently, the syn/anti ratio in 6
is improved by the alkoxyl group of this kind, but the
value for 10 with these alkoxyl groups becomes worse.

It is interesting to note that one methylene group in
the alkoxyl moiety affects the stereochemistry of the
reduction. It should be emphasized that the reduction
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Table 1. Syn/Anti Ratio in the 8-Hydroxy Esters Obtained by the Reduction of
a-Substituted B-Keto Esters by Bakers’ Yeast?
R in ester
Compd.  R’in ester Me Et n-Pr  HC=CCH,- H,C=CHCH,-
6 7 8 9 10
a CH;- 81/19 62/38 72/28 57/43 27/13
(1) (70) (80) (39) (25)
b CoHs- 87/13 74/26 74/26 68/32 35/65
(59) (80) (70) (80) (59)
C n-C4Hg- 88/12 50/50 49/51 69/31 36/64
‘ (67) (60) (40) (97) (24)
d n-CeH3- 94/6 74/26 — — 48/52
(76) (50) (22)
e n-CgH,7- 92/8 76/24 b) — b)
(63) (84) .
f Me,CH- — — 65/35 66/34 31/69
(70) (86) (27)
g Me,CHCH,- 93/7 60/40 — 70/30 51/49
(87) (75) (82) (43)
h Me;C- 72/28 21/79 25/175 17/83 6/94
(85) (55) (76) (68) (36)
i Me,EtC- 69/31 21/79 23/77 22/78 3/97
(19) (4) (5) (48) 9)
j Me;CCH,- 96/4 69/31 80/20 77/23 56/44
(57) (70) (68) (76) (66)
k cyclo-CsHy- 81/19 — — — 52/48
(82) (63)
1 cyclo-CgHy; - 90/10 — — — 25/75
(81) (25)
m C’yClO-CGH“CHz- 94/6 _ -_ —_ -_
(83)
n PhCH,- 82/18 — 50/50 — 16/84
(79) (70) (54)
o H,C=CHCHj,- — 53/47 68/32 61/39 25/175
(65) (65) (84) (49)
p MeO(CHj,),- 87/13 53/47 63/37 62/38 30/70
(75) (80) (80) (=) (37)
q EtO(CH,),- 87/13 58/42 57/43 — 35/65
(80) (73) (63) (60)
r n-BuO(CHj),- 87/13 66/34 81/19 50/50 24/76
(90) (82) (80) (=) (56)
s MeS(CH,), 89/11 — — — 34/66
(84) (78)
t CI(CHj,), 85/15 — — — —
(60)

a) Numbers in parentheses are chemical yields. b) No reaction.

with BY is catalyzed by a variety of catalysts, dehy-
drogenases, and reductases, in this microbe, and we
cannot nominate any one of enzymes as the sole candi-
date for the catalyst. Zhou and his co-workers reported
that there are at least three dehydrogenases in BY to
reduce 4-chloro-3-oxobutanoates.!” Furuichi and his
co-workers found that benzyl 2-methyl-3-oxobutanoate
is reduced by a pure enzyme into the corresponding
B-hydroxy ester with the syn/anti ratio of 8/1, whereas
the reduction of the same ester with a yeast affords the
syn/anti ratio to be 2/11? suggesting the contribution
of plural enzymes in yeast. Nevertheless, the sum of
individual diastereoselectivities of all enzymes involved
in the reduction can be attributed to the diastereoselec-
tivity of an “‘imaginary” enzyme.!®

Inspection of molecular structures of the esters with

the aid of CPK-models seems to suggest a simple rule;
a principle of the smallest volume. Figures la and 1b
show molecular models for (2R,3S)-6j (syn) and
(2S,3S)-6j (anti), respectively, where a bulky substitu-
ent is represented by an iodine atom. Suppose that the
carboxylate oxygen assumes the syn-conformation
with respect to the carbonyl oxygen to be reduced and
the “hydride” from NAD(P)H attacks the carbonyl
group from the front side to give the (3S)-hydroxy ester
as seen in Fig. 1. Also suppose that the molecule is
folded in the pocket of the “imaginary” enzyme so that
the alkoxyl oxygen in the ester can assume the syn-
conformation in the molecular plane. From Fig. 1, it
is recognized that the alkoxyl oxygen in the syn-6j can
assume the full syn-conformation in the molecular
plane without being suffered from any strain, whereas
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Fig. 1.

CPK-models for (a) 2R,3S (syn)- and (b) 2S,3S
(anti)-alkyl 2-methyl-3-hydroxybutanoates. The
bulky substituent in the alkoxyl group is represented
by an iodine model.

the oxygen in the anti-6j has to be twisted from the
plane to be in the syn-conformation.

Contrary, the alkoxyl oxygen can assume the full
syn-conformation in (2S,3S)-10h (anti), as shown in
Fig. 2 in which a bulky substituent is again repres-
ented by an iodine, but it is largely twisted from the
planarity in (2R, 3S)-10h (syn). Thus, the reduction
affords satisfactory diastereoselectivity only when the
structure of an ester is such that in which the alkoxyl
oxygen can assume a planar syn-conformation in the
product B-hydroxy ester. In other words, the pocket of
the “imaginary” enzyme does not have enough room
and elasticity to accept a bulky molecule, and the ste-
reoselectivity appears large either in syn or anti direc-
tion when the fundamental skeleton of B-keto ester can
assume the smallest volume. The presence or absence
of a methylene group adjacent to the alkoxyl oxygen is
crucial to make the syn or anti conformation more
stable than the other, respectively. Since the substitu-
ent at the 2-position of 7, 8, or 9 is larger than that in 6,
the steric bulk of the alkoxyl group becomes more
important in these esters, and the syn/anti predomi-
nancy is reversed in 7h, 8h, and 9h. The conforma-
tional effect is more important than the hydrophobic-
ity of the alkoxyl group to determine the selectivity.
Similar trend in the steric bulk of the alkoxyl group
was also observed in the reduction of 2-methyl-3-

Fig. 2. CPK-models for (a) 2R,3S (syn)- and (b) 2S,3S
(anti)-alkyl- 2-allyl-3-hydroxybutanoates. The bulky
substituent in the alkoxyl group is represented by an
iodine model.

oxopropanoates.'¥ It should be emphasized again that
the argument has been done for a pocket of imaginary
enzyme composed of a pack of many real enzymes.

In order to confirm the proposed principle, and to
prove its versatility, we have to accumulate further
results from various esters. However, we believe that
the principle at the present stage can suggest the struc-
ture of substituents we should try in order to obtain the
B-hydroxy ester of certain configuration at least as a
working hypothesis.

Experimental

Instruments. 'H NMR spectra were recorded on a Varian
VXR-200 spectometer in CDCl; with tetramethylsilane
(TMS) as an interal reference or in D,O with sodium 3-
(trimethylsilyl)-1-propanesulfonate-1,1,2,2-d, (DSS) as an
internal reference. Gas chromatography was recorded on a
Yanaco G-1800 and a G-2800 gas chromatographs. Optical
rotations were measured with a Perkin-Elmer 241 polari-
meter.

Materials. Organic reagents were purchased from Naca-
lai Tesque Co., Tokyo Kasei Co., and Aldrich Chemical Co.
unless otherwise indicated. Solvents and commercially
available starting materials were generally used without
additional purification unless otherwise indicated. Pyridine
and benzene were refluxed on calcium hydride for 1 day and
distilled before the use. Satisfactory results were obtained
from elemental analyses of all of the products.
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Rate of Enolization. Into 0.5 ml of DO containing DSS
in an NMR sample tube, 20 mg of ethyl 2-methyl-3-
oxobutanoate (1b) was added and the solution was imme-
diately subjected to 'H NMR spectroscopy. The intensity of
signal from the methine proton (dpss: 3.8) was compared
with that from the methylene proton in the ethyl group (épss:
4.3). Initally, the ratio of the intensities of both signals was
1/2, but it decreased to 1/4 after 1.5 h, revealing that the rate
of enolization takes place much faster than the reduction.

Preparation of Alkyl 2-Alkyl-3-oxobutanoate. In general,
into 200 ml of a benzene solution containing 0.1 mol of an
alkyl 3-oxobutanoate and 0.1 mol of 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) was added 0.1 mol of an appropriate
alkyl iodide in 100 ml of benzene. The resulted mixture was
stirred for 3 h at room temperature and filtered. The filtrate
was washed with water, dried over anhydrous sodium sul-
fate, and concentrated under reduced pressure. The residue
was distilled to give an alkyl 2-alkyl-3-oxobutanoate. For
1,1-dimethylpropyl esters, the residue was subjected to a
column chromatography on silica gel using hexane-ether
(100: 3) as an eluent. 2-Methyl-3-oxobutanoates, except for
1a, 1b, 1h, and 1i, were prepared by transesterification with
the corresponding ethyl ester (1b) according to the literature
procedure.’  Chemical yields (%), boiling points (°C/
mmHg!®), and 'H NMR spectral data (6tms in CDCl3) of the
esters are summalized below in this order.

la: 59; 68 (16); 1.34 (3H, d, J=7.2 Hz), 2.23 (3H, s), 3.51
(1H, q, J=7.2 Hz), and 3.73 (3H, s). 1c: 66; 110 (15); 0.92 (3H,
t, J=7.2 Hz), 1.33 (3H, d, J=7.2 Hz), 1.31—1.73 (4H, m), 2.23
(3H, s), 3.49 (1H, q, J=7.2 Hz), and 4.13 (2H, t, /=6.8 Hz).
1d: 81; 84 (1.5); 0.88 (3H, t, J=6.5 Hz), 1.18—1.72 (8H, m),
1.33 (3H, d, J=7.2 Hz), 2.23 (3H, s), 3.49 (1H, q, J=7.2 Hz),
and 4.12 (2H, t, J=6.6 Hz). 1e: 91; 78 (0.4); 0.87 (3H, t, J=6.5
Hz), 1.15—1.72(12H, m), 1.33 (3H, d, J=7.0 Hz), 2.23 (3H, s),
3.49 (1H, q, J=7.2 Hz), and 4.12 (2H, t, 6.7 Hz). 1g: 59;
96—98 (16); 0.92 (6H, d, J=6.8 Hz), 1.34 (3H, d, J=7.2 Hz),
1.94 (1H, m), 2.24 (3H, s), 3.52 (1H, q, J=7.2 Hz), and 3.91
(2H, dd, J=6.8 Hz, 1.3 Hz). 1h: 60; 90 (21); 1.27 (3H, d, J=7.2
Hz), 1.44 (9H, s), 2.21 (3H, s), and 3.38 (1H, q, J=7.2 Hz). 1i:
14; —; 0.86 (3H, t, J=7.5 Hz), 1.28 (3H, d, J=7.0 Hz), 1.42
(6H, s), 1.76 (2H, q, J=17.5 Hz), 2.22 (3H, s), and 3.40 (1H, q,
J=7.0 Hz). 1j: 45; 108 (20); 0.93 (9H, s), 1.35 (3H, d, J=7.2
Hz), 2.25 (3H, s), 3.53 (1H, q, J=7.2 Hz), and 3.82 (2H, d,
J=2.2 Hz). 1k: 76;125 (19); 1.31 (3H, d, J=7.1 Hz], 1.49—1.97
(8H, m), 2.21 (3H, s), 3.44 (1H, q, J=7.1 Hz), and 5.17—5.25
(1H, m). 11: 68; 141 (21); 1.21—1.89 (10H, m), 1.32 (3H, d,
J=17.2 Hz), 2.22 (3H, s), 3.46 (1H, q, J=7.2 Hz), and 4.73—
4.87 (1H, m). 1m: 72; 91 (0.5); 0.75—1.8 (11H, m), 1.33 (3H,
d, J=7.2 Hz), 2.23 (3H, s), 3.50 (1H, q, J=7.2 Hz), and 3.93
(2H, d, J=6.2 Hz). In: 71;111 (1); 1.35(3H, d, J=7.2 Hz), 2.18
(3H, s), 3.54 (1H, q, J=7.2 Hz), 5.17 (2H, s), and 7.34 (5H, s).
1p: 55; 119 (21); 1.32 (3H, d, J=7.2 Hz), 2.22 (3H, s), 3.34 (3H,
s), 3.52 (1H, q, J=7.2 Hz), 3.57 (2H, m), and 4.27 (2H, m). 1q:
26; 130 (20); 1.19 (3H, t, J=7.0 Hz), 1.34 (3H, d, J=7.2 Hz),
2.24 (3H, s), 3.51 (2H, q, J=7.0 Hz), 3.62 (2H, t, J=4.8 Hz),
4.19 (1H, q, J=7.2 Hz), and 4.26—4.31 (2H, m). 1r: 77; 153
(24); 0.90 (3H, t, J=7.2 Hz), 1.24—1.63 (4H, m), 1.34 (3H, d,
J=1.2 Hz), 2.24 (3H, s), 3.44 (2H, t, J=6.5 Hz), 3.53 (1H, q,
J=7.2 Hz), 3.61 (2H, t, J=4.8 Hz), and 4.25—4.31 (2H, m). 1s:
55; 150 (20); 1.35 (3H, d, J=6.8 Hz), 2.13 (3H, s), 2.25 (3H, s),
2.72 (2H, t, J=6.8 Hz), 3.52 (1H, q, J=7.2 Hz), and 4.30 (2H,
t, J=6.8 Hz). 1t: 50; 128 (19); 1.37 (3H, d, J=7.1 Hz), 2.27 (3H,
s), 3.56 (1H, q, J=7.1 Hz), 3.70 (2H, t, J=5.6 Hz), and 4.36—
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4.42 (2H, m). 2a:74; 78 (17); 0.90 (3H, t, J=7.5 Hz), 1.86 (2H,
m), 2.20 (3H, s), 3.33 (1H, t, J=7.5 Hz), and 3.72 (3H, s). 2b:
50; 85 (17); 0.90 (3H, t, J=7.4 Hz), 1.24 (3H, t, J=7.2 Hz), 1.85
(2H, m), 2.19 (3H, s), 3.30 (1H, t, J=7.4 Hz), and 4.16 (2H, q,
J=7.2 Hz). 2c: 67;109 (17); 0.89 (6H, t, J=7.4 Hz), 1.22—1.43
(2H, m), 1.51—1.66 (2H, m), 1.75—1.90 (2H, m), 2.18 (3H, s),
3.29 (1H, t, J=7.4 Hz), and 4.09 (2H, t, J=6.6 Hz). 2d: 40; 135
(17); 0.86 (3H, t, J=6.6 Hz), 0.91 (3H, t, J=7.5 Hz), 1.15—1.40
(6H, m), 1.53—1.69 (2H, m), 1.79 —1.93 (2H, m), 2.20 (3H, s),
3.31 (1H, t, J=7.4 Hz), and 4.11 (2H, t, J=6.7 Hz). 2e:79; 150
(17); 0.87 (3H, t, J=7.2 Hz), 0.92 (3H, t, J=7.4 Hz), 1.12—1.40
(10H, m), 1.53—1.71 (2H, m), 1.79—1.98 (2H, m), 2.21 (3H,
s), 3.32 (1H, t, J=7.4 Hz), and 4.12 (2H, t, J=6.7 Hz). 2g: 41;
104 (17); 0.90 (6H, d, J=6.8 Hz), 0.90 (3H, t, J=7.4 Hz), 1.86
(3H, m), 2.20 (3H, s), 3.33 (1H, t, J=7.4 Hz), and 3.89 (2H, d,
J=6.6 Hz). 2h: 38; 86 (17); 0.89 (3H, t, J=7.4 Hz), 1.44 (9H, ),
1.80 (2H, m), 2.22 (3H, s), and 3.20 (1H, t, J=7.2 Hz). 2i: 13;
—; 0.87 (3H, t, J=7.4 Hz), 0.91 (3H, t, J=7.5 Hz), 1.42 (6H, s),
1.76 (2H, q, J=17.5 Hz), 1.82 (2H, m), 2.20 (3H, s), and 3.23
(1H, t, J=17.4 Hz). 2j: 93; 106 (17); 0.92 (9H, s), 0.92 (3H, t ,
J=17.4 Hz), 1.88 (2H, m), 2.22 (3H, s), 3.36 (1H, t, J=7.4 Hz),
and 3.81 (2H, s). 20: 42; 100 (17); 0.91 (3H, t, J=7.4 Hz), 1.87
(2H, m), 2.20 (3H, s), 3.35 (1H, t, J=7.4 Hz), 4.58—4.63 (2H,
m), 5.19—5.36 (2H, m), and 5.78—5.99 (1H, m). 2p: 42; 124
(17); 0.89 (3H, t, J=7.5 Hz), 1.85 (2H, m), 2.19 (3H, s), 3.32
(3H, s), 3.35 (1H, t, J=17.5 Hz), 3.52—3.58 (2H, m), and 4.23—
4.28 (2H, m). 2q: 70; 88 (3); 0.92 (3H, t, J=7.5 Hz), 1.17 (3H,
t, J=7.0 Hz), 1.87 (2H, m), 2.21 (3H, s), 3.36 (1H, t, J=7.5 Hz),
3.49 (2H, q, J=7.0 Hz), 3.58—3.64 (2H, m), and 4.25—4.80
(2H, m). 2r: 74 108 (3); 0.90 (3H, t, J=7.3 Hz), 0.93 (3H, t,
J=7.4 Hz), 1.24—1.62 (4H, m), 1.88 (2H, m), 2.23 (3H, s),
3.32—3.48 (3H, m), 3.59—3.64 (2H, m), and 4.26—4.31 (2H,
m). 3a: 66; 51 (1); 0.89 (3H, t, J=7.2 Hz), 1.28 (2H, m), 1.18—
1.87 (2H, m), 2.19 (3H, s), 3.41 (1H, t, J=7.4 Hz), and 3.70
(3H, s). 3b: 48; 90 (17); 0.91 (3H, t, J=7.2 Hz), 1.25 (3H, t,
J=7.2 Hz), 1.21—1.39 (2H, m), 1.74—1.87 (2H, m), 2.20 (3H,
s), 3.39 (1H, t, J=17.3 Hz), and 4.17 (2H, q, J=7.2 Ha). 3c: 62;
67 (1); 0.90 (6H, t, J=7.2 Hz), 1.20—1.87 (8H, m), 2.19 (3H, s),
3.39 (1H, t, J=7.5 Hz), and 4.11 (2H, t, J=6.6 Hz). 3e: 74; 105
(1); 0.85 (3H, t, J=6.6 Hz), 0.90 (3H, t, J=17.5 Hz), 1.13—1.40
(12H, m), 1.51—1.70 (2H, m), 1.72—1.88 (2H, m), 2.19 (3H,
s), 3.49 (1H, t, J=7.4 Hz), and 4.09 (2H, t, J]=6.6 Hz). 3f: 54;
70 (1); 0.90 (3H, t, J=7.2 Hz), 1.22 (6H, d, J=6.2 Hz), 1.30
(2H, m), 1.72—1.86 (2H, m), 2.20 (3H, s), 3.35 (1H, t, J=17.5
Hz), and 5.04 (1H, m). 3h: 60; 55 (1.5); 0.90 (3H, t, J=7.2 Hz),
1.19—1.38 (2H, m), 1.43 (9H, s), 1.69—1.82 (2H, m), 2.18
(3H, s), and 3.28 (1H, t, J=7.6 Hz). 3i: 7; —; 0.87 (3H, t, J=7.5
Hz), 0.91 (3H, ¢, J=7.3 Hz), 1.18—1.48 (2H, m), 1.42 (6H, s),
1.71—1.83 (2H, m), 1.76 (2H, q, J=7.3 Hz), 2.20 (3H, s), and
3.32 (1H, t, J=17.5 Hz). 3j: 62; 113 (17); 0.86—1.00 (3H, m),
0.92 (9H, s), 1.31 (2H, m), 1.77—1.89 (2H, m), 2.22 (3H, s),
3.44 (1H, t, J=7.4 Hz), and 3.80 (2H, s). 3n: 59 135 (1); 0.90
(3H, t, J=7.2 Hz), 1.29 (2H, m), 1.78—1.90 (2H, m), 2.16 (3H,
s), 3.46 (1H, t, J=6.4 Hz), 5.16 (2H, s), and 7.34 (5H, s). 3o0:
51; 61 (1); 0.92 (3H, t, J=7.1 Hz), 1.31 (2H, m), 1.84 (2H, m),
2.22 (3H, s), 3.44 (1H, t, J=7.2 Hz), 4.59—4.64 (2H, m),
5.21—5.37 (2H, m), and 5.80—6.01 (1H, m). 3p: 62; 84 (1);
0.88 (3H, t, J=7.2 Hz), 1.28 (2H, m), 1.89 (2H, m), 2.19 (3H,
s), 3.32 (3H, s), 3.43 (1H, t, J=7.5 Hz), 3.53—3.57 (2H, m),
and 4.22—4.27 (2H, m). 3q: 66; 90 (2); 0.91 (3H, t, J=7.4 Hz),
1.18 (3H, t, J=7.0 Hz), 1.14—1.41 (2H, m), 1.73—1.89 (2H,
m), 2.22 (3H, s), 3.44 (1H, t, J=7.4 Hz), 3.49 (2H, q, J=7.0
Hz), 3.57—3.66 (2H, m), and 4.25—4.30 (2H, m). 3r: 60; 133
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(5); 0.87 (3H, t, J=7.1 Hz), 0.89 (3H, t, J=7.2 Hz), 1.20—1.62
(6H, m), 1.70—1.90 (2H, m), 2.20 (3H, s), 3.37—3.45 (3H, m),
3.56—3.61 (2H, m), and 4.25 (2H, m). 4a: 37; 111 (19); 1.9
(1H, t, J=2.7 Hz), 2.30 (3H, s), 2.72 (2H, m), 3.71 (1H, t,
J=7.5 Hz), and 3.76 (3H, s). 4b: 19; 116 (20); 1.28 (3H, t,
J=7.1 Hz), 1.99 (1H, t, J=2.6 Hz), 2.30 (3H, s), 2.71 (2H, dd,
J=2.6 Hz, 7.2 Hz), 3.68 (1H, t, J=7.4 Hz), and 4.22 (2H, q,
J=7.1 Hz). 4c: 21;136 (17); 0.92 (3H, t, J=7.2 Hz), 1.29—1.47
(2H, m), 1.56—1.70 (2H, m), 1.98 (1H, t, J=2.7 Hz), 2.30 (3H,
s), 2.71 (2H, m), 3.69 (1H, t, J=7.5 Hz), and 4.16 (2H, t, J=6.6
Hz). 4f: 25; 112 (17); 1.25 (3H, d, J=6.4 Hz), 1.26 (3H, d,
J=6.4 Hz), 1.98 (1H, t, J=2.6 Hz), 2.28 (3H, s), 2.69 (2H, m),
3.64 (1H, t, J=7.5 Hz), and 5.07 (1H, m). 4g: 33; 124 (15); 0.93
(6H, d, J=6.8 Hz), 1.95 (1H, m), 1.98 (1H, t, 2.6 Hz), 2.31 (3H,
s), 2.72 (2H, m), 3.71 (1H, t, J=7.5 Hz), and 3.94 (2H, d, J]=6.6
Hz). 4h: 20; 102 (17); 1.46 (9H, s), 1.97 (1H, t, J=2.7 Hz), 2.28
(3H, s), 2.65 (2H, m), and 3.58 (1H, t, J=7.5 Hz). 4i: 19;—; 0.87
(3H, t, J=7.4 Hz), 1.43 (6H, s), 1.77 (2H, q, J=7.4 Hz), 1.97
(1H, t, J=2.7 Hz), 2.28 (3H, s), 2.65 (2H, m), and 3.60 (1H, t,
J=7.5 Hz). 4j: 25; 131 (18); 0.93 (9H, s), 1.98 (1H, t, J=2.6
Hz), 2.31 (3H, s), 2.71 (2H, m), 3.73 (1H, t, J=7.5 Hz), and
3.84 (2H, s). 4o: 30; 130 (18); 1.99 (1H, t, J=2.6 Hz), 2.31 (3H,
s), 2.72 (2H, m), 3.73 (1H, t, J=7.5 Hz), 4.65 (2H, m), 5.22—
5.38 (2H, m), and 5.80—5.99 (1H, m). 4p: 35; 144 (21); 1.98
(1H, t, J=2.6 Hz), 2.30 (3H, 5), 2.71 (2H, m), 3.35 (3H, s), 3.58
(2H, t, J=4.7 Hz), 3.73 (1H, t, J=7.4 Hz), and 4.29 (2H, t,
J=4.7 Hz). 4r: 21; 105 (0.8) 0.90 (3H, t, J=7.3 Hz), 1.35—1.62
(4H, m), 1.99 (1H, t, J=2.7 Hz), 2.26 (3H, s), 2.71 (2H, m),
3.38—3.48 (3H, m), 3.58—3.64 (2H, m), and 4.23—4.32 (2H,
m). 5a: 3; 95 (20); 2.21 (3H, s), 2.58 (2H, t, J=7.2 Hz), 3.52
(1H, t, J=7.2 Hz), 3.71 (3H, s), 4.93—5.18 (2H, m), and 5.51 —
5.93 (1H, m). 5b: 41; 100 (20); 1.26 (3H, t, J=6.7 Hz), 2.21
(3H, s), 2.58 (2H, t, J=6.7 Hz), 3.51 (1H, t, J=6.7 Hz), 4.18
(2H, q, J=6.7 Hz), 4.95—5.19 (2H, m), and 5.53—5.97 (1H,
m). 5c: 30; 123 (15); 0.94 (3H, t, J=7.2 Hz), 1.28—1.49 (2H,
m), 1.56—1.69 (2H, m), 2.24 (3H, s), 2.60 (2H, t, J=7.1 Hz),
3.53 (1H, t, J=7.5 Hz), 4.15 (2H, t, J=6.6 Hz), 5.02—5.16 (2H,
m), and 5.65—5.86 (1H, m). 5d: 21; 143 (15); 0.89 (3H, m),
1.29 (6H, m), 1.56—1.68 (3H, m), 2.24 (3H, s), 2.60 (2H, m),
3.53 (1H, t, J=7.5 Hz), 4.13 (2H, t, J=6.7 Hz), 5.01—5.15 (2H,
m), and 5.65—5.85 (1H, m). 5e: 45; 100 (0.7); 0.86 (3H, t,
J=6.8 Hz), 1.14—1.40 (10H, m), 1.57—1.68 (2H, m), 2.21 (3H,
s), 2.57 (2H, m), 3.50 (1H, t, J=7.5 Hz), 4.11 (2H, t, J=6.7 Hz),
4.91—5.13 (2H, m), and 5.62—5.83 (1H, m). 5f: 81; 106 (20);
1.24 (6H, d, J=6.2 Hz), 2.22 (3H, s), 2.57 (2H, m), 3.47 (1H, t,
J=17.4 Hz), 4.99—5.14 (3H, m), and 5.62—5.84 (1H, m). 5g:
28; 119 (16); 0.93 (6H, d, J=6.8 Hz), 1.75—2.08 (1H, m), 2.25
(3H, s), 2.61 (2H, t, J=6.3 Hz), 3.55 (1H, t, J=7.3 Hz), 3.92
(2H, d, J=6.9 Hz, 4.99—5.18 (2H, m), and 5.56—5.97 (1H,
m). 5h: 11; 105 (16); 1.44 (9H, s), 2.21 (3H, s), 2.53 (2H, t,
J=17.4 Hz), 3.40 (1H, t, J=7.4 Hz), 4.93—5.17 (2H, m), and
5.52—5.93 (1H, m). 5i: —; —; 0.86 (3H, t, J=7.5 Hz), 1.42
(6H, s), 1.75 (2H, q, J=7.5 Hz), 2.22 (3H, s), 2.54 (2H, m), 3.42
(1H, t, J=7.5 Hz), 4.98—5.14 (2H, m), and 5.62—5.82 (1H,
m). 5j: 81; 70 (3); 0.94 (9H, s), 2.25 (3H, ), 2.61 (2H, m), 3.56
(1H, t, J=7.5 Hz), 3.82 (2H, s), 4.99—5.15 (2H, m), and 5.65—
5.84 (1H, m). 5k: 83; 145 (20); 1.51—1.95 (8H, m), 2.19 (3H,
s), 2.54 (2H, m), 3.45 (1H, t, J=7.4 Hz), 4.97—5.22 (3H, m),
and 5.61—5.82 (1H, m). 5I: 62; 152 (21); 1.15—1.92 (10H, m),
2.21 (3H, s), 2.57 (2H, m), 3.47 (1H, t, J=7.4 Hz), 4.72—4.88
(1H, m), 4.98—5.13 (2H, m), and 5.62—5.82 (1H, m). 5n: 75;
142 (2); 2.18 (3H, s), 2.60 (2H, m), 3.56 (1H, t, J=7.4 Hz),
4.98—5.12 (2H, m), 5.16 (2H, s), 5.61—5.82 (1H, m), and 7.34
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(5H, s). 50: 89; 113 (20); 2.22 (3H, s), 2.58 (2H, m), 3.54 (1H, ¢,
J=7.4 Hz), 4.58—4.62 (2H, m), 5.00—5.36 (4H, m), and
5.61—5.99 (2H, m). 5p: 78; 140 (20); 2.23 (3H, s), 2.58 (2H,
m), 3.35 (3H, s), 3.44—3.60 (3H, m), 4.25—4.30 (2H, m),
5.00—5.13 (2H, m), and 5.62—5.82 (1H, m). 5q: 81; 96 (3);
1.18 (3H, t, J=7.0 Hz), 2.23 (3H, s), 2.58 (2H, m), 3.44—3.65
(5H, m), 4.24—4.31 (2H, m), 4.99—5.15 (2H, m), and 5.62—
5.83 (1H, m). 5r: 74; 132 (2) 0.89 (3H, t, J=7.1 Hz), 1.25—1.75
(4H, m), 2.23 (3H, s), 2.58 (2H, m), 3.38—3.63 (5H, m), 4.24—
4.30 (2H, m), 4.99—5.13 (2H, m), and 5.65—5.84 (1H, m). 5s:
62; 117 (1); 2.11 (3H, s), 2.27 (3H, s), 2.57 (2H, m), 2.67 (2H,
m), 3.52 (1H, t, J=7.4 Hz), 4.27 (2H, m), 4.98—5.13 (2H, m),
and 5.61—5.82 (1H, m).

Preparation of Racemic Esters of 3-Hydroxy-2-alkyl-
butanoate. Sodium borohydride (9.5 mg, 0.25 mmol) was
added to a stirred and cooled solution composed of 1 mmol
of alkyl 2-alkyl-3-oxobutanoate and 10 ml of tetrahydrofuran
(THF) in an ice bath. The resulted solution was stirred at
room temperature for 1 h and the THF was removed under
reduced pressure, then the residual solution was acidified
with dilute aqueous hydrochloric acid. The organic portion
was extracted with ether (30 ml), and the ether layer was
washed with water, aqueous sodium hydrogencarbonate,
and water (10 ml each), respectively. The ethereal solution
was dried over anhydrous sodium sulfate, and the solvent
was evaporated under reduced pressure. Esters of 3-hydroxy-
2-alkylbutanoate were obtained by distillation of the residue
with a Kugelrohr apparatus. Chemical yields (%), boiling
points (°C/mmHg"), and 'HNMR spectral data (6 from
TMS in CDCI;) of the esters are summarized below in this
order.

6a: 46; 75 (17); 1.17 (syn: s), 1.21 (anti: a) (3H, d, J=6.4 Hz),
1.22 (3H, d, J=6.4 Hz), 2.40—2.67 (2H, m), 3.70 (3H, s), and
4.01—4.28 (1H, m). 6b: 42; 75 (17); 1.17 (s), 1.21 (a) (3H, d,
J=6.3 Hz), 1.17 (3H, d, J=17.0 Hz), 1.26 (3H, t, J=7.2 Hz),
2.35—2.55 (1H, m), 2.59—2.72 (1H, b), 3.79—4.12 (1H, m),
and 4.16 (2H, q, J=7.2 Hz). 6c: 63; (17); 0.92 (3H, t, J=17.2
Hz), 1.16—1.22 (3H, m), 1.17 (3H, d, J=7.2 Hz), 1.28—1.46
(2H, m), 1.55—1.69 (2H, m), 2.36—2.53 (1H, m), 2.59—2.72
(1H, b), 3.79—4.22 (1H, m), and 4.10 (2H, t, J=6.6 Hz). 6d:
92; 80 (2); 0.88 (3H, t, J=6.6 Hz), 1.16 (s), 1.20 (a) (3H, d, J=
6.4 Hz), 1.17 (3H, d, J=6.8 Hz), 1.20—1.40 (6H, m), 1.56—1.68
(2H, m), 2.35—2.56 (1H, m), 2.63 (1H, b), 3.79—4.22 (1H, m),
and 4.09 (2H, t, J=6.8 Hz). 6e: 80; 100 (1.5); 0.87 (3H, t, J=6.5
Hz), 1.15—1.22 (6H, m), 1.15—1.40 (10H, m), 1.57—1.70 (2H,
m), 2.37—2.56 (1H, m), 2.55—2.75 (1H, b), 3.81—4.22 (1H,
m), and 4.09 (2H, t, J=6.6 Ha). 6g: 66; 80 (18); 0.96 (6H, d,
J=6.8 Hz), 1.17 (s), 1.21 (a) (3H, d, J=6.6 Hz), 1.19 (3H, d,
J=17.2 Hz), 1.80 (1H, b), 1.84—2.04 (1H, m), 2.38—2.58 (1H,
m), 3.89 (2H, d, J=6.6 Hz), and 3.77—4.21 (1H, m). 6h: 84;
100 (16); 1.11—1.21 (6H, m), 1.45 (9H, s), 2.25—2.45 (2H, m),
3.75—4.06 (1H, m). 6i: 68; 100 (20); 0.88 (3H, t, J=17.5 Hz),
1.12—1.21 (6H, m), 1.42 (6H, s), 1.77 (2H, q, J=7.5 Hz),
2.25—2.47 (2H, m), and 3.96—4.21 (1H, m). 6j: 37; 130 (18);
0.94 (9H. s), 1.18 (s), 1.22 (a) (3H, d, J=6.4 Hz), 1.20 (3H, d,
J=1.2 Hz), 2.40—2.60 (1H, m), 2.56—2.77 (1H, b), 3.81 (2H,
s), and 3.83—4.12 (1H, m). 6k: 75; 145 (19); 1.15 (3H, d, J=7.2
Hz), 1.16 (s), 1.20 (a) (3H, d, J=6.1 Hz), 1.50—1.98 (8H, m),
2.26—2.51 (1H, m), 2.55—2.85 (1H, b), 3.78—4.10 (1H, m),
and 5.14—5.24 (1H, m). 6l: 87; 160 (21); 1.15—1.22 (6H, m),
1.25—1.89 (11H, m), 2.34—2.53 (1H, m), 3.79—4.10 (1H, m),
and 4.72—4.85 (1H, m). 6m: 88; 175 (21); 1.17 (s), 1.21 (a)
(3H, d, J=6.3 Hz), 1.18 (3H, d, J=7.2 Hz), 0.88—1.79 (11H,
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m), 2.37—2.57 (1H, m), 2.44—2.85 (1H, b), 3.91 (s), 3.92 (a)
(2H, d, J=6.1 Hz), and 3.81—4.12 (1H, m). 6n: 73; 180 (19);
1.14—1.22 (6H, m), 2.43—2.64 (2H, m), 3.86—4.16 (1H, m),
5.14 (2H, s), and 7.35 (5H, s). 6p: 44; 130 (22); 1.16 (s), 1.20 (a)
(3H, d, J=6.4 Hz), 1.17 (3H, d, J=7.0 Hz), 2.17 (1H, b), 2.41—
2.62 (1H, m), 3.37 (3H, s), 3.58 (2H, t, J=4.5Hz), 3.80—4.14
(1H, m), and 4.14—4.38 (2H, m). 6q: 64; 120 (20); 1.15—1.23
(9H, m), 2.00 (1H, b), 2.47—2.64 (1H, m), 3.52 (2H, q, J=7.0
Hz), 3.63 (2H, t, /=4.8 Hz), 3.79—4.15 (1H, m), and 4.15—
4.40 (2H, m). 6r: 91; 170 (20); 0.90 (3H, t, J=7.1 Hz), 1.16 (s),
1.21 (a) (3H, d, J=6.4 Hz), 1.17 (3H, d, J=7.4 Hz), 1.29—1.62
(5H, m), 2.40—2.62 (1H, m), 3.45 (2H, t, J=6.5 Hz), 3.61 (2H,
t, J=4.7 Hz), 3.79—4.13 (1H, m), and 4.14—4.38 (2H, m). 6s:
79; 165 (18); 1.16—1.23 (6H, m), 2.14 (3H, s), 2.42—2.66 (2H,
m), 2.74 (2H, t, J=6.6 Hz), 3.83—4.18 (1H, m), and 4.19—4.40
(2H, m). 6t: 58; 125 (18); 1.17—1.24 (6H, m), 2.37—2.63 (2H,
m), 3.70 (2H, t, J=5.5 Hz), and 4.34—4.39 (2H, m). 7a: 35; 90
(17); 0.88 (a), 0.89 (s) (3H, t, J=7.5 Hz), 1.15 (s), 1.18 (a) (3H,
d, J=6.4 Hz), 1.55—1.73 (2H, m), 2.24—2.38 (1H, m), 2.55—
2.67 (1H, b), 3.67 (s), 3.68 (a) (3H, s), and 3.72—4.00 (1H, m).
7h: 48; 70 (17); 0.90 (a), 0.91 (s) (3H, t, J=7.4 Hz), 1.17 (s), 1.20
(a) (3H, d, J=6.3 Hz), 1.26 (3H, t, J=17.2 Hz), 1.569—1.75 (2H,
m), 2.22—2.63 (2H, m), 3.74—4.00 (1H, m), and 4.16 (s), 4.17
(a) (2H, q, J=7.2 Hz). 7c: 53; 90 (17); 0.92 (6H, ¢, J=7.4 Hz),
1.17 (s), 1.21(a) (3H, d, J=6.4 Hz), 1.28—1.46 (2H, m), 1.54—
1.76 (4H, m), 2.23—2.59 (2H, m), 3.74—4.01 (1H, m), and
4.10 (s), 4.12 (a) (2H, t, J=6.4 Hz). 7d: 52; 110 (17); 0.87 (3H,
t, J=6.6 Hz), 0.91 (a), 0.92 (s) (3H, t, J=7.4 Hz), 1.17 (s), 1.20
(a) (3H, d, J=6.2 Hz), 1.14—1.37 (6H, m), 1.56—1.73 (4H, m),
2.24—2.61 (2H, m), 3.75—4.26 (1H, m), and 4.09 (s), 4.11
(a) (2H, t, J=6.6 Hz). 7e: 51; 150 (17); 0.86 (3H, t, J=6.8 Hz),
0.90 (a), 0.92 (s) (3H, t, J=7.4 Hz), 1.16 (s), 1.20 (a) (3H, d, J=
6.2 Hz), 1.15—1.41 (10H, m), 1.52—1.78 (4H, m), 2.20—2.63
(2H, m), 3.75—4.24 (1H, m), and 4.08 (s), 4.10 (a) (2H, ¢,
J=6.6 Hz). 7g: 57;95(17); 0.93 (6H, d, J=6.8 Hz), 0.88—0.96
(3H, 1), 1.18 (s), 1.21 (a) (3H, d, J=6.1 Hz), 1.59—1.71 (2H,
m), 1.82—2.03 (1H, m), 2.26—2.60 (2H, m), 3.88 (s), 3.90 (a)
(2H, d, J=6.6 Hz), and 3.77—4.25 (1H, m). 7h: 38; 70 (17);
0.92 (a), (s) (3H, t, J=7.4 Hz), 1.16 (s), 1.20 (a) (3H, d, J=6.4
Hz), 1.44 (9H, s), 1.54—1.73 (2H, m), 2.12—2.54 (2H, m), and
3.77—4.72 (1H, m). 7i: 99; 110 (20); 0.89 (3H, t, J=17.5 Hz),
0.93 (3H, t, J=7.5 Hz), 1.18 (s), 1.21 (a) (3H, d, J=6.2 Hz),
1.53—1.72 (2H, m), 1.77 (2H, q, J=7.5 Hz), 2.13—2.26 (2H,
m), and 3.79—4.00 (1H, m). 7j: 62; 100 (17); 0.92 (s), 0.93 (a)
(9H, s), 0.88—0.96 (3H, t), 1.17 (s), 1.20 (a) (3H, d, J=6.2 Hz),
1.60—1.73 (2H, m), 2.21—2.63 (2H, m), and 3.78 (s), 3.79 (a)
(2H, s). 70:31;85(17); 0.92 (a), 0.93 (s) (3H, t, J=7.5 Hz), 1.18
(s), 1.21 (a) (3H, d, J=6.4 Hz), 1.60—1.77 (2H, m), 2.28—2.72
(2H, m), 3.76—4.02 (1H, m), 4.59—4.62 (2H, m), 5.21—5.37
(2H, m), and 5.81—6.01 (1H, m). 7p: 48; 90 (17); 0.92 (a), 0.93
(s) (3H, t, J=7.4 Hz), 1.17 (s), 1.21 (a) (3H, d, J=6.6 Hz),
1.58—1.74 (2H, m), 2.32—2.76 (2H, m), 3.36 (3H, s), 3.58
(2H, t, J=4.8 Hz), 3.71—4.03 (1H, m), and 4.18—4.40 (2H,
m). 7q: 58; 125 (21); 0.93 (a), 0.94 (s) (3H, t, J=7.4 Hz), 1.19
(3H, t, J=17.0 Hz), 1.18 (s), 1.22 (a) (3H, d, J= 6.2 Hz), 1.57—
1.80 (2H, m), 2.27—2.77 (2H, m), 3.52 (2H, q, J=7.0 Hz), 3.63
(2H, t, J=5.2 Hz), 3.75—4.02 (1H, m), and 4.18—4.41 (2H,
m). 7r: 75; 120 (17); 0.89 (3H, t, J=7.1 Hz), 0.92 (a), 0.93 (s)
(3H, t, J=7.4 Hz), 1.17 (s), 1.21 (a) (3H, d, J=6.4 Hz), 1.24—
1.75 (6H, m), 2.27—2.77 (2H, m), 3.44 (2H, t, J=6.4 Hz), 3.61
(2H, t, J=4.8 Hz), 3.64—4.02 (1H, m), and 4.17—4.40 (2H,
m). 8a: 45; 100 (17); 0.90 (3H, t, J=7.2 Hz), 1.17 (s), 1.20 (a)
(3H, d, J=6.4 Hz), 1.15—1.40 (2H, m), 1.45—1.75 (2H, m),
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2.32—2.54 (2H, m), 3.69 (3H, s), and 3.78—4.06 (1H, m). 8b:
48; 90 (18); 0.91 (3H, t, J=7.1 Hz), 1.18 (s), 1.21 (a) (3H, d,
J=6.4 Hz), 1.26 (3H, t, J=7.2 Hz), 1.15—1.40 (2H, m), 1.43—
1.77 (2H, m), 2.33—2.46 (2H, m), 3.78—4.06 (1H, m), and
4.16 (2H, q, J=7.2 Hz). 8c: 60; 130 (21); 0.90 (3H, ¢, J=7.0
Hz), 0.92 (3H, t, J=7.2 Hz), 1.17 (s), 1.20 (a) (3H, d, J=6.2
Hz), 1.15—1.76 (8H, m), 2.31—2.62 (2H, m), 3.83—4.02 (1H,
m), and 4.06—4.14 (2H, m). 8e: 48; 110 (17); 0.86 (3H, t,
J=7.0Hz),0.90 (3H, t, J=7.2 Hz), 1.15—1.34 (15H, m), 1.54—
1.67 (4H, m), 2.25—2.60 (2H, m), and 3.80—4.13 (3H, m). 8f:
66; 90 (17); 0.89 (3H, t, J=7.2 Hz), 1.22 (6H, d, J=6.4 Hz),
1.09—1.76 (7H, m), 2.26—2.42 (1H, m), 2.55—2.69 (1H, b),
3.78—4.00 (1H, m), and 4.93—5.14 (1H, m). 8h: 60; 100 (17);
0.89 (3H, t, J=7.2 Hz), 1.15 (s), 1.18 (a) (3H, d, J=6.5 Hz), 1.44
(9H, s), 1.15—1.76 (4H, m), 2.19—2.36 (1H, m), 2.60—2.77
(1H, b), 3.73—3.96 (1H, m). 8i: 80; 120 (20); 0.89 (3H, t,
J=1.5 Hz), 0.92 (3H, t, J=7.4 Hz), 1.18 (s), 1.21 (a) (3H, d,
J=6.6 Hz), 1.24—1.69 (4H, m), 1.43 (6 H, s), 1.77 (2H, q,
J=7.4 Hz), 2.22—2.35 (1H, m), 2.45—2.74 (1H, b), and 3.76—
4.00 (1H, m). 8j: 50; 110 (21); 0.90 (3H, t, J=7.8 Hz), 0.93
(9H, s), 1.17 (s), 1.20 (a) (3H, d, J=6.0 Hz), 1.15—1.74 (4H,
m), 2.35—2.49 (1H, m), 2.49—2.64 (1H, b), 3.77 (a), 3.79 (s)
(2H, s), and 3.65—4.00 (1H, m). 8n: 45; 140 (17); 0.85—0.94
(3H, m), 1.14—1.34 (5H, m), 1.45—1.90 (2H, m), 2.39—2.52
(2H, m), 3.85—4.28 (1H, m), 5.14 (a), 5.15 (s) (2H, s), and 7.35
(5H, s). 8o: 55; 100 (17); 0.90 (3H, t, J=7.2 Hz), 1.18 (s), 1.21
(a) (3H, d, J=6.2 Hz), 1.20—1.81 (4H, m), 2.36—2.51 (2H, m),
3.82—4.02 (1H, m), 4.58—4.62 (2H, m), 5.20—5.37 (2H, m),
and 5.81—6.03 (1H, m). 8p: 40; 100 (17); 0.89 (3H, t, J=7.3
Hz), 1.16 (s), 1.20 (a) (3H, d, J=6.2 Hz), 1.12—1.79 (4H, m),
2.35—2.52 (1H, m), 2.57— 2.76 (1H, b), 3.35 (3H, s), 3.55—
3.60 (2H, m), 3.80—3.98 (1H, m), and 4.15—4.39 (2H, m).
8q: 50; 105 (17); 0.89 (3H, t, J=7.2 Hz), 1.76 (3H, t, J=7.0 Hz),
1.20 (s), 1.22 (a) (3H, d, J=6.2 Hz), 1.15—1.77 (4H, m), 2.33—
2.52 (1H, m), 2.62—2.71 (1H, b), 3.46 (2H, q, J=7.0 Hz),
3.58—3.63 (2H, m), 3.81—4.00 (1H, m), and 4.16—4.40 (2 H,
m). 8r: 58; 140 (17); 0.88 (6H, t, J=7.2 Hz), 1.15 (s), 1.19 (a)
(3H, d, J=6.4 Hz), 1.22—1.77 (8H, m), 2.32—2.51 (1H, m),
2.60—2.80 (1H, b), 3.43 (2H, t, J=6.5 Hz), 3.57—3.62 (2H, m),
3.77—4.00 (1H, m), and 4.14—4.38 (2H, m). 9a: 83; 115 (18);
1.20—1.30 (3H, m), 1.97—2.02 (1H, m), 2.34—2.97 (4H, m),
3.74 (s and a) (3H, s), and 3.81—4.17 (1H, m). 9b: 66; 120
(19); 1.21—1.32 (6H, m), 1.18—2.01 (1H, m), 2.16—2.88 (4H,
m), 3.78—4.27 (1H, m), and 4.20 (s), 4.21 (a) (2H, q, J=7.4
Hz). 9c: 87; 130 (15); 0.92 (3H, t, J=7.2 Hz), 1.22 (s), 1.25 (a)
(3H, d, J=6.2 Hz), 1.25—1.70 (4H, m), 1.98—2.04 (1H, m),
2.27—2.98 (4H, m), and 3.78—4.23 (3H, m). 9f: 73; 115 (18);
1.20—1.30 (3H, m), 1.25 (6H, d, J=6.2 Hz), 1.97—2.03 (1H,
m), 2.34—2.94 (4H, m), 3.76—4.21 (1H, m), and 5.02—5.20
(1H, m). 9g: 77; 120 (15); 0.94 (6H, d, J=6.6 Hz), 1.22 (s), 1.26
(a) (3H, d, 6.4 Hz), 1.82—2.03 (2H, m), 2.27—2.96 (4H, m)
3.81—4.11 (3H, m). 9h: 71; 115 (28); 1.21 (s), 1.25 (a) (3H, d,
J=6.6 Hz), 1.47 (9H, s), 1.98—2.02 (1H, m), 2.34—2.83 (4H,
m), and 3.81—4.16 (1H, m). 9i: 79; 120 (15); 0.90 (3H, t, J=7.4
Hz), 1.22 (s), 1.25 (a) (3H, d, J=6.1 Hz), 1.45 (6H, s), 1.60 (1H,
b), 1.79 (2H, q, J=7.4 Hz), 1.98—2.01 (1H, m), 2.44—2.58
(3H, m), and 3.96—4.14 (1H, m). 9j: 69; 135 (18); 0.95 (9H, s),
1.23 (s), 1.26 (a) (3 H, d, J=5.6 Hz), 1.98—2.01 (1H, m),
2.18—2.94 (4H, m), and 3.76—4.18 (3H, m). 90: 76; 120 (20);
1.23 (s), 1.26 (a) (3H, d, J=6.2 Hz), 1.65 (1H, b), 2.00 (1H, m),
2.49—2.74 (3H, m), 4.06—4.22 (1H, m), 4.62—4.66 (2H, m),
5.21—5.40 (2H, m), and 5.82—6.01 (1H, m). 9p: 54; 130 (20);
1.22 (s), 1.26 (a) (3H, d, J=6.4 Hz), 1.73 (1H, b), 1.98—2.04
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(1H, m), 2.25—2.78 (3H, m), 3.37 (3H, s), 3.60 (2H, m), 3.77—
4.22 (1H, m), and 4.22—4.42 (2H, m). 9r: 72; 130 (17); 0.90
(3H, t, J=17.2 Hz), 1.21 (3H, d, J=6.6 Hz), 1.28—1.61 (4H, m),
1.97—2.01 (1H, m), 2.38—2.80 (3H, m), 3.05 (1H, b), 3.45
(2H, t, J=6.5 Hz), 3.59—3.65 (2H, m), and 4.03—4.42 (3H,
m). 10a: 33; 95 (21); 1.21 (s), 1.24 (a) (3H, d, J=3.4 Hz),
2.32—2.58 (4H, m), 3.71 (3H, s), 3.88—4.08 (1H, m), 5.01—
5.14 (2H, m), and 5.70—5.85 (1H, m). 10b: 53; 100 (20);
1.21—1.29 (6H, m), 2.37—2.67 (4H, m), 3.90—4.04 (1H, m),
4.18 (2H, q, J=6.7 Hz), 5.00—5.14 (2H, m), and 5.71—5.85
(1H, m). 10c: 64; 125 (15); 0.94 (3H, t, J=7.2 Hz), 1.21 (s),
1.24 (a) (3H, d, J=6.3 Hz), 1.30—1.43 (2H, m), 1.54—1.69
(2H, m), 2.03—2.34 (1H, m), 2.36—2.68 (3H, m), 3.63—4.16
(3H, m), 4.99—5.14 (2H, m), and 5.65—5.90 (1H, m). 10d: 44;
130 (21); 0.89 (3H, m), 1.21 (s), 1.24 (a) (3H, d, J=6.2 Hz)
1.28—1.42 (6H, m), 1.51—1.72 (2H, m), 2.37—2.67 (4H, m),
3.87—4.18 (3H, m), 4.99—5.16 (2H, m), and 5.65—5.94 (1H,
m). 10e: 86; 145 (21); 0.87 (3H, m), 1.20 (s), 1.23 (a) (3H, d,
J=6.2 Hz), 1.24—1.38 (10H, m), 1.53—1.70 (2H, m), 2.28—
2.62 (4H, m), 3.89—4.17 (3H, m), 4.99—5.16 (2H, m), and
5.66—5.90 (1H, m). 10f: 50; 111 (21); 1.21 (6H, d, J=6.4 Hz),
1.21 (s), 1.23 (a) (3H, d, J=6.4 Hz), 2.34—2.59 (3H, m), 2.70
(IH, b), 3.82—4.00 (1H, m), 4.96—5.13 (3H, m), and 5.62—
5.88 (1H, m). 10g: 34; 140 (17); 0.94 (s), 0.95 (a) (6H, d, J=6.8
Hz), 1.22 (s), 1.25 (a) (3H, d, J=6.3 Hz), 1.89—2.00 (1H, m),
2.37—2.65 (4H, m), 3.85—4.06 (3H, m), 5.01—5.13 (2H, m),
and 5.71—5.85 (1H, m). 10h: 40; 100 (21); 1.21(s), 1.24 (a)
(3H, d, J]=6.8 Hz), 1.46 (s), 1.47 (a) (9H, s), 2.25—2.47 (4H,
m), 3.85—4.01 (1H, m), 5.01—5.13 (2H, m), and 5.72—5.86
(1H, m). 10i: 90; 120 (20); 0.88 (3H, t, J=7.4 Hz), 1.20 (s), 1.23
(a) (3H, d, J=6.0 Hz), 1.42 (6H, s), 1.75 (2H, q, J=7.4 Hz),
2.29—2.46 (3H, m), 2.42—2.83 (1H, b), 3.78—4.04 (1H, m),
4.97—5.14 (2H, m), and 5.65—5.89 (1H, m). 10j: 30; 105 (17);
0.94 (9H, s), 1.21 (s), 1.23 (a) (3H, d, J=5.9 Hz), 1.65 (1H, b),
2.25—2.61 (3H, m), 3.78 (s), 3.79 (a) (2H, s), 3.87—4.08 (1H,
m), 4.99—5.13 (2H, m), and 5.65—5.89 (1H, m). 10k: 52; 160
(21); 1.19 (s), 1.22 (a) (3H, d, J=6.4 Hz), 1.52—1.92 (9H, m),
2.35—2.47 (3H, m), 3.86—4.03 (1H, m), 4.98—5.23 (3H, m),
and 5.67—5.88 (1H, m). 101: 56; 180 (21); 1.19 (s), 1.22 (a),
(3H, d, J=6.4 Hz), 1.20—1.86 (11H, m), 2.35—2.61 (3H, m),
3.82—4.06 (1H, m), 4.73—4.88 (1H, m), 4.98—5.12 (2H, m),
and 5.64—5.89 (1H, m). 10n: 57; 145 (2); 1.12(s), 1.18 (a) (3H,
d, J=6.2 Hz), 1.58—1.71 (1H, b), 2.32—2.63 (3H, m), 3.87—
4.09 (1H, m), 4.96—5.11 (2H, m), 5.13 (s), 5.15 (a) (2H, s),
5.62—5.88 (1H, m), and 7.35 (5H, s). 100: 56; 125 (17); 1.21
(s), 1.22 (a) (3H, d, J=5.8 Hz), 2.25—2.62 (4H, m), 3.86—4.09
(1H, m), 4.57—4.62 (2H, m), 4.99—5.36 (4H, m), and 5.64—
6.00 (2H, m). 10p: 17; 150 (21); 1.20 (s), 1.23 (a) (3H, d, J=6.4
Hz), 2.30—2.74 (4H, m), 3.37 (3H, s), 3.55—3.61 (2H, m),
3.87—4.08 (1H, m), 4.16—4.38 (2H, m), 4.98—5.13 (2H, m),
and 5.49—5.89 (1H, m). 10q: 60; 135 (17); 1.19 (3H, ¢, J=7.0
Hz), 1.18(s), 1.23 (a) (3H, d, J=6.4 Hz), 2.35—2.63 (4H, m),
3.47 (2H, q, J=7.0 Hz), 3.57—3.65 (2H, m), 3.86—4.04 (1H,
m), 4.13—4.38 (2H, m), 4.96—5.13 (2H, m), and 5.68—5.89
(1H, m). 10r: 68; 140 (21); 0.89 (3H, ¢, J=7.2 Hz), 1.19 (s), 1.23
(a) (3H, d, J= 6.4 Hz), 1.28—1.40 (2H, m), 1.47—1.58 (2H,
m), 1.61—1.79 (1H, b), 2.22—2.64 (3H, m), 3.44 (2H, t, J=6.5
Hz), 3.56—3.63 (2H, m), 3.82—4.07 (1H, m), 4.14—4.37 (2H,
m), 4.97—5.13 (2H, m), and 5.63—5.89 (1H, m). 10s: 55; 125
(17); 1.19 (s), 1.22 (a) (3H, d, J=6.4 Hz), 2.12 (3H, s), 1.61—
1.86 (1H, b), 2.38—2.61 (3H, m), 2.64—2.74 (2H, m), 3.87—
4.08 (1H, m), 4.21—4.35 (2H, m), 4.98—5.14 (2H, m), and
5.62—5.88 (1H, m).
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Reduction of Alkyl-3-oxobutanoates with Bakers’ Yeast.
One mmol of an alkyl 2-alkyl-3-oxobutanoate was added to a
suspension of 20 g of bakers’ yeast in 25 ml of water and the
mixture was stirred at room temperature for 2 days. Then
Hyflo-Super-Cell (10 G) was added to the mixture and the
resulted suspension was filtered. The organic portion was
concentrated under reduced pressure and the residue was
subjected to column chromatography on silica gel with an
eluent of hexane-ethyl acetate (9: 1) mixture to give the cor-
responding hydroxy ester. The diastereomeric ratios and
chemical yields are listed in Table 1.

Determination of Syn/Anti Ratio. The syn/anti ratio
in the product was determined on GLC (PEG. 1.5 m) with
column temperatures: 6a, 80°C; 6b, 90°C; 6¢c, 110°C; 6d,
120 °C; 6e, 150 °C; 6g, 110 °C; 6h, 80 °C; 6i, 120 °C; 6§, 100 °C;
6k, 120°C; 61, 130°C; 6m, 150 °C; 6n, 160 °C; 6p; 130 °C; 6q,
130 °C; 6r, 130 °C; 6s, 130°C; 6t, 130°C.

Determination of Diastereomeric Composition. The
reduced product 6j was converted into the corresponding
methyl ester and the 'H NMR spectrum of its MTPA ester!®
was compared with those of the authentic samples prepared
by methylation of racemic and (S)-methyl 3-hydroxybutano-
ates.¥
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