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ABSTRACT

It is desirable and practical to produce both enantiomers of a target
from the same chiral starting material by stereodifferentiation of
prochiral compounds, for instance utilizing a chiral ligand derived
from a natural (L) amino acid. During the past 7 years, excellent
results have been achieved in several cases by multiple stereodif-
ferentiation of chiral ligands derived from (S)-indoline-2-carboxylic
acid: highly diastereo- and enantioselective pinacol coupling
reactions of chiral a-ketoamides gave both (S,S)- and (R,R)-
quaternary tartaric acid for the first time; asymmetric Diels—Alder
cyclization of chiral acrylamides in the presence of Lewis acid
afforded extremely high diastereoselectivities of both opposite
configurations of the cyclized diastereomers depending upon the
structures of chiral ligands and Lewis acids; and asymmetric
alkylation of aldehydes to both enantiomers of secondary alcohols
and asymmetric hydrogenation of ketones to both enantiomers of
chiral secondary alcohols have been achieved using catalysts
derived from (S)-indoline-2-carboxylic acid.

Introduction

Numerous chiral catalysts or auxiliaries have been de-
signed and synthesized utilizing natural sources such as
chiral amino acids, amines, carboxylic acids, and carbo-
hydrates. In chemical transformations, the synthesis of
individual enantiomers is generally achieved by using
chiral natural sources. However, sometimes natural sources
of one of the enantiomers of the S- and R-forms are quite
limited. For instance, most amino acids have the S
configuration. Numerous asymmetric syntheses using
chiral catalysts or auxiliaries derived from amino acids
have been reported. In general, a well-designed chiral
catalyst or auxiliary gives one enantiomer as the major
product. A chiral catalyst or auxiliary bearing S (or R)
configuration gives for example one R (or S) configuration
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of the major product. Since the energy barrier between
transition states for formation of both R and S configura-
tions is so small (AAG* = 1.5 kcal/mol)! in asymmetric
alkylation of ketones, it is difficult to control stereodiffer-
entiation between diastereomeric transition states. In most
asymmetric syntheses, chiron or enzyme approaches are
restricted to the production of only one enantiomer by a
given route, despite the ability of some researchers to
produce both enantiomers of a target from the same chiral
starting source. Only a few examples have been reported
where the same reaction system gives both enantiomers
depending on reaction conditions or by changing the
reaction time?P and temperature,? for instance in asym-
metric reduction of ketones. Recently, both enantiomers
in asymmetric reduction of imines have been obtained
depending on the solvents?® used, and both diastereomers
and enantiomers in asymmetric aldol reactions have been
obtained depending on the catalyst structures? derived
from the same chiral sources. An effect of fluorine
substitution of dihydroxy binaphthyl (FsBINOL) afforded
the opposite sense of chiral induction in the sulfoxidation
process.’ Therefore, to produce both enantiomers from
the same starting material with a high degree of stereo-
selectivity, efforts must be focused toward well-designed
chiral ligands whose complexes with metals can dif-
ferentiate between diastereomeric transition states with
accuracy.

In the past 7 years, we have concentrated on design
and synthesis of suitable chiral ligands. (S)-Indoline-2-
carboxylic acid has been found to be one of the best
starting materials for the synthesis of the new chiral
ligands. There are several examples of production of both
diastereomers or enantiomers with high stereoselectivity
using chiral catalysts or ligands derived from the same
starting material of (S)-indoline-2-carboxylic acid. Ex-
tremely high diastereoselectivities of both stereoisomers
in pinacol coupling reactions and Diels—Alder cyclizations
have been obtained. Asymmetric alkylations of arylalde-
hydes or reductions of aryl alkyl ketones afforded the
corresponding secondary alcohols of both enantiomers
with high enantioselectivities.

Intermolecular Pinacol Coupling Reactions

Multidentate and chiral C,-symmetric ligands are well
known to possess an ability to impart asymmetry to
transition and main group elements.? C,-symmetric diols
or diphenols are frequently used, especially in the area of
asymmetric catalysis.* Most diol ligands have been derived
from C,-symmetric molecules which occur naturally in
optically pure forms (such as tartaric acid).* However, the
number of chiral precursors available from natural prod-
ucts is seriously limited.

Pinacol coupling was first described a long time ago,®
but this reaction is still a versatile tool for chemists. The
intermolecular coupling of various aldehydes or ketones

*Tel.: 82-42-869-2818. Fax: 82-42-869-5818. E-mail: kimyh@
mail.kaist.ac.kr.
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Table 1. Pinacol Coupling of 1a—h

substrate Sml; (equiv) time (h) yield (%) 2:3:4

la 2.0 1 61 95:0:5
1b 2.0 0.1 39 98:0:2
1c 2.0 5

1d 2.5 5 69 96:0:4
le 25 5 79 >99:0:1
1f 2.5 5 67 >99:0:1
19 2.5 5 83 97:0:3
1h 2.5 5

to the corresponding pinacols has been extensively stud-
ied. However, enantiopure pinacols have not really been
obtained using this type of coupling.® Although the
asymmetric dihydroxylation of olefins mediated by os-
mium tetroxide has become one of the most useful
methods for the preparation of C,-symmetric diols,’
asymmetric dihydroxylation of tetrasubstituted olefins is
extremely rare®? and gives low enantioselectivity.?

Sml, has been utilized successfully as a one-electron-
donating agent for diverse organic reactions® including
intermolecular® or intramolecular'*? pinacol coupling
reactions of aldehydes. However, the intermolecular cou-
pling of ketones has afforded low diastereoselectivities.?

Chiral 2,3-dialkyltartaric acids could be utilized for
designing chiral catalysts or auxiliaries for use in various
asymmetric reactions and as chiral intermediates in the
synthesis of natural products. However, to our knowledge,
the synthesis of enantiopure 2,3-disubstituted tartaric acid
(a quaternary pinacol) has never been reported, although
a chiral 2,3-dimethyltartaric acid was obtained by chiral
resolution.” A chiral tertiary pinacol can be obtained by
photolysis of ketones in a chiral solvent*® or by using a
chiral auxiliary;*** however, the diastereoselectivities are
low.

It has been found that the coupling of the chiral
a-ketoamides 1 in the presence of Sml,, HMPA, and
tBuOH in THF gave pinacol 2 with extremely high dia-
stereoselectivity (>98% de in some cases; Scheme 1).14
This is the first example of such high stereoselectivity for
disubstituted tartaric acid derivatives in intermolecular
pinacol coupling reactions of a-ketoamides.

The results obtained are summarized in Table 1. The
coupling of pyruvamide la using Sml, in the absence of
HMPA and tBuOH gave low stereoselectivity. However, the
coupling of 1a in the presence of Sml,, HMPA, and tBuOH
occurred with high diastereoselectivity (2:3:4 = 95:0:5).
Moreover, the coupling of 1e and 1f resulted in extremely
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FIGURE 1. Possible intermediates of the asymmetric pinacol
coupling reactions.

high diastereofacial selectivity (2:3:4 = >99:0:1). HMPA
is known to increase the reaction rate and stereoselectivity
of Sml,-mediated reactions, and tBuOH is often used as
a proton source for these reactions.'® The pinacol coupling
reaction can form three stereoisomers of (S,S), (R,R), and
(S,R or R,S; meso form). The meso form was easily
confirmed by °C NMR spectroscopy;'® however, formation
of (R,R)-pinacol could not be detected by a chiral column.

When the tert-butyldiphenylsilyl (TBPS) substituent was
introduced to give the chiral auxiliary 5b, the pinacol
coupling reactions of 1d—g had a longer reaction time (5
h) and gave extremely high diastereoselectivities (2:3:4 up
to >99:0:1), probably due to the steric effect of the bulky
TBPS moiety. The coupled product 2a was readily hydro-
lyzed with 3 M HCI in dioxane at 25 °C for 4 h to give
(S,5)-2,3-dimethyltartaric acid (6a) (85% yield), together
with recovered chiral auxiliary, (S)-2-methoxymethylin-
dolione (90%), with no loss of chirality. (S,S)-2,3-Diethyl-
tartaric acid was obtained by hydrolysis of 2b and shows
an sign of specific rotation ([0]®s = —6.37 (¢ = 0.926,
H,0)) opposite to that of (S,S)-2,3-dimethyltartaric acid
([a]*p = +13.1, ¢ = 0.598, H,0; lit. [0]?% = +13.4, c = 4.0,
H,0). As the specific rotation and the absolute configu-
ration of (S,S)-2,3-diethyltartaric acid have not been
reported previously, its absolute configuration was deter-
mined by comparing the CD spectrum of O,0O-dianisoyl-
2,3-diethyltartaric anhydride with that of the previously
known O,0-dianisoyl-2,3-dimethyltartaric anhydride.’” The
absolute configuration of 2d was also determined by X-ray
analysis.

Although the detailed mechanism is not clear, the
reaction appears to be initiated by formation of a ketyl
radical A with a one-electron transfer to Sml, followed
by coupling of the two ketyl radicals (Figure 1). The
coupling takes place at the sterically less hindered si face
and gives high diastereoselectivities.

As previously mentioned, it is desirable and important
to obtain both enantiomers by stereodifferentiation reac-
tions of prochiral compounds that utilize the same chiral
source.’® We have found that (2S,3aS,7aS)-N-pyruvoyl-2-
(tert-butyldiphenylsilyloxy)octahydroindoline (1a') (99.8%
ee)® affords the opposite configuration of 2a’ (R,R diol:
97% de) (Scheme 2).* The ratio of R,R:S,S:meso is 98.5:0:
1.5. The ratio was determined by chiral HPLC analysis with
a Daicel OD column. The absolute configuration of 2a’
was determined by comparison of the measured optical
rotation of (S,S)-2,3-dimethyltartaric acid (6a") ([o]*°> =
—13.2 (c = 4.0, H,0)), obtained by hydrolysis of 2a'.
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The different configurations of the adducts produced
can be rationalized by the different intermediates formed
from 1la and 1a’' with Sml,. Instead of A, the intermediate
A' is favorable in the case of 1a’, more so than A" due to
the steric repulsion between the chair formation of the
cyclohexane ring and the amide carbonyl moiety (Figure
1).

We have demonstrated diastereo- and enantioselective
pinacol coupling reactions of chiral a-ketoamides medi-
ated by Sml, with extremely high diastereoselectivities
(>99% de in some cases). Enantiopure (S,S)- or (R,R)-2,3-
dialkyltartaric acid derivatives can now be synthesized for
the first time depending on the structure of a-ketoamides.
When a similar chiral auxiliary, (S)-N-pyruvoyl-2-(tert-
butyldiphenylsilyloxy)proline was used, low diastereose-
lectivities were obtained.

Diels—Alder Cycloadditions

Various types of chiral dienophiles such as chiral esters,?
N-acyloxazole derivatives,?® N-acylsultams,?? acrylates,??
and acylamides?* have been developed. Metal coordina-
tion is important for diastereofacial selectivity in the
asymmetric synthesis. Lewis acids have been used for
chelate formation in Diels—Alder cyclizations to obtain
high diastereofacial selectivities. In general, the S-form of
the chiral dienophiles (auxiliary) exclusively affords the
endo-R adduct over the endo-S one, and the R-form
exclusively gives the endo-S adduct over the endo-R one.
Issues associated with this absolute stereochemical control
depending on Lewis acids and the structures of dieno-
philes provide an important challenge in the area of
practical Diels—Alder reaction designs.??P

In the hope of obtaining the opposite configuration of
the endo adduct and understanding the mechanism, three
different dienophiles, 7, 8, and 9, were prepared and
reacted with dienes in the presence of various Lewis acids.
Intriguing results were obtained during development of
Lewis acid-dependent stereocontrol toward both endo-R
and endo-S configuration with high diastereofacial selec-
tivity. To generalize the results, the requisite dienophiles
7—9 were synthesized from (S)-indoline-2-carboxylic
acid.’®1® They were purified, and their optical purities
(>99.8% ee) were determined by HPLC (Daicel chiral OD
column, iPrOH—nN-hexane, 5:95). The preliminary studies
involved reaction of 7—9 with 10, as shown in Scheme 3.

Scheme 3
Xe .
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\ﬂ/\ . @ . Ab// + q
O TOXc 4
TOoXe
7-9 10 endo-R endo-S
11a-13a 11b-13b

COX
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TiCl
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Table 2. Asymmetric Diels—Alder Cycloaddition with

7 and 9
dienophile Lewis acid vyield (%) endo:exo endodsn config
7 EtAICI 95 90:10 >99:1 S
7 BF3-Et,0 90 94:6 >99:1 S
7 ZnCl; 90 83:17 99:1 S
7 TiCls 92 95:5 99:1 R
7 Ti(OPri), 87 72:28 94:6 R
7 SnCly 92 95:5 99:1 R
9 EtAICI 95 >99:1 >99:1 R
9 AlICls; 88 >99:1 >99:1 R
9 BF3-Et,0 91 >99:1 >99:1 R
9 ZnCl, 90 >99:1 >99:1 R
9 TiCls 90 >99:1 >99:1 R
9 Ti(OPri), 89 >99:1 >99:1 R
9 SnCly 91 98:2 98:2 R
9 ZnCly 93 >99:1 >99:1 R
8 EtAICI, 83 88:12 86:14 S
8 TiCly 75 85:15 97:3 R

Extremely high levels of asymmetric induction can be
achieved in Diels—Alder cycloadditions of 7 or 9 with 10;
in contrast to other general dienophiles, 7 containing a
carboxylate moiety reacts with 10 to give differently
configured adducts depending on the Lewis acids em-
ployed. In the presence of TiCly, Ti(OPri),, or SnCl,, 11a
was obtained as the major diastereomer (11a:11b = endo-
R:endo-S = >99:1, Table 2), but with AIEt,CI, ZnCl,, or BF3-
Et,0 the opposite configuration of 11b was obtained (11a:
11b = 1:>99).%5 In the case of 8, the same trend of 12b
was observed, but in a less diastereoselective manner than
for 7. In particular, 9 containing a diphenyl-substituted
tertiary alcohol moiety affords exceptionally high dia-
stereofacial selectivities (13a:13b = >99:1, yield > 90%),
regardless of the nature of the Lewis acid. The endo
configurations were readily ascertained by iodolactoniza-
tion of 1—13a with I, in DMF. The exo compound cannot
be lactonized under the same reaction conditions. The
absolute configuration of 11a, 12b, or 13a was determined
by reductive cleavage of 11a to the known norbornene-
2-methanol and subsequent comparison of [o]p values.?®
The differently configured adducts produced can be
rationalized by the different intermediates formed be-
tween 7—9 and the metals of the Lewis acids. Compounds
7—9 react with 10 to favor formation of endo-R species
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FIGURE 2. Possible intermediates in Diels—Alder reactions.

11a or 13a with TiCly, Ti(OPri),, SnCly, or ZrCly, probably
via formation of seven-membered ring chelates with the
acryloyl moiety of 15 or 16 having a cisoid conforma-
tion.?®?* Helmchen and co-workers reported the first
evidence of formation of a seven-membered ring chelate
complex.?® It is noteworthy that even in the absence of
any Lewis acid, 9 reacts with 10 to give an excellent
chemical yield (92%) and high stereofacial selectivity
(endo:exo = >99:1, endo-R:endo-S = >99:1) at 25 °C after
a long reaction time (24 h). The results can be attributed
to the hydrogen-bonded cisoid conformation intermediate
16, where the hydrogen acts as a Lewis acid. On the other
hand, 7 or 8 prefers endo-S formation of 11b or 12b with
ZnCl,, AIEtCl,, or BF3;-Et,O, with high diastereofacial
selectivity probably resulting from intermediate 14 (Figure
2). In contrast to Ti or Sn Lewis acids, relatively weaker
Lewis acids such as Zn, Al, or B may not form a seven-
membered ring complex, instead forming a weak coor-
dination with the amide carbonyl group (14).2% In the case
of the Evans’s model dienophile, an o,f-unsaturated
S-oxazolidinone, the endo-R form was obtained?# and
explained by formation of a six-membered ring inter-
mediate with Et,AICI, which was confirmed by a 13C NMR
study.?® However, in contrast to a significant chemical
shift change in the 7—SnCl, chelation complex 16, *C
NMR measurement of the 7—Et,AICI mixture did not show
significant changes in the chemical shifts for either of the
amide or ester carbonyl peaks, which can be explained
by a weak coordination (14) between 7 and EtAICI.

Dienophiles 7 and 9 also reacted with less reactive 2,3-
dimethylbutadiene 17 at 25 °C to result in the same
trend: for 7 with TiCl,, the ratio of endo-R:endo-S was
97:3, while with EtAICI, the ratio was reversed to 6:94,
which is comparable to the results obtained from 9 with
both TiCl, and Et,AICI (Scheme 4).

In summary, asymmetric Diels—Alder cycloadditions
of 7 or 9 with 10 proceed with absolutely stereocontrolled
diastereofacial selectivities in both endo-S and endo-R (up
to >99% de), depending on the Lewis acids used and the
structures of chiral dienophiles deriving from (S)-indoline-
2-carboxylic acid.

Asymmetric Reductions of Ketones

There have been numerous reports concerning asym-
metric reductions of prochiral ketones with a variety of
chiral catalysts.3*2?” Chiral f-amino alcohols have been
synthesized and tested as chiral ligands for the enantio-
selective reduction of ketones.?¢730 Although several ef-
ficient catalysts have been developed, most of the ox-
azaborolidines derived from L-amino acids®—3° give access
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to only one enantiomer of the secondary alcohols; namely,
(S)-amino alcohol—borane systems have been reported to
give arylalkyl alcohols with the R configuration. However,
chiral auxiliaries that effect the highly stereocontrolled
enantioselective reductions of ketones to alcohols of both
the R and S configurations are desirable and important.
Indeed, a few (S)- and (R)-chiral amino alcohols derived
from L- and p-amino acids and from p-camphor have
been reported to afford the corresponding R- and S-
alcohols, respectively, in asymmetric reductions of ke-
tones.3%37 However, in contrast to L-amino acids which
are readily available from natural sources, enantiopure
D-amino acids are often difficult to obtain.

A remarkable reversal of enantiofacial selectivity in the
asymmetric reduction of ketones with borane is demon-
strated when the new f-amino alcohol chiral auxiliaries
19 and 20 are used (Scheme 5). Amino alcohols 19 and
20 were readily prepared from (S)-indoline-2-carboxylic
acid (21),%® and their ability to effect enantioselective
reductions of ketones was examined.

When acetophenone was reduced with borane in the
presence of a catalytic amount (0.1 equiv) of 19b, (R)-1-
phenylethanol was obtained in high optical yield (96% ee,
Table 3). In contrast, the same reduction in the presence
of 20a gave the oppositely configured (S)-1-phenylethanol
(90% ee, Table 3). The optical purities of the alcohols were
determined by GC analysis of the corresponding (men-
thyloxy)carbonyl esters or by their optical rotation values.
The chiral g-amino alcohols 19b and 20a were recovered
in over 90% yield after workup with dilute aqueous acid.
The results of several stereocontrolled asymmetric reduc-
tions of acetophenone and the remarkable reversed enan-
tiofacial selectivity are shown in Table 3.
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Table 3. Comparison of Asymmetric Reduction of
Acetophenone with Borolidiners of 19a, 19b, 20a, and

20b
H R H R
;ﬁ—%R THF f&‘—%R 1) BH, OH
S-NH OH OO §N_ 0 | S pncoch, PhTGHTCHs
~g” 2) PhCOCH; *
H (&)
borolidine
amino alcohol (A, equiv) yield (%) ee (%) config
19a 0.1 96 82 R
19b 1.0 95 96 R
19b 0.1 94 96 R
19b 0.05 92 95 R
19b 0.025 90 82 R
20a 0.1 95 90 S
20b 0.1 96 49 S

Table 4. Asymmetric Reduction of Ketones

ketone amino alcolhol yield (%) % ee (config)
PhCOCH; 19b 93 96 (R)
20a 92 90 (S)
PhCOC;Hs 19b 92 90 (R)
20a 94 85 (S)
PhCH,COCHg3; 19b 93 92 (R)
20a 91 86 (S)
o-tetralone 19b 91 79 (R)
20a 92 79 (S)
C3H7COCHg3; 19b 92 59 (R)
20a 90 58 (S)

It is interesting to note that the f-amino alcohol 19b
substituted with diphenyl groups at the o-position af-
forded the (R)-alcohol (96% ee), and the unsubstituted
p-amino alcohol 20a gave the (S)-alcohol (90% ee). The
unsubstituted S-amino alcohol 19a and disubstituted
fS-amino alcohol 20b gave lower optical yields. To general-
ize the effects of the structures of the (S)-$-amino alcohols,
various ketones were reduced to the corresponding sec-
ondary chiral alcohols with both 19b and 20a (Table 4).
In the presence of 19b, all the ketones were reduced to
the corresponding (R)-alcohols; in contrast, in the pres-
ence of 20a, all the ketones were reduced to the (S)-
alcohols. The optical and chemical yields were high for
all the ketones except methyl propyl ketone. Generally,

19a or 19b
SN0
H;B E[
2 BH RCOR,
20a or 20b ; L

Ry : larger group
Rg : smaller group

favorable

FIGURE 3. Possible models for oxazaborolidine reduction.

unfavorable

asymmetric reductions of simple dialkyl ketones are well
known to give reduced alcohols with low optical yields.?
To our knowledge, 20a is the first f-amino alcohol chiral
auxiliary to give (S)-secondary alcohols with such high
enantiomeric excesses.

Judging from the results in Table 4, the structure of
catalysts 19b and 20a must play an important role in
controlling the asymmetric induction. Possible models
and intermediates are illustrated in Figure 3. The steric
effect of the diphenyl group in 19b appears to be an
important factor leading to the formation of the favorable
intermediate B, but in the case of 20a, the steric effect of
the cyclohexyl group appears to enforce the approach of
the chiral auxiliary to the opposite face of the carbonyl
group for the formation of intermediate C. Intermediates
B and C lead to the (R)- and (S)-phenylethyl alcohols,
respectively. It has been well established by chemistry3!
and calculation® that coordination of Lewis acid boron
anti to the large group (R.) of the ketone is favored. The
transition state C may be more favorable than C' because
of steric repulsion between the cyclohexane ring and the
methyl group of the substrate.

The structure of the -amino alcohol chiral auxiliary
plays an essential role in controlling the asymmetric
reduction in carbonyl compounds, and either enantiomer
of the secondary alcohol can be obtained by choosing the
appropriate catalyst.

Asymmetric Alkylation of Aldehydes

The enantioselective additions of organometallic reagents
to aldehydes using chiral ligands have been intensively
studied.®® An asymmetric addition of the alkyl group of
the dialkylzinc to aldehydes catalyzed by the chiral
p-amino alcohols has been developed for the preparation
of optically active alkylated secondary alcohols. Various
types of chiral f-amino alcohols have been synthesized
and examined as possible chiral ligands to provide an
enantioselective addition of dialkylzinc to aldehydes.*~45
Although several efficient catalysts that can convert alde-

H
2 BH; <o | RgcOR, OH
N Ph |——[B]—— R-CH-R,
*

(R)-form
CI)H
Rg-CH—Ry

*
(S)-form

favorable unfavorable
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Scheme 6
catalyst 19 HO, ;\\H
o R TRt
Rl)J\H + EtyZn — (S) form up to 97% ee
catalyst 20 HO>§H
Et” "R

(R) form up to 92% ee

Table 5. Asymmetric Addiition of Et,Zn to
Benzaldehyde

catalyst yield (%) ee (%) config
19a 96 72 S
19b 94 96 S
20a 94 90 R
20b 93 56 R

hydes to corresponding alcohols in high optical yields
have been discovered, they provide one excess enantiomer
of the chiral alcohols: most g-amino alcohols of S
configuration afford S configuration alcohols in enantio-
meric excess. However it has been noticed that the
opposite (R)-alcohols can be formed in enantiomeric
excess, depending on the substituent effects of the (S)-4-
amino alcohols.*® Thus, a series of new chiral -amino
alcohols (19a, 19b, 20a, and 20b) were prepared from (S)-
indoline-2-carboxylic acid and examined to determine
whether they could bring about a stereocontrolled enan-
tioselective ethylation of aldehydes.

The asymmetric addition of diethylzinc to aldehydes
by use of the chiral catalysts, 19 and 20, gave a remarkable
reversal of enantiofacial selectivity (Scheme 6).

To compare stereodifferentiation effects of the two
catalysts, enantioselective addition of diethylzinc to benz-
aldehyde was carried out at 0 °C in the presence of a
catalytic amount (5 mol %) of 19 and 20. Table 5 shows
different relations of absolute configurations between the
enantiomeric excess of 1-phenylpropanol. The chemical
yields of 1-phenylpropanol were more than 90%. The
effects of the structures of the (S)-5-amino alcohol deriva-
tives were compared in the asymmetric additions.

The presence of 19a and 19b afforded (S)-1-phenyl-
propanol with up to 96% ee. On the other hand, the
presence of 20a and 20b afforded the opposite configu-
ration of (R)-1-phenylpropanol in high enantiomeric
excess (90% ee). As shown in Table 5, 19a and 19b
respectively resulted in high optical yields of 1-phenyl-
propanol of the opposite configuration.

Catalysts 19b and 20a were chosen to examine the
asymmetric ethylation of other aldehydes. The results are
summarized in Table 6. The presence of 19b led to high
optical yields of (S)-secondary alcohols (96—97% ee), but
the presence of 20a led to high optical yields of (R)-
secondary alcohols (90—92% ee).%8

The chemical yields of the alcohols are almost all higher
than 90%. This is the first time that such a high enantio-
meric excess of the opposite (R)-ethylated alcohols from
(S)-f-amino alcohols has been obtained. Even aliphatic
3-methylbutyraldehyde was ethylated in 76% ee. In gen-
eral, asymmetric alkylation of alkylaldehydes gives a lower
optical yield.*®
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FIGURE 4. Possible models for alkylation.

Table 6. Asymmetric Addition of Et,Zn to Aldehydes

aldehydes catalyst yield (%) % ee (config)
benzaldehyde 19b 94 96 (S)
20a 93 90 (R)
4-chlorobenzaldehyde 19b 93 97 (S)
20a 92 92 (R)
4-methoxybenzaldehyde 19b 95 96 (S)
20a 94 90 (R)
(E)-cinnamaldehyde 19b 91 96 (S)
20a 92 91 (R)
3-methylbutyraldehyde 19b 90 76 (S)
20a 89 64 (R)

The asymmetric addition of diethylzinc to the alde-
hydes and a possible mechanism are illustrated in Figure
4. It is considered that the structures of 19b and 20a,
which result in high enantioselective ethylations (S, 96%
ee by 19b; R, 90% ee by 20a), play an important role in
controlling stereodifferentiation for the asymmetric induc-
tion.

The steric effect of diphenyl groups in 19b seems to
be important in the formation of intermediate D by a si
face approach of the aldehyde. The fact that the enantio-
selectivity from 19b (S, 96% ee) when compared with that
of 19a (S, 72% ee) is higher may be attributed to the larger
steric effects of two bulky phenyl groups of 19b (R = Ph).
Thus, intermediate D seems to be more favorable than
D'. The steric effect of the cyclohexyl group in 20a appears
to enforce the opposite side approach of the aldehyde (re
side) to the zinc complex favoring the formation of E.
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In the cases of 20a and 20b (Table 5), the presence of
20a resulted in higher enantioselective induction (20a, R,
90% ee and 20b, R, 56% ee). The low steric repulsion
between the larger moiety (Ph) of the aldehyde substrate
may also play an important role. Thus, in the case of 20a,
intermediate E seems to be more favorable than E'.

In the asymmetric reduction of aryl alkyl ketones to
alcohols using 19b and 20a in the presence of borane,
the same results were obtained: from 19b, a high optical
yield of (R)-alcohols, but from 20a, a high enantiomeric
excess of (S)-alcohols.

In summary, the structure of the added S-amino
alcohols plays an essential role in stereocontrolling the
asymmetric induction of the alkylation of aldehydes to
give both enantiomers of the alcohols produced. Compar-
ing 19a with 20a, the structure of 20a is different from
19a in that it has a cyclohexane ring moiety instead of a
benzene ring as in 19a. It is noteworthy that 20a, which
has the S configuration at the 3-carbon, like 19a, induced
high enantioselectivity of the opposite R configuration of
alcohols.

Conclusion

Pinacol coupling reactions of a-ketoamides bearing the
2-(S)-indoline moiety (1) or the 2-(S)-octahydroindoline
moiety (1') with Sml, afforded (S,S)-diol (2) or (R,R)-diol
(2") respectively with extremely high diastereoselectivity.
Hydrolysis of 2 and 2' resulted in both (S,S)- and (R,R)-
quaternary tartaric acid, respectively, for the first time.
Asymmetric Diels—Alder cyclization of chiral amides with
Lewis acids afforded extremely high diastereoselectivity
of both opposite configurations of the diastereomers,
depending on the structure of the chiral ligands and Lewis
acid used. Asymmetric reductions of ketones to both
enantiomers of secondary alcohols have been achieved
with high enantiomeric excess. Asymmetric alkylations of
aldehydes to both enantiomers of secondary alcohols have
also been attained with high enantiomeric excess. One can
expect in the future to see the development of additional
chiral auxiliaries or catalysts deriving from natural prod-
ucts and displaying a dual enantioselective control in
catalytic or stoichiometric asymmetric synthesis.

I am indebted to all of our co-workers whose names appear in
the references list. This work has been supported in part by Grant
No. RO3-2001-00033 from KOSEF.
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