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Abstract: Diastereo-and enantioselective pinacol coupling reactions of chiral α-ketoamides
mediated by samarium diiodide afforded extremely high diastereoselectivities. Enantiopure
(S,S)- or (R,R)-2,3-dialkyltartaric acid and derivatives can be synthesized. Diels–Alder cyclo-
additions of S-indoline chiral acrylamides with cyclopentadiene in the presence of Lewis
acids proceed with high diastereofacial selectivity, giving either endo-R or endo-S products
depending on Lewis acid and the structures of chiral dienophiles.
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In chemical transformations, the synthesis of individual enantiomers is generally achieved by using nat-
ural chiral sources. Because sometimes natural sources of one of the enantiomers may be limited, it is
desirable and important to obtain both enantiomers by stereocontrolled reactions of prochiral com-
pounds that utilize the same chiral source. Only a few examples have been reported where the same re-
action system gives both enantiomers depending on reaction conditions. (S)-Indoline-2-carboxylic acid
has been found to be one of the best starting materials for the synthesis of the new chiral materials, es-
pecially for obtaining both R- and S-enantiomers from asymmetric reactions starting from the same
starting material [1]. 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 [2,3].

The intermolecular coupling of various aldehydes or ketones to the corresponding pinacols has
been extensively studied. However, enantiopure pinacols have not really been obtained using this type
of coupling [4]. To obtain chiral 2,3-dialkyltartaric acids, which can be utilized in design of chiral lig-
ands or chiral auxiliaries, we studied the pinacol coupling reaction of chiral α-ketoamides 1 with SmI2
to obtain pinacol product 2 in extremely high diastereoselectivities. 

α-Ketoamides 1 in the presence of SmI2, HMPA, and tBuOH in tetrahydrofuran (THF) dimerized
to give pinacol 2 with extremely high diastereoselectivity (>98 % de in some cases; Scheme 1). Also,
we have found that (2S,3aS,7aS)-N-pyruvoyl-2-(tert-butyldiphenylsilyloxy)octahydroindoline 1a'
(99.8 % ee), affords the opposite configuration of 3a' (R,R diol: 97 % de). The ratio of R,R:S,S:meso is
98.5:~0.5:1.5 [2]. 

*Paper based on a presentation at the 7th IUPAC International Conference on Heteroatom Chemistry (ICHAC-7), Shanghai,
China, 21–25 August 2004. Other presentations are published in this issue, pp. 1985–2132.
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The reaction appears to be initiated by formation of a ketyl radical A with a one-electron transfer
to SmI2 followed by coupling of the two ketyl radicals (Fig. 1). The coupling takes place at the less hin-
dered si face and gives high diastereoselectivities. The different configurations of the adducts produced
can be rationalized by the different intermediates formed from 1 and 1a' with SmI2. 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 conformation of the cyclohexane ring and the amide carbonyl moiety (Fig. 1). When the reaction
was performed with l-proline-derived chiral α-ketoamides, only poor selectivity was observed, indicat-
ing that the phenyl ring of indoline-2-carboxylic acid helped A to adopt the depicted conformation.

In connection with the pinacol coupling reaction, α,β-unsaturated amides have been found to
react with SmI2 to form dimerized products containing two chiral carbons which are first obtained as
the adjacent chiral hydrocarbons (Scheme 2).

In the Lewis acid-catalyzed Diels–Alder reactions of chiral dienophiles, generally the S-form of
the chiral dienophile (auxiliary) exclusively affords the endo-R adduct over the endo-S one, and the
R-form exclusively gives the S-adduct over the endo-R one [5]. In the hope of obtaining the opposite
configuration of the endo adduct and understanding the mechanism, three different dienophiles 6, 7, and
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8 were prepared and reacted with dienes 9 and 10 in the presence of various Lewis acids, as shown in
Scheme 3 [3]. 

Extremely high levels of asymmetric induction can be achieved in Diels–Alder cycloadditions of
6 or 8 with 9; in contrast to other general dienophiles, 6 containing a carboxylate moiety reacts with 9
to give differently configured adducts depending on the Lewis acids employed; in the presence of TiCl4,
Ti(OPri)4, or SnCl4, 11a was obtained as the major diastereomer (11a:11b = endo-R:endo-S = >99:1),
but with AlEt2Cl, ZnCl2, or BF3�Et2O, the opposite configuration of 10b was obtained (11a:11b =
1:>99). In particular, 8 containing a diphenyl-substituted tertiary alcohol moiety affords exceptionally
high diastereofacial selectivities (13a:13b = >99:1, yield = >90 %) regardless of the nature of the Lewis
acid. 

The differently configured adducts produced can be rationalized by different intermediates
formed between 6–8 and the metals of the Lewis acids. Compounds 6–8 react with 9 to favor formation
of endo-R species 11a or 13a with TiCl4, Ti(OPri)4, SnCl4, or ZrCl4 probably via formation of seven-
membered ring chelates with the acryloyl moiety of 15 or 16 having a cisoid conformation (Fig 2). On
the other hand, 6 or 7 prefer endo-S formation 11b or 12b with ZnCl2, AlEtCl2, or BF3�Et2O, with high
diastereofacial selectivity probably resulting from intermediate 14, as shown in Fig. 2. Species 6 and 8
also reacted with less reactive acyclic diene 10 at 25 °C to result in the same trend: for 6 with TiCl4 the
ratio of endo-R:endo-S was 97:3, while with EtAlCl2 the ratio was reversed to 3:97, for 8 with both
TiCl4 and Et2AlCl, endo-R:endo-S = 97:3 and 94:6, respectively.
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There are also examples of employing (S)-indoline-2-carboxylic acid-derived amino alcohols as
chiral catalysts in asymmetric reactions [6,7]. Asymmetric reduction of ketones by amino alcohol–bo-
rane systems and asymmetric alkylation of aldehydes using dialkyl zinc reagents and amino alcohol cat-
alysts are those examples. In both of the reactions, by just slight modification of indoline moiety, dual
enantioselective control was achieved.

Numerous β-amino alcohols were tested as chiral ligands for the enantioselective reduction of ke-
tones. Although several efficient catalysts have been developed, most of the oxazaborolidine catalysts
derived from l-amino acids give access to only one enantiomer of secondary alcohols; namely,
(S)-amino alcohol–borane systems have been reported to give arylalkyl alcohols with the (R)-configu-
ration and (R)-amino alcohol–borane systems give (S)-arylalkyl alcohol, respectively [8]. However, in
contrast to l-amino acids, which are readily available from natural sources, enantiopure d-amino acids
are often difficult to obtain.

When the new β-amino alcohols 17, 18 are employed as catalysts in the asymmetric reduction of
ketones, a remarkable reversal of enantiofacial selectivity is demonstrated [6] (Scheme 4). When ace-
tophenone was reduced in the presence of catalytic amount (10 mol %) of 17b, (R)-phenylethanol of
high optical purity was obtained. On the other hand, when the catalyst was 18a, phenylethanol of op-
posite configuration [(S)-phenylethanol] was obtained in comparable optical purity. The chiral catalysts
could be recycled without any significant loss of activity or optical purity. The same trend remained
through other substrates tested, including even aliphatic ketone.

The following model can rationalize the obtained results. In the presence of catalyst 17b, the tran-
sition state B is favored the competing transition state B' due to the steric effect of diphenyl group
(Fig. 3). In this case, the phenyl ring of indoline moiety does not exert significant steric interactions in
the oxazaborolidine–ketone–borane complex. On the contrary, in the case of 18a, the steric effect of the
cyclohexyl group appears to enforce the approach of chiral oxazaborolidine complex to the opposite
face of carbonyl compounds as in the transition state C. The transition state C is favored over C', be-
cause the cyclohexyl group from the oxazaborolidine repels the methyl or other RS of substrates. These
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transition states are well supported by the well-established fact that Lewis acidic boron atom favors the
coordination of ketone with the large substituent RL anti to itself [9].

Despite numerous extensive studies regarding the asymmetric addition of organometallic reagents
to aldehydes using chiral ligands [10], most of the chiral catalysts derived from one enantiomer of the
natural or synthetic chiral sources, only allow the preparation of only one enantiomer of products. For
example, β-amino alcohol catalysts of (S)-configuration produce only (S)-configured secondary alco-
hols in dialkyl zinc addition reactions. Because it is very important in good asymmetric catalysis that
preparation of both of the enantiomers is efficiently achieved from the chiral catalysts derived from the
same natural sources, the new chiral amino alcohols 17, 18 were again employed in the asymmetric
alkylation of various aldehydes. 

Again in this case, the remarkable reversal of enantiofacial selectivity was observed [7]. In the
amino alcohol-catalyzed diethyl zinc addition to benzaldehyde, 17b catalyzed the addition to give
(S)-phenylethanol in 96 % e.e., whereas 18a catalyzed to give (R)-phenylethanol in 90 % e.e. Also, they
showed excellent ability to work as chiral catalysts against other aldehydes, including cinnamaldehyde
and aliphatic aldehydes.
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The possible mechanisms for the diethyl zinc addition to aldehydes by 17b or 18a are shown in
Fig. 4. As in the models developed for chiral reduction of ketones, with 17b, the diphenyl group exerts
powerful steric effect on the transition state, thus favoring D over D'. Due to the steric factor of diphenyl
group, the diethyl zinc reagents can only approach si face of the benzaldehyde. With 18a, the cyclo-
hexyl group directs the course of the reaction favoring transition state E with Re face attack of the zinc
reagent. 

In conclusion, starting from the same starting material, (S)-indoline-2-carboxylic acid, dual
enantioselective control, the process that results in both R-and S-enantiomers in the same reaction sys-
tem, has been achieved for the first time. Enantiopure (S,S)- or (R,R)-2,3-dialkyltartaric acid and deriv-
atives can be synthesized. Also, asymmetric Diels–Alder cyclizations of chiral amides with Lewis acids
afforded extremely high diastereoselectivity of both opposite configuration of diastereomers depending
on the Lewis used. Also, amino alcohols derived from (S)-indoline-2-carboxylic acid were used as ef-
ficient catalysts in asymmetric reactions. They also exhibited dual enantioselective control in the asym-
metric reduction of ketones and asymmetric alkylation of aldehydes. As shown in the examples above,
careful design and selection of natural chiral sources, (S)-indoline-2-carboxylic acid, enabled the first
dual enantioselective control in catalytic and stoichiometric asymmetric processes. Also, when com-
pared with related l-proline derivatives, indoline derivatives not only showed dual enantioselective con-
trol, but also provided better reactivities. From these facts, it is apparent that efforts to develop new
chiral ligands and auxiliaries should be directed toward dual enantioselective control and improved re-
activity with the tool of rational design.
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