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ABSTRACT

The Kobayashi aldol reaction has been used to construct anti-aldol products by remote stereoinduction. Since the product of the Kobayashi aldol
reaction has a typical polyketide structure, this reaction has been applied to the total synthesis of natural products. By varying this reaction, it was
found that the reaction with acetals in the presence of Lewis acid proceeded to give syn adducts in high stereoselectivity. This is the first example
of the stereoselective reaction of the chiral dienol ether and acetals.

TheKobayashi aldol reaction, a vinylogousMukaiyama
aldol reaction using chiral silyl dienol ethers and alde-
hydes, has been used to construct anti-aldol products by
remote stereoinduction (Scheme 1).1 This reaction allows

construction of two stereogenic centers and introduction
of the multifunctional C5 unit including R,β-unsaturated
imide. Since the product of the Kobayashi aldol reaction
has a typical polyketide structure, this reaction has been
applied to the total synthesis of natural products.2 Some
cases of this reaction have been reported to give syn
adducts predominantly (Scheme 2). Kobayashi’s group
found that R-heteroatom substituted aldehyde a provided
syn adducts selectively by switching the facial selectivity of
the aldehyde (Scheme 2, eq 1).3 Chen’s group reported
that syn adducts were obtained by aldehydes capable of
chelation in Kobayashi aldol reactions (eq 2).4 Kalesse
published that the (1E,3Z)-ketene N,O-acetal 4 gave syn
adducts 5 in a highly stereoselective manner (eq 3).5

Recently, we also reported a syn-selective Kobayashi aldol
reaction using excess amount of Lewis acid (eq 4), of which
the stereochemistry is different from that of Kalesse’s
adducts.6 These efforts have realized stereoswitching by
using the same chiral synthon. However, the reactions of
the chiral dienol ether and acetals to prepare the protected
aldol adducts havebeenunprecedented.Herein,wepresent
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a syn-selectiveKobayashi aldol reactionwith acetals in the
presence of 1 equiv of Lewis acid to produce the protected
aldol adducts (eq 5).

There are some natural products possessing a syn rela-
tion between the vicinal methyl and methoxy group.7

Therefore, aldol reactions with acetals have been devel-
oped and used in natural product synthesis.8 Since devel-
opment of the Kobayashi aldol reaction has led to fruitful
success in the total syntheses of natural products, establish-
ment of theKobayashi reactionwith acetalswouldbecome
a powerful tool for natural product synthesis. Herein, we
present the Kobayashi reaction with acetals to give syn
adducts in high stereoselectivity.
At first, the reaction using the chiral dienol ether 1 and

4-bromobenzaldehyde dimethyl acetal cwas examinedwith
Lewis acids including TiCl4, SnCl4, BF3 3OEt2, TMSOTf,
and Et2AlCl (Table 1). With TiCl4, the reaction proceeded
to give syn adduct 6c in good selectivity, but another syn
adduct 7cwas produced significantly (Table 1, entries 1 and 2).
When SnCl4 was employed as Lewis acid, stereoselectivity
became higher, but the yield was not so high (Table 1, entries
3and4).Ontheotherhand,bothBF3 3OEt2andTMSOTfgave
synadduct6c inhighyieldwithhighselectivity (Table1, entries5
and 6). In the case using Et2AlCl, the reaction proceeded
to give multiple spots on TLC, and the yield was de-
creased to 44% (Table 1, entry 7). All cases showed three
diastereomers, andanotherdiastereomer9cwasnotobserved.
The configurations of the products 6c, 7c, and 8c were

determined by derivatization of known compounds as
shown in Scheme 3. The known syn adduct 3c6 possessing
anunprotected alcoholwas converted intomethyl ether 6c,
of which the 1H NMR spectrum data were identical with
those of the major product of the reaction in Table 1.
Methyl ether ent-6c was further transformed to 7c by
hydrolysis of the imine moiety and following attachment
of the oxazolidine derived from D-valine. The 1H NMR
spectrum data of 7c were identical with one of the minor
adducts. On the other hand, the known anti adduct 2c2a

was derived to the anti 8c, of which the 1HNMR spectrum
data were identical with those of the third products. In the
case of the reaction in Table 1, the major product 6c was
easily crystallyzed, and its absolute configuration was
confirmed by X-ray crystallography.9

Next, a variety of acetals were subjected to the reaction
of the E,E-ketene N,O-acetal 1 in the presence of Lewis
acid (Tables 2 and 3). The results were optimized by
comparisonofLewis acids includingBF3 3OEt2, TMSOTf,
TiCl4, and SnCl4. Table 2 summarizes the Kobayashi
reaction using aromatic aldehyde-derived acetals. All
reactions using aromatic aldehyde-derived acyclic acetals
(Table 2, entries 1, 2, 4�7) gave the syn adduct in excellent
yield with high stereoselectivity in the presence of BF3 3
OEt2. The anti adducts were observed only in a trace
amount. The inductive effect of the substituent affected
the reaction temperature (Table 2, entries 2, 4, and 5).
In the case of 1,3-dioxane e (Table 2, entry 3), the best
result was obtained by using TiCl4, and both the yield and
selectivity were slightly lower.
This reaction was applied to the one-pot conversion of

an aldehyde to the corresponding benzyl-protected syn
adduct (Scheme 4). Aldehyde 10 was transformed to
dibenzyl acetal i by using BnOTMS and TMSOTf (0.2
equiv), and TMSOTf (1.0 equiv) and dienol ether 1 were
added to the resulting mixture. The reaction sequence did

Scheme 1. Kobayashi Aldol Reaction

Scheme 2. syn-Selective Kobayashi Aldol Reactions
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not affect the yield and selectivity, and the syn adduct 6i
was obtained in high yield and stereoselectivity.
The reactions with R,β-unsaturated aldehyde-derived

and saturated aldehyde-derived acetals are summarized
inTable 3. In the case ofR,β-unsaturated aldehyde-derived
acetals including j, k, and l, the reactions proceeded to give
syn adducts in good (Table 3, entries 1 and 2) to excellent
(Table 3, entry 3) selectivity. Saturated aldehyde-derived
acetals also gave the syn adducts in good to high yield
(Table 3, entries 4�8). Theminor products in Table 3 were
anti adducts 8 and the other isomers observed in a trace
amount. The branched alkyl acetal m afforded the syn
adduct 6m as a single isomer inhighyield (Table 3, entry 4).
Although n-alkyl acetal n gave the syn adduct 6n in high
yield with high selectivity (Table 3, entry 5), Br-attaching o
and the short alkyl acetals p and q afforded the

corresponding syn adducts in good to high yield with
moderate to good selectivity. (Table 3, entries 6�8). It is
obvious by comparing the reaction temperature of entries 5
with 6 that the reactionwas affected by the inductive effect
of the substituent. These results indicate that the reaction
proceeded via an oxonium cation. Additionally, judging
from the results in Table 3 (entries 4, 5, and 8), the
bulkiness of the alkyl group should influence the stereo-
selectivty.
As mentioned in Scheme 2, although the original

Kobayashi aldol reaction conditions afford the anti
adduct generally, it is known that the aldehyde having a

Table 1. Effects of Lewis Acids in Kobayashi Aldol Reaction
with Acetal c

entry Lewis acid temp (�C) time (h) yield (%) dr (6c:7c:8c)a

1 TiCl4 �78 22 61 79:19:2

2 TiCl4 �60 4.5 quant 84:10:6

3 SnCl4 �78 22 79 93:5:2

4 SnCl4 �60 4.5 71 87:7:6

5 BF3 3OEt2 �60 4.5 92 95:3:2

6 TMSOTf �60 4.5 96 93:3:4

7 Et2AlCl �40 18 44 90:4:6

aDetermined by 1H NMR.

Scheme 3. Determination of the Stereochemistry of the Minor
Adducts

Table 2. Kobayashi Aldol Reactions with Acetal Derivatives of
Aromatic Aldehydes

aAll reactionswere performed in the ratio of acetal: silyl dienol ether:
BF3 3OEt2=1:1:1. bThe diastereo ratiowas determined by 400MHz 1H
NMR. cPerformed with TiCl4 (1.0 equiv) instead of BF3 3OEt2.
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heteroatom at the R- or β-position gives the syn adduct
predominantly. Therefore, we submitted o-methoxyben-
zaldehyde dimethyl acetal under the same reaction condi-
tions as Table 2 (Scheme 5). The reaction produced two
adducts in quantitative yield, but the stereoselectivity was
moderate. The major product of the reaction was syn
adduct 6r, and the minor one was syn-7r.
According to the results of the reactions, we propose the

transition state of the syn selective reaction (Figure 1).

Here the oxonium intermediate contains the substituted
methyl group as R0 so that R0 is not large. Thus, R is the
largest group and should be directed outside of the dienyl
chain, whereas the smallest hydrogen would face the
crowded area between the R-methyl group and γ-hydrogen
of the dienyl chain tominimize the steric repulsion as shown
in the transition stateA. Considering the stereochemistry of
the carbon attaching to the γ-methyl group, the oxonium
cation would approach the diene from the bottom face.
Therefore, we propose the transition state as indicated asB.
In conclusion,we succeeded in the syn-selectiveKobayashi

aldol reaction with acetals. This reaction directly gave the
structure containing vicinalmethyl andmethoxygroups that
some bioactive natural products have. It is also useful that
aldol adducts protected with a benzyl group are obtained by
using the sequential acetalization�Kobayashi aldol reaction
procedure (Scheme 4). These advantages would make the
natural product synthesis speedy. Application of this reac-
tion to the total synthesis of natural products is in progress.
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Table 3. Kobayashi Aldol Reactions with Acetal Derivatives of
Aliphatic Aldehydes

aAll reactions were performed in the ratio of acetal:silyl dienol ether:
Lewis acid = 1:1:1. bThe diastereomeric ratio was determined by
400 MHz 1H NMR. cThe reaction was performed in the ratio of acetal:
silyl dienol ether:Lewis acid = 1:2:1.

Scheme 4. One-Pot Acetalization�Kobayashi Aldol Reaction Scheme 5. Reaction with the Dimethyl Acetal of
o-Methoxybenzaldehyde

Figure 1. Tentative transition state.
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