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ABSTRACT

The Kobayashi aldol reaction is one of the most powerful methods to synthesize the polyketide skeleton and has been applied to the total
synthesis of natural products. This methodology has been used to construct anti-aldol products, and only a few precedents on the syn-selective
Kobayashi aldol reaction are known. A syn-selective Kobayashi aldol reaction by using the E,E-vinylketene silyl N,O-acetal and an excess amount
of Lewis acid is presented.

The vinylogous Mukaiyama aldol reaction (VMAR) is
one of the most useful methods to synthesize polyketide
compounds.1Recently, the asymmetricVMARshave been
developed and applied to synthesize natural products.2

Among thesemethodologies, theKobayashi aldol reaction
is successful and has beenwidely applied to the synthesis of
natural products (Scheme 1).3 The E,E-vinylketene silyl
N,O-acetal1 reactswithaldehyde in thepresenceof1 equivof
Lewis acid to give the anti adduct 2 in high stereoselectivity.

This methodology has been used to construct anti-aldol
products, and only a few precedents on the syn-selective

Kobayashi aldol reaction are known. 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).4 Chen’s group reported that
syn adducts were obtained by aldehydes capable of chela-
tion in Kobayashi aldol reactions (eq 2).5 More recently,
Kalesse published that the 1-E, 3-Z-vinylketene silylN,O-
acetal 4 gave syn adducts 5 in a highly stereoselective
manner (eq 3).6Herein, we present a syn-selectiveKobaya-
shi reaction with 1-E,3-E-vinylketene silylN,O-acetal 1 by
using an excess amount of Lewis acid (eq 4). The stereo-
chemistry of the adduct 3 possesses stereogenic centers
different from Kalesse’s adduct.
The relationship between the amount of Lewis acid and

the stereochemistry of the adduct is shown in Table 1.
Equal equivalents of the aldehyde c and the E,E-vinylk-
etene silyl N,O-acetal 1 reacted with 1 equiv of TiCl4 to
afford the anti adduct 2c predominantly (Table 1, entry 1),
while in the case of the 1:2 equiv amounts of the alde-
hyde and Lewis acid, the syn adduct was obtained as a
major product while other diastereomers were observed

Scheme 1. Kobayashi Aldol Reaction

(1) (a) Casiraghi, G.; Zanardi, F.; Appendino, G.; Rassu, G. Chem.
Rev. 2000, 100, 1929–1972. (b) Soriente, A.; De, R. M.; Villano, R.;
Scettri, A. Curr. Org. Chem. 2004, 8, 993–1007. (c) Kalesse, M. Top.
Curr. Chem. 2005, 244, 43–76. (d) Denmark, S. E.; Heemstra, J. R., Jr.;
Beutner,G.L.Angew.Chem., Int.Ed.2005,44, 4682–4698. (e)Brodmann,
T.; Lorenz, M.; Sch€ackel, R.; Simsek, S.; Kalesse, M. Synlett 2009,
174–192. (f) Casiraghi, G.; Battistini, L.; Curti, C.; Rassu, G.; Zanardi,
F. Chem. Rev. 2011, 111, 3076–3154.

(2) (a) Singer, R. A.; Carreira, E. M. J. Am. Chem. Soc. 1995, 117,
12360. (b) Evans, D. A.; Hu, E.; Burch, J. D.; Jaeschke, G. J. J. Am.
Chem. Soc. 2002, 124, 5654–5655. (c) Denmark, S. E.; Heemstra, J. R.,
Jr. J. Am. Chem. Soc. 2006, 128, 1038–1039. (d) Nagao, H.; Yamane, Y.;
Mukaiyama, T. Chem. Lett. 2007, 36, 8–9. (e) Simsek, S.; Kalesse, M.
Tetrahedron Lett. 2009, 50, 3485–3488. (f) Singh, R. P.; Foxman, B. M.;
Deng, L. J. Am. Chem. Soc. 2010, 132, 9558–9560.



Org. Lett., Vol. 14, No. 20, 2012 5299

unambiguously (Table 1, entry 3). Treatment with 3 equiv
of TiCl4 promoted the reaction to afford syn adduct 3c
predominantly (Table 1, entry 4). When the conditions

included 1:1.5:4 equiv amounts of the aldehyde, the E,E-
vinylketene silyl N,O-acetal 1, and TiCl4, excellent yield
and selectivity were observed (Table 1, entry 6). More
Lewis acid didnot affect both yield and selectivity (Table 1,
entry 7). The stereochemistry of the syn adduct 3c was
confirmed by esterification which afforded the ester 6

derived by the Mitsunobu reaction from the known anti
adduct 2c3a (Scheme 3).

Table 1. Relationship between Amount of Reactants and the
Stereochemistry of the Adduct

entry

1

(equiv)

Lewis acid

(equiv)

yield

(%)b 2c:3ca

1c 1.0 1.0 72 44:1b

2 1.0 1.5 75 32:1c

3 1.0 2.0 77 1:27d

4 1.0 3.0 67 >1:50c

5 1.0 4.0 74 >1:50c

6 1.5 4.0 94 >1:50c

7 1.5 9.0 92 >1:50c

aDetermined by 1H NMR. bReference 3a. cTrace amounts of
diastereomers were observed. dOther isomers were observed in the ratio
of 2/3/diastereomers = 1:27:1.6:16.

Scheme 2. Syn-Selective Kobayashi Aldol Reactions

Scheme 3. Determination of the Stereochemistry of the Syn
Adduct
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According to the stereochemical divergency dependent
on the amount of the Lewis acid in the reaction of the E,E-
vinylketene silylN,O-acetal 1withhexanal c, weperformed
theKobayashi aldol reactionwith a variety of aldehydesby

using 1.5 equiv of the E,E-keteneN,O-acetal 1 and 4 equiv
of TiCl4 in dichloromethane (Table 2). The initial color of
the reaction mixture was dark blue while Kobayashi’s
conditions exhibited a dark red color. As the reaction
proceeded, the color of the mixture became yellow. In all
cases, including aromatic aldehydes and saturated alde-
hydes, the reactions proceeded in good to high yield with
excellent stereoselectivity to give syn adducts.7 In the case
ofγ-oxygenated aldehydes i and j (Table 2, entries 6 and 7),
the reaction proceeded slowly, and the syn adducts were
obtained as in other cases by increasing the amount of the
dienol silyl ether (3 equiv) andTiCl4 (7 equiv).However, in
the case of crotonaldehyde o and cinnamaldehyde p, the
reaction gave multiple products including 2:1 adducts of
the E,E-ketene N,O-acetal and the aldehyde (Scheme 4).
Since a trace amount of the 1:1 adduct was observed in
each reaction, the 1:1 adduct might easily receive the
second nucleophilic addition of the N,O-acetal or other
reactions. The 2:1 adducts 7o and 7p were obtained as a
mixture of stereoisomers in a moderate ratio, of which
stereochemistry of the major isomer was not determined.
Next we examined the same reaction with chloral q

and o-methoxybenzaldehyde r (Scheme 5). Kobayashi
reported that the reaction with chloral q by using 1.0 equiv
of TiCl4 provided the syn adduct predominantly.4 Treat-
ment of chloral q with 1.5 equiv of the E,E-vinylketene
N,O-acetal 1 and 4 equiv of TiCl4 allowed the reaction to
proceed and to give the syn adduct 3q predominantly. On
the other hand, Chen’s group found that the reaction with
o-methoxybenzaldehyde r under the original Kobayashi’s
conditions gave the syn adduct predominantly. Kalesse’s
E,Z-vinylketene N,O-acetal 4 afforded the anti adduct
via the same transition state as in Chen’s report.6 The
E,E-vinylketene N,O-acetal 1, however, yielded the syn
adduct 3r as a single isomer. It is interesting that chloral
q and o-methoxybenzaldehyde r did not turn the stereo-
selectivity in VMAR, and both Kobayashi’s original con-
ditions and our conditions gave the syn adduct in high
stereoselectivity.

Although it is clear that the stereoselectivity of the
Kobayashi aldol reaction is dependent on the amount of

Table 2. Syn-Selective Kobayashi Aldol Reactions

aAll reactions were performed in the ratio of aldehyde/dienol ether/
TiCl4 = 1:1.5:4. bThe diastereomeric ratio was determined by 400 MHz
1HNMR. cPerformed in the ratio of aldehyde/dienol ether/TiCl4=1:3:7.

Scheme 4. Reactions with Crotonaldehyde and
Cinnamaldehyde
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Lewis acid, the transition state of the syn selective reaction
remains obscure. Differences in the initial reaction color

fromKobayashi’s anti aldol reaction reveal the differences
in the structure of the initial titanium complexes. Studies
including calculations to identify the transition state are in
progress.
In conclusion, we succeeded in utilizing the syn selective

Kobayashi aldol reaction by using an excess amount
of TiCl4. It is useful that the same starting materials
and reactants give each stereochemistry in high selec-
tivity.8 Stereochemical switching is an advantage of the
Kobayashi reaction in coping with polypropionate skele-
tons having a variety of configurations.9 Application of
this reaction to the total synthesis of natural products is in
progress.
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Scheme 5. Reactions with Chloral and o-Methoxybenzaldehyde
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