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Diastereoselective aldol reactions of enolates of R-hydroxy
ester with different aldehydes are metal tunable, providing
either anti- or syn- products. The highest anti-selectivities
were obtained with TiCl(OiPr)3, while Ti(OiPr)4 provides
the opposite syn-products.

The aldol reaction is probably one of the most popular C-C-
coupling reactions in organic chemistry and, therefore, it found
a wide range of applications in total synthesis of complex natural
product and related molecules.1 Its mechanistic features and
parameters influencing the stereochemical outcome of the
reaction were investigated in great detail in the early 80s by
Ireland,2 Heathcock,3 Evans,4 and many others.5 The relative
configuration of the aldol product depends strongly on the
configuration of the enolate reacting with the aldehyde. There-
fore, control of the enolate geometry is important for a
diastereoselective course of the aldol reaction. The configuration
of the double bond in a lithium ester enolate is related to the
polarity of the medium.6 However, aldol reactions of these
lithium enolates in general show no significant stereoselectivity.7

From a synthetic point of view, enolate formation of esters
containing R-heteroatom substituents is of great importance; in

many cases these enolates can be formed chelation- or nonch-
elation-controlled.8

A wide range of important compounds in organic chemistry
comprise R,�-dihydroxy carbonyl functionalities. This unit
occurs in carbohydrates as well as in many natural products.
Not surprising, R-alkoxy- or R-silyloxy-substitued esters have
been used frequently to built up partially protected polyhy-
droxylated esters. In all examples reported so far the syn-aldol
product is formed preferentially.9 On the other hand, in many
natural products such as rapamycin (immune suppressant
agent),10 AI-77B (antiulcerogenic, antihistaminergic activity),11

and tartrolon B (antibiotic),12 the stereochemistry of diols is
anti. These structures cannot be obtained so easily.

Pearson et al. reported an anti-selective route to optically pure
R,�-dihydroxy carbonyl compounds based on the aldol con-
densation of chiral glycolate enolates,13 and Andrus et al.
described the formation of anti-diols from boron enolates of
pyrone.14 In both of these cases, chiral auxiliaries were used,
which were then removed after the enolate reactions.

Mahrwald et al. reported the synthesis of anti-configured aldol
adducts of mandelic acid esters by using (-)-N-methylephedrine
as a chiral base.15 Very recently, Denmark et al. described the
enantioselective addition of glycolate-derived silyl ketene acetals
to aldehydes using their “Lewis base activation of Lewis acids”
approach.16 They observed that TBDMS ketene acetals derived
from bulky esters of R-methoxyacetic acid provide enantio-
merically enriched R,�-dihydroxyesters with high anti-diaste-
reoselectivity.
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To the best of our knowledge, reactions of free glycolate
esters have not been reported so far, neither in a selective syn-
fashion nor an anti-fashion. While the syn-products can easily
be obtained from the protected derivatives, an anti-selective
aldol reaction of glycolates would be a significant improvement
of this methodology.

Our group is mainly involved in amino acid synthesis, and
has developed aldol reactions of chelated enolates of N-protected
amino acid esters which proceed with high anti-selectivity.17

Metal chelated enolates show higher stability than their nonch-
elated analogues and, due to the fixed geometry, in general,
their reactions proceed more selectively.18 Therefore, aldol
reactions of chelated enolates of R-hydroxy ester with aldehyde,
in principle, would be one of the most effective ways for
constructing 1,2-diols in an anti-fashion. Furthermore, oxygen
has a great tendency to form complexes with different metals,
such as Ti, Zn, Cu, Sn, and Mg. Also, to the best of our
knowledge, there is no report on chelated enolates of R-hydroxy
ester.

This prompted us to investigate reactions of such chelated
enolates of glycolates with aldehyde to obtain the required R,�-
dihydroxy carbonyl compounds (Scheme 1). Herein we report
our preliminary results of these studies. The deprotonation of
an R-hydroxy ester (1) with LDA at -78 °C in the presence of
a metal salt (MXn) presumably results in the formation of a
chelated metal enolate 1*, whose aldol reaction with aldehydes
should lead to diastereomeric anti- and syn-aldol products 2
with noticeable selectivity due to the fixed enolate geometry.

The influence of various metal salts on the diastereoselectivity
was investigated in reactions of tert-butyl glycolates with
benzaldehyde (Table 1). The tert-butyl ester was chosen because
these esters in general give the best results in the reactions of
amino acid ester enolates,19 and we were interested in seeing if
we can transfer reactions developed for amino acids also to
R-hydroxy acids. As expected, the reactions of the lithium
enolate proceeded with very low diastereoselectivity (entry 1).

Addition of ZnCl2 also gave the desired product 2a in good
yield; however, there was no significant effect on the diaste-
reoselectivity (entries 2 and 3).20 With 1.1 equiv of Ti(OiPr)4,
a comparable diastereoselectivity was observed for the syn-
product, but the yield unfortunately dropped (entry 4). Increasing
the amount of metal salts resulted in the increase of the yield,
but at the same time in a decrease of diastereoselectivity (entry
5). On the other hand, with TiCl(OiPr)3 as a metal salt, both
the diastereoselectivity and the yield increased remarkably,
especially when 2 equiv of TiCl(OiPr)3 were used (entries 7
and 8). In this case, the desired anti-product was formed
exclusively.21 A larger excess of the metal salt brought no further
improvements (entry 8).

To prove the generality of this aldol reaction, we subjected
several other aldehydes to our titanium enolates. The results
obtained are shown in Table 2. Introduction of substituents on
the aromatic ring had some effect on the yield, but not on the
selectivity (entries 1-4). In all examples the anti-product was
formed exclusively, also with the heterocyclic furaldehyde (entry
5). In case of aliphatic aldehydes we observed that the yield
dropped slightly, probably due to steric reasons; nevertheless
there was no big influence on the diastereoselectivity (entries
6-8). In these cases, the anti-configuration of the products
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SCHEME 1. Chelated Enolates of Glycolates and Their
Aldol Reactions

TABLE 1. Aldol Reactions of Glycolate Enolates with
Benzaldehyde

entry MXn equiv yield (%) anti:syna

1 82 24:76
2 ZnCl2 1.1 85 34:66
3 ZnCl2 2.0 81 25:74
4 Ti(OiPr)4 1.1 47 20:80
5 Ti(OiPr)4 2.0 68 32:68
6 TiCl(OiPr)3 1.1 61 69:31
7 TiCl(OiPr)3 2.0 94 >99:1
8 TiCl(OiPr)3 2.5 92 >99:1

a Determined by GC.

TABLE 2. Addition of Ti-Chelated Glycolate Enolates with
Aldehydes

entry RCHO product yield (%) ds (anti)a,b

1 benzaldehyde 2a 94 >99a

2 4-bromobenzaldehyde 2b 84 >99a

3 2-nitrobenzaldehyde 2c 62 >99b

4 4-methoxybenzaldehyde 2d 55 >99b

5 furaldehyde 2e 75 >95a

6 n-butanal 2f 67 >99a

7 isobutyraldehyde 2g 59 >99a

8 pivalaldehyde 2h 52 >99a

a Determined by GC. b Determined by NMR.
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formed could be confirmed by X-ray structure analysis (see the
Supporting Information.

Considering all possible transition state models that are
discussed for the aldol reaction,22 the formation of anti-isomers
in the reaction of glycolate enolates with aldehyde may be
explained by the assumption that the reaction proceeds via the
transition states A and B depicted in Scheme 2. Dubois23 and
Heathcock et al.3b proposed a skewing of the idealized 60°
dihedral angle about the formed carbon-carbon bond in the
chair-like transition structure toward 90°. According to their
suggestions,24 we propose transition states A and B to explain
the anti-selective aldol reactions of our chelated glycolates.
While one metal atom is involved in the formation of this
chelated enolate, the other one is able to coordinate and to
activate the aldehyde. The transition state A is favored over
B because of the interactions between R and H in transition
state B. The interactions of R with the ester moiety COOtBu,

which might be present in transition state A, seem to be not
as important as interactions between R and H in transition
state B.

In conclusion we have shown that aldol reactions of titanium
enolates of R-hydroxy esters proceed in a highly diastereose-
lective fashion. Applications toward the synthesis of more
complex molecules as well as further studies to confirm the
proposed mechanism and aldol reactions with chiral aldehydes
are currently under investigation.

Experimental Section

General Procedure for the Reaction of Ti-Enolates of
tert-Butyl Glycolate with Aldehydes. Diisopropylamine (181 mg,
1.8 mmol) was dissolved in THF (1 mL) in a Schlenk flask under
nitrogen. After the solution had been cooled to -78 °C, nBuLi
(1.6 M, 1.12 mL, 1.8 mmol) was added slowly.

The reaction mixture was stirred for 20 min at this temperature,
and then the cooling bath was removed and stirring was continued
for an additional 10 min. In a second Schlenk flask tert-butyl
glycolate (79 mg, 0.6 mmol) and TiCl(OiPr)3 (1.2 mL, 1.2 mmol)
were dissolved in THF (3 mL). The solution was cooled to -78
°C, before the freshly prepared LDA solution was added dropwise,
whereby the solution turns dark red immediately.The stirring was
continued for 30 min. At the same temperature, a solution of 0.54
mmol of aldehyde in THF (1 mL) was added and the reaction was
allowed to warm to room temperature overnight. The solution was
diluted with ether before 1 N HCl was added. After the separation
of the layers, the aqueous layer was extracted three times with ether,
and the combined organic layers were dried over Na2SO4. The
solvent was evaporated in vacuo, and the crude product was purified
by flash chromatography.
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SCHEME 2. Proposed Mechanism for the Aldol Reaction
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