
Chiral Boron Enolate Aldol Additions to
Chiral Aldehydes †

Luiz C. Dias* and Andrea M. Aguilar

Instituto de Quı´mica, UniVersidade Estadual de Campinas, UNICAMP,
C.P. 6154, CEP 13084-971, Campinas SP, Brazil

ldias@iqm.unicamp.br

Received July 28, 2006

ABSTRACT

We have examined the double-diastereodifferentiating aldol addition reactions of chiral enolborinate 1a with chiral aldehydes leading to the
corresponding aldol adducts with excellent levels of 1,5- anti diastereoselection.

The aldol reaction is one of the most powerful transforma-
tions for the creation of the 1,3-dioxygen relationships in
organic molecules.1 As the resulting aldol adducts resemble
the 1,3-polyol fragments, this reaction has been applied for
the synthesis of a wide variety of natural products with
biological and pharmacological significance.

The incorporation of convergence into the construction of
complex polyketides requires that large fragments must be
joined together at some point in the synthesis. The aldol
reaction provides an attractive method for such a convergent
assembly.2 The key aldol assemblage reactions that join large
fragments with high and predictable levels of stereocontrol
still lack the guidance of refined models and reaction
methodology.3 The use of boron enolates derived from
R-methyl andR-methyl-â-alkoxy methyl ketones for asym-
metric aldol reactions usually give low levels of diastereo-
selectivity when compared with the high selectivities ob-

served with the use of boron enolates prepared from ethyl
ketones.4,5 Usually, reagent control using chiral ligands on
boron is required to obtain useful levels of asymmetric
induction in the addition of boron enolates ofR-methyl
ketones to achiral aldehydes.4-6 To gain insight into the
principles that dictate diastereoselectivity in double-stereo-
differentiating7,8 aldol reactions, we have investigated the use
of chiral methyl ketone1 in boron-mediated aldol reactions
with chiral aldehydes2-12 (Scheme 1).9 These substrates
were chosen to be representative of the complex fragments
that might be coupled in polyacetate and polypropionate-
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derived aldol-type reactions. Aldehydes withtert-butyldi-
methylsilyl (TBS), benzyl (Bn) andp-methoxybenzyl (PMB)
protecting groups were employed to evaluate the potential
steric and electronic impact of the protecting group.2d,10

Aldehydes2-6 were prepared from (2S)- and (2R)-methyl
3-hydroxymethylpropionate and aldehydes7 and 8 were
prepared from (3S)- and (3R)-1,3-butanediol.11 The 1,2-syn
(9-12) aldehydes were easily prepared by usingsyn-selective
aldol reactions as the key steps.12

To successfully predict the viability of double stereodif-
ferentiating reactions, the key stereocontrol elements in each
of the chiral reacting partners must be identified.13 To check
the facial selectivities of aldehydes2, 3, 7, and11, we reacted
them with achiral boron enolate13 in Et2O at low temper-
atures (Scheme 2).13

These reactions were characterized by poor levels of
diastereoselectivity. The achiral boron enolate13 reacted with
chiral R-methyl aldehyde (S)-2in Et2O at -78°C to give
the corresponding 1,2-anti product14 as the major product
in good yield but with only 58:42 diastereoselectivity
(Scheme 2).13,16

The boron enolate addition to aldehyde (S)-3containing
a PMB protecting group gave a mixture of aldol adducts16
and17 in a 74:26 ratio favoring theanti-Felkin aldol adduct
16.13-16 The stereoinduction observed in these reactions
shows that the reaction weakly favored theanti-Felkin

product, indicating that there is a mild inherent selectivity
toward the 1,2-antiproduct by the residentR-stereogenic
center, especially with a PMB protecting group at the
aldehydeâ-oxygen.13-16

The boron enolate13 reacted with chiralâ-alkoxy alde-
hyde (R)-7in Et2O at -78°C to give a mixture of aldol
adducts18/19 in a 64:36 ratio, respectively (Scheme 2).13a

We next examined the stereochemical impact of bothR and
â-aldehyde substituents with chiralsyn-disubstitutedR-meth-
yl-â-alkoxy aldehyde11. Boron enolate13 reacted with
chiral syn-R,â-disubstituted aldehyde11 to give the corre-
sponding 1,2-syn-1,3-synproduct20 in 86% yield, with a
small stereoinduction (67:33 diastereoselectivity) resulting
from the stereogenic centers (Scheme 2).13-16 This example
shows that under these conditions a 1,2-synaldehyde has a
small preference to give the product of Felkin addition as
well as 1,3-synaddition. The reactions of13 with both 7
and 11 show that 1,3-asymmetric induction imposes an
intrinsic facial bias on the carbonyl that results in the for-
mation of a 1,3-syn-dioxygen relationship.13aThe results ob-
served with 1,2-synaldehyde are in accordance with previous
observations made by Roush et al. (see18:19, Scheme 2).16

The intrinsic facial selectivity of the boron enolate1a
generated from methyl ketone1 has been investigated before
in our laboratories.9 For this purpose, we reacted1a with
achiral aromatic, olefinic, and aliphatic aldehydes.

We were delighted to find that this reaction led to the for-
mation of 1,5-antiproducts22 as the major isomers (up to
>95:5 diastereoselectivity) (Scheme 3).9 These studies

showed a remarkable influence of the residentâ-alkoxy
stereocenter on the stereochemical course of the aldol
reactions.9,17
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At this point we initiated a double-stereodifferentiating
study.7,8 Boron enolate1a reacted with aldehyde (S)-3(R )
PMB) to giveanti-Felkin product23 as the major product,
with excellent diastereoselectivities (ds>95:5) (Scheme 4).

Reaction of aldehyde (S)-4 (R ) Bn) led to similar results
in terms of yields and diastereoselectivities.15,16 The facial
bias of chiral boron enolate1a is dominated by theâ-alkoxy
stereocenter and tends to give the 1,5-anti isomer.9 As the
facial bias of these particular aldehydes is for theanti-Felkin
product, there is an enhancement of the 1,5-anti selectivity
because the sense of stereoinduction by the boron enolate
and that of the aldehyde are the same. These two examples
represent “matched cases” of double stereodifferentiation.7,8

The aldol adducts23 and 24 appeared ideally suited for
stereochemical analysis by using the very simple method for
assigning the relative stereochemistry ofâ-hydroxy ketones
reported in 2002 by Roush and co-workers.16,18 Recently,
we reported a refinement of Roush’s model, in which we
show that1H HMR ABX pattern analysis is not applicable
to â-hydroxy ketones (e.g., aldols) derived from aldehydes
lackingâ-branches.19 The relative stereochemistry for aldol
adduct23 was then unambiguously established after conver-
sion to the corresponding benzylidene acetal25by treatment
of 23 with DDQ in CH2Cl2 (Scheme 4).20 Analysis of the
1H NMR coupling constants, specificallyJ ) 9.9 Hz, proved
that Ha and Hb were both axial in25 (Scheme 4). This
indicated that benzylidene acetal25 derived from ananti-
Felkin aldol product. On the other hand, the use of enan-
tiomeric aldehyde6 led to the formation of aldol adduct26
as the major isomer with 90:10 diastereoselectivity (Felkin
addition). This aldehyde gives rise to lower selectivity
because the stereoinduction caused by the aldehyde is
opposite to the effect of theâ-alkoxy stereocenter in the
boron enolate1a. Apparently, this represents a “partially
matched case” of double stereodifferentiation, as aldehyde
6 has a small preference foranti-Felkin addition. The relative
stereochemistry of aldol26was determined after conversion
to the p-methoxybenzylidene acetal27 by DDQ oxidation
of the PMB ether.21 The coupling constant measured between
Ha-Hb (J ) 2.1 Hz) in 27 confirmed the Felkin stereo-
chemistry for aldol26.

With enantiomeric aldehydes2 and 5 we observed the
same trend and the overall diastereoselection of the process
was again controlled by the strong facial bias of the boron
enolate to give the 1,5-antiproduct (Scheme 5).

Addition of the chiral boron enolate1a to aldehyde (S)-2
led to aldol adduct28 as the major isomer, with>95:05
diastereoselectivity (Scheme 5). As the facial bias of the
aldehyde2 was to give the 1,2-anti product, we expected a
matched case and high levels of diastereoselectivity in the
reaction of1a with (S)-2, which was in fact observed. The
relative stereochemistry for aldol adduct28 was determined
after conversion to the corresponding acetal29 (63%) by
treatment of28 with HF‚pyr in THF (Scheme 5). Analysis
of the 1H NMR coupling constants, specificallyJHa-Hc )
2.7 Hz, JHb-Hc ) 2.4 Hz, JHd-He ) 5.1 Hz, andJHd-Hf )
11.7 Hz, proved that Ha, Hd, and Hf were all axial in29.
This indicated that acetal29 derived from a 1,5-anti-Felkin
aldol product.

Addition of the boron enolate1a to the enantiomeric
aldehyde (R)-5led to the formation of aldol adduct30 as
the major isomer with 86:14 diastereoselectivity (Felkin
product). Again, this represents a “partially matched case”
of double stereodifferentiation, as aldehyde5 has a small
preference foranti-Felkin addition. The relative stereochem-
istry for aldol adduct30 was established after conversion to
acetal31 (68%, two steps) by treatment of30 with HF‚pyr
followed by PPTS in MeOH (Scheme 5). Analysis of the
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1H NMR coupling constants, specificallyJHa-Hc ) 11.1 Hz,
JHb-Hc ) 4.8 Hz,JHc-Hd ) 10.2 Hz,JHd-He ) 4.8 Hz, and
JHd-Hf ) 10.2 Hz, proved that acetal31derives from a Felkin
aldol product.

The next step involved the use of aldehyde (R)-7, and the
addition of boron enolate1a proceeded smoothly providing
aldol32with 82:18 diastereoselectivity. Chiral boron enolate
1a reacted with aldehyde (S)-8to giveâ-hydroxy ketone33
with >95:05 diastereoselectivity (Scheme 6).

The stereochemical outcome of these reactions seems to
be controlled mainly by the residentâ-alkoxy stereogenic
center of boron enolate, although the result with aldehyde7
was interesting as it shows a mismatched situation. We next
examined the addition of chiral boron enolate1a to chiral
syn-disubstitutedR-methyl-â-alkoxy aldehydes9-12 (Scheme
7). Chiral boron enolate1a reacted with aldehydes9 and10

to give a>95:05 ratio favoring theanti-Felkin isomers34
and 35, respectively (Scheme 7). In this latter case, the
â-alkoxy stereocenter in the boron enolate (propensity for
1,5-antiaddition) exerts a dominant influence on aldehyde
facial selectivity, by overriding the low intrinsic bias imposed
by the R and â-stereocenters in the aldehyde, to give the
1,2-syn-1,3-synproducts. Chiral aldehydes11 and12 were
next employed in anticipation that their preference for
forming adducts36and37, combined with the same intrinsic
preference of the substrate1a, would lead to high selectivi-

ties. Indeed, this was found to be the case. The reaction of
chiral boron enolate1a with aldehyde11 gave aldol36 as
the major isomer (Felkin addition, matched case) (Scheme
7). Under the same conditions as described before, chiral
boron enolate1a reacted with aldehyde12 to give isomer
37with >95:05 diastereoselectivity (Scheme 7). The stereo-
chemical assignment of compounds34-37was determined
by their1H NMR analysis, according to Roush’s model.16,18,19

This method involves analysis of the ABX system for the
methylene unitR to the carbonyl group in the1H NMR
spectra of theâ-hydroxy ketones.16,18,19The1H NMR spectra
(measured in C6D6) of aldol adduct34 (or anti-Felkin) exhibit
a characteristic doublet of doublet for Ha (2.78 ppm) with a
smallJa,x (2.6 Hz) downfield of the resonance for Hb (2.58
ppm), which shows a largeJb,x (8.6 Hz). Similar results were
observed for aldol adduct35. For Felkin aldol adduct36 (R
) TBS), the1H NMR displays a downfield resonance for
Ha (2.71 ppm) with a largeJa,x (9.2 Hz), and a higher
resonance for Hb (2.53 ppm), with a smallJb,x (2.9 Hz).

For Felkin aldol adduct37 (R ) PMB), the 1H NMR
displays a downfield resonance for Ha (2.80 ppm) with a
largeJa,x (8.6 Hz), and a higher resonance for Hb (2.55 ppm),
with a smallJb,x (3.3 Hz). These results are consistent with
the aldols adopting internally hydrogen bonded conforma-
tions, as proposed by Roush and co-workers.16,18,19

We have described here that high levels of substrate-based,
1,5-anti-stereocontrol could be achieved in the boron-medi-
ated aldol reactions ofR-methyl-â-alkoxy methyl ketones
with chiral aldehydes, leading to both Felkin and anti-Felkin
aldol addition products. The examples presented in this work
show that the levels of facial selection are independent of
the absolute stereochemistries of the aldehydes although
dependent on the absolute stereochemistry of the chiral boron
enolate. The strong internal stereoinduction of chiral enolate
1a dominated the overall stereochemical outcome of these
aldol addition reactions. These stereoselective aldol reactions
should prove valuable in polyketide synthesis and we believe
they will allow synthetic chemists to confidently pursue more
aggressive convergent approaches toward assembling com-
plex polyacetate arrays in the synthesis of natural products.
Further studies in this direction are underway to explore their
generality and origin and will be described in due course.22,23
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