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ABSTRACT

Mechanistic studies employing in situ NMR analysis implicate intermediate silicon enolates as reactive intermediates in the Rh-DuPhos catalyzed
two-step reductive aldol reaction with Cl2MeSiH. These enolates undergo noncatalyzed reaction with a variety of aldehydes to give the derived
syn-aldol adduct in high yields and diastereoselection.

The aldol reaction is a well-developed and reliable process
for the stereoselective synthesis ofâ-hydroxy carbonyl
compounds.1 While ligand-based, auxiliary-based,2 and cata-
lyst-based3 asymmetric inductions have proven to be reliable
routes to homochiral aldol adducts, until recently these
methods have required stoichiometric preformation of a metal
or silicon enolate.4 The reductive aldol reaction (see eq 1,
Scheme 1) avoids such a requirement as the metal enolate
is presumably formed in situ by conjugate reduction of an
unsaturated carbonyl.5 We have begun to explore the
reductive aldol reaction as an alternative to traditional aldol

processes with the notion that this mode of bond formation
might provide stereoselectivity patterns that are complemen-
tary to current aldol processes.6 In this communication, we
describe our studies on the Rh-DuPhos catalyzed reductive
aldol reaction with Cl2MeSiH, which have allowed us to
introduce a practical method for the efficient and highly
selective preparation oferythro-aldol adducts derived from
simple esters.7
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We recently reported that an efficientsyn-selective reduc-
tive aldol reaction of aromatic aldehydes may be catalyzed
by the combination of [(cod)RhCl]2 and nonracemic DuPhos
(see eq 1).6a Reactions with aliphatic aldehydes occurred with
diminished product yields, and with both aromatic and
aliphatic substrates, the reaction products are racemic. In an
effort to design metal-ligand complexes that provide the
high syn selectivity observed with the DuPhos ligand but
are also able to provide enantiomerically pure adducts in high
yields, we have investigated this reaction in further detail.

As depicted in Scheme 1, treatment of benzaldehyde,

methyl acrylate, and Cl2MeSiH with Rh-DuPhos (herein
taken to mean the catalyst prepared in situ from [(cod)RhCl]2

and DuPhos8) provides the reductive aldol adduct in 60%
yield and 23:1 diastereoselection (eq 1). Using1H NMR
spectroscopy to identify relevant reaction intermediates, we
examined the Rh-DuPhos catalyzed reaction between methyl
acrylate and Cl2MeSiH. One hour after addition of the silane
and acrylate to the catalyst in C6D6, the reagents were
completely converted to a new compound that is spectro-
scopically consistent with a single stereoisomer of the derived
silylketene acetal (eq 2).9 Subsequent introduction of ben-
zaldehyde led to rapid disappearance (20 min at room
temperature) of the silyl ketene acetal and formation of a
single stereoisomer of the reductive aldol adduct. To
determine whether the Rh-DuPhos catalyst was required for
reaction between the putative silyl ketene acetal and the
aldehyde, we carried out a second experiment where the
intermediate silyl ketene acetal was vacuum-distilled away
from the metal complex. Addition of benzaldehyde to the
metal-free and phosphine-free silyl ketene acetal provided
the aldol adduct in high stereoselection. These observations
suggest that the role of the Rh-DuPhos complex in the
reductive aldol reaction is to catalyze formation of the silicon
enolate and that the chiral catalyst is not involved in the aldol

addition step.10 Notably, Denmark has observed analogous
noncatalyzed aldol additions when enoxytrichlorosilanes,
trichlorosilyl ketene acetals, and dichloromethylsilyl ketene
acetals are treated with aldehydes.11

To establish the geometry of the silyl ketene acetal formed
by the Rh-DuPhos catalyzed hydrosilation of methyl acrylate,
the putative dichloromethylsilyl ketene acetal was generated
in ether and treated with 2 equiv of methyllithium at-90
°C followed by warming to room temperature (Scheme 2).

After isolation of the reaction product, comparison of the
1H and 13C NMR with literature data12 revealed that the
derived trimethylsilyl ketene acetal is in theE configuration
exclusively; theZ isomer could not be detected nor could
the C-silyl derivative.13 This observation is noteworthy in
light of the Z selectivity for the ClRh(PPh3)3-catalyzed
reduction ofR,â-unsaturated esters with eithert-BuMe2SiH
or catecholborane.14

Cyclic acrylate 1 was used as a probe to assess the
influence of acrylate conformation on silyl ketene acetal
geometry. Treatment of1 with Cl2MeSiH and the Rh-DuPhos
catalyst for 12 h followed by addition of benzaldehyde and
quench with HCl afforded the lactone-opened aldol adduct
in 32% yield. X-ray analysis of the reaction product indicated
that the syn stereoisomer is formed.15 This observation
implies that thes-trans isomer of acrylate can lead to the
(E)-silylketene acetal in the Rh-DuPhos catalyzed reduction
of acrylates and that the subsequent aldol reaction likely
proceeds through a boatlike transition state (i.e.,2, Scheme
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3) involving a pentacoordinate silicate as observed for the
enoxytrichlorosilanes.16,17

Although the observations described above do not appear
to bode well for eventual development of an enantioselective
reductive aldol reaction using chiral rhodium-phosphine
complexes and Cl2MeSiH, these studies delineate a procedure
for simple and high-yielding diastereoselective aldol reac-
tions. Suspecting that competitive carbonyl hydrosilation
accounted for low yields in the single-pot reductive aldol
reactions of aliphatic aldehydes, we attempted the two-step
process with these problematic substrates. In the optimal
procedure, Cl2MeSiH and methyl acrylate are allowed to
react with 2.5 mol % of the Rh-DuPhos catalyst at room
temperature in ether for 1 h. The aldehyde (0.5 equiv) is
then added to a precooled (-46 °C) solution of the derived
silylketene acetal, and the reaction is allowed to proceed for
4 h. As shown in Table 1, a range of functionality is tolerated
in the aldehyde, and yields are significantly higher than in
the single-step process. For instance, isobutyraldehyde
provides reductive aldol adduct in 15% isolated yield (6:1
syn:anti) in the single-step process; however, the two-step
procedure provides the same adduct in 89% yield and in a
9:1 stereoisomer ratio. Notably, alkoxy aldehydes, ynals, and
enals react with highsynselectivity, as do aliphatic, aromatic,
andR,â-unsaturated aldehydes.

In conclusion, we have documented the intermediacy of
silicon enolates in Rh-DuPhos catalyzed two-step reduc-
tive aldol reactions employing dichloromethylsilane as
reducing agent. While these studies do not necessarily
implicate silicon enolates in the Rh-DuPhos catalyzed single-
step process, their intermediacy is most consistent with our
experiments; the observation that the single-step process
catalyzed by enantiomerically pure Rh-DuPhos complex
affords racemic (<0.5% ee) product appears to exonerate
the transition metal from the stereochemistry-determining
step. While the reaction mechanism suggested by these
studies appears to preclude development of an enantiose-
lective Rh-DuPhos catalyzed reductive aldol reaction, the
two-step reductive aldol reaction process does appear to be
useful for simple diastereoselective propionate aldol reac-
tions. Current studies in regards to relative stereoinduction
with chiral aldehydes are in progress and will be reported in
due course.
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Scheme 3 Table 1. Two-Step Rh-DuPhos Catalyzed Reductive Aldol
Reactiona

a All reactions were carried out at-46 °C for 4 h. b Yields refer to
isolated material after column chromatography.c Ratios determined by GC
analysis for entry 1 and1H NMR for entries 2-9.
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