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Our laboratory has been engaged in the development of chiral
Cu(II)-based Lewis acids that exhibit the capacity to catalyze
enantioselective Diels-Alder1 and aldol reactions2 with sub-
strates that can participate in catalyst chelation. In our recent
study,2 we reported that bidentate bis(oxazolinyl) (box) and
tridentate bis(oxazolinyl)pyridyl (pybox)3 Cu(II) complexes1
and 2 are effective chiral Lewis acid catalysts in the aldol
reactions of benzyloxyacetaldehyde with enolsilanes. In this
communication, we demonstrate that these complexes also
mediate the enantioselective additions of enolsilanes to 1,2-
dicarbonyl compounds, to provide functionalized succinate
derivatives, useful synthons in natural product synthesis.4

Although excellent stereocontrol in these reactions may be
achieved through the use of stoichiometric chiral ester controllers
and chiral metal complexes, to our knowledge, this is the first
report of a catalytic enantioselective addition of enolsilanes to
pyruvate esters.5,6

An evaluation of ligand architecture7 for the addition of

silylketene acetal3 to methyl pyruvate (eq 1) revealed that the
(S,S)-Cu(II) complex1a (10 mol % catalyst, CH2Cl2, -78 °C,
1 h) was the most enantioselective of the box complexes
affording (S)-4 in high enantioselectivity and yield (98% ee,
92%).8 The pybox-derived complexes2 are also effective
catalysts exhibiting the capacity to participate in chelation
through square-pyramidal complexes (Vide infra),2 with the
isopropyl-pybox derivative2abeing optimal in affording (S)-4
in high enantioselectivity and yield (95% ee, 92%) under the
same conditions.9 In a comparison of the complexes derived
from the bi- and tridentate ligands, thetert-butyl-box derived
catalyst1awas found to tolerate a somewhat wider variety of
substrates (Vide infra), and as such, was selected for further
exploration. Counterion selection is also critical for reaction
optimization. For example, the analogous box-SbF6 complex
1b was both more reactive and less enantioselective (75% ee)
than its triflate counterpart1a, whose Lewis acidity is attenuated
by “counterion buffering”.
The effect of reaction solvent and temperature on enantiose-

lection and yield was then evaluated. The reaction of methyl
pyruvate with3 catalyzed by the box complex1a (eq 1) was
found to proceed with high enantioselectivity and good yield
in a variety of solvents (THF, Et2O, 99% ee; CH2Cl2, 98% ee;
PhCH3, 96% ee). Further studies revealed that THF was the
optimal solvent for catalyst1a, allowing the use of low catalyst
loadings (eq 1, 1 mol %1a, 99% ee, 96% yield, 2 h).10 The
favorable enantioselectivity/temperature profile (eq 1) found
with catalyst1a (THF, -78 °C, 99% ee;+20 °C, 92% ee)
corresponds to the profile that has also been observed with
complex1b in the catalysis of the Diels-Alder reaction.1d

Those experiments that probe the scope of theR-keto ester
reaction component are summarized in Table 1. Excellent
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(9) Other pybox-Cu(SbF6)2 complexes gave lower enantioselectivity:
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ee). The reaction with the isopropyl pybox-Cu(OTf)2 catalyst gave the
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(10) Typically the catalyst was generated by stirring the bis(oxazolinyl)
ligand and Cu(OTf)2 (Aldrich) in THF for 1 h atroom temperature to yield
a homogeneous emerald-green solution. Shorter or longer complexation
times did not alter the efficacy as long as complete dissolution of the solid
metal triflate (g15 min) had occurred. The catalyst solution must be kept
rigorously anhydrous. The development of a deep blue solution is indicative
of the formation of the bis(aquo) complex. These reactions are exothermic.
In large-scale reactions (>10 mmol) the use of an internal temperature probe
and regulated addition of the silylketene acetal component (∼2-20 min)
to maintain temperature control is recommended.

Table 1. Catalyzed Enantioselective Aldol Reactions between3
and Representative Pyruvates (Eq 2)

entry R1 R2 % eea % yield

1 Me Me 99b 96
2 Bn Me 99b 95
3 tBu Me 99c 91
4 Me Et 94c 84
5 Me iBu 94c 94
6 Et iPr 36c 84

a Enantiomeric excess determined by HPLC with use of a Chiralcel
OD-H column.b Absolute configurations assigned by conversion to
dimethyl citramalate (see Supporting Information).c Absolute config-
uration assigned by analogy.

7893J. Am. Chem. Soc.1997,119,7893-7894

S0002-7863(97)01521-7 CCC: $14.00 © 1997 American Chemical Society



enantioselectivities were observed with box complex1a in the
reactions of silylketene acetal3 with benzyl andtert-butyl
pyruvate (entries 2,3, 99% ee), suggesting that the stereochem-
ical course of this process is tolerant of the nature of the ester
substituent (R1, eq 2). It appears that high enantioselection is
observed (g94% ee) when the acyl substituent R2 is either
primary or â-branched (Me, Et,iBu, entries 3-5), but more
sterically demanding substituents impair enantioselection (entry
6, R2 ) iPr, 36% ee).

Significant structural variation in the enolsilane component
is possible without loss in enantioselectivity (Table 2). Both
silylketene acetals and ketone-derived enolsilanes afford highly
enantioselective additions (entries 1-3, g93% ee). The cata-
lyzed addition of substituted silylketene acetals to pyruvate esters
in the presence of the box complex1a provides succinate
derivatives with highsyn diastereoselectivity (eq 3, Table 2,
R1 ) Me, iBu). The (Z) and (E) isomers of the illustrated
silylketene acetals (entries 4-7) react in a stereoconvergent
manner, providing thesynaldol adducts in high diastereo- and
enantioselectivity (g94:6 syn:anti, g93% ee). It appears that
thesyndiastereoselectivity observed in this reaction is not ligand
dependent since pybox complex2a also exhibits the same
stereochemical bias in the catalysis of these processes. It is
noteworthy that pybox complex2b also mediates a highlysyn
diastereoselective addition of a range of substituted enolsilanes
to benzyloxyacetaldehyde.2 Finally, to demonstrate the prepara-
tive utility of this methodology, the reaction of methyl pyruvate
with the silylketene acetal of ethyl thioacetate (eq 3) was
conducted on a 50-mmol scale employing 1 mol % of the box
catalyst1a (Table 2, entry 1) to generate the desired adduct in
quantitative yield while maintaining high enantioselectivity (97%
ee).10 While trimethylsilyl triflate (TMSOTf) is frequently a
liability in the execution of enantioselective aldol reactions
catalyzed by metal triflate-ligand complexes due to the fact
that this reagent is also an effective reaction catalyst,11 it is
interesting to note that TMSOTf generallyacceleratesthese
reactions without degrading enantioselectivity. This observation
is useful for certain hindered cases (Table 2, entry 5). The role
of this addend has not yet been precisely defined; however, we
tentatively conclude that TMSOTf is facilitating the slow step
in the catalytic cycle, catalyst turnover, by silylation of the

intermediate copper aldolate. Independent control experiments
confirm that TMSOTf is not a competitive catalyst for these
processes.
The Cu(II) complex1a can also be employed to catalyze

additions to unsymmetrical vicinal diketones (eq 4). The
principal issue in this reaction is that of relative carbonyl
reactivity differentiated by the subtle methyl vs ethyl substitution
at the two reaction centers. In spite of the modest bias for
reaction at the MeCO-moiety (1.4:1) in the addition catalyzed
by TiCl4 (-78 °C, CH2Cl2), the reaction of the (Z) silylketene
acetal derived fromtert-butyl thiopropionate with 2,3-pentanedi-
one catalyzed by1aproceeds with high regioselectivity (98:2),
diastereoselectivity (93:7), and enantioselectivity (97% ee).

Enantioselective formation of the (S)-hydroxy succinates was
observed in all cases from both (S,S)-box and (S,S)-pybox
complexes. In analogy to our Diels-Alder studies with complex
1,1a the sense of induction can be rationalized by invoking a
square-planar Cu(II)box intermediate in which the pyruvate
carbonyl oxygens chelate to the copper center (model A, R)
OMe).12,13 EPR spectroscopic studies of solutions of complex
1a and methyl pyruvate provide further support for this
substrate-catalyst geometry.14 The sense of asymmetric induc-
tion that is observed in the (S,S)-pybox complex2a is consistent
with the formation of the illustrated five-coordinate square-
pyramidal complex (Model B).15 By inspection, thesi face in
both substrate-catalyst complexes is accessible to nucleophilic
attack. Model A (R) Et) is also consistent with the stereo-
chemical course of the 2,3-pentanedione addition reactions (eq
4). Further studies to address the scope of these reactions and
the coordination chemistry of related complexes will be
forthcoming.
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(14) The EPR data indicate a strong square-planar pattern, which is
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(15) In the square-pyramidal geometry, the strong coordinating site
resides in the ligand plane with a weaker coordination site in the axial
position. Although two diastereomeric substrate catalyst complexes should
be expected, we presume that the complex with the ketone carbonyl
coordinated in the equatorial plane is the complex that leads to product.

Table 2. Catalyzed Enantioselective Aldol Reactions between
Methyl Pyruvate and Representative Enolsilanes (Eq 3)

entry R1 R2
enol silane
geometrya

syn:antib,c
ratio % eeb,c % yield

1 H EtS 97 97 (100)d

2 H Ph 99 77
3 H Me 93 76e

4 Me tBuS (Z) 94:6 96 96f

5 Me tBuS (E) 95:5 98 88f,g

6 Me EtS (Z) 94:6 93 90
7 Me EtS (E) 98:2 98 91
8 iBu EtS (Z) 90:10h 93h 88f

a Isomeric purityg90%. b Product ratios determined by HPLC with
use of a Chiralcel OD-H column.cRelative and absolute stereochem-
istry determined by independent synthesis (see Supporting Information).
dReaction performed on a 50-mmol scale with 1 mol %1a. eReaction
performed with benzyl pyruvate.f Reaction performed in CH2Cl2.
gReaction required 0.9 equiv of TMSOTf for complete conversion.
hConfiguration assigned by analogy.
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