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Catalytic enantioselective aldol reactions of carboxylic acid
derivatives have undergone continuous development over the last
20 years.1 An important recent advance was reported by Evans and
co-workers who achieved Ni(II) bis(oxazoline)-catalyzed enantio-
selective imide aldol reactions with in situ enolate formation in
the presence of enolizable aldehydes.2,3 Our interest in the reactivity
of malonic acid half thioesters (MAHTs) led to the discovery that
MAHTs can be used in Cu(II)-catalyzed decarboxylative thioester
aldol reactions, which also involve in situ generation of the
nucleophile (Scheme 1, eq 1, R1 ) H, Me).4 Since these reactions
were performed in the presence of a carboxylic acid (the MAHT),
an alcohol (from the product), and in wet THF, we believed that
they might also be compatible with aldehydes bearing unprotected
protic functional groups.5 This communication reports (Scheme 1,
eq 2) highly enantioselective and diastereoselective methyl malonic
acid half thioester (MeMAHT) aldol reactions that are compatible
with protic functional groups and enolizable aldehydes and that
afford synS-phenyl thiopropionates.

Initial attempts to render the thioacetate aldol reaction (Scheme
1, eq 1, R1 ) H)4a enantioselective by the addition of chiral ligands
and Cu(OAc)2 led to low enantioselectivities.4b We speculated that
a more Lewis acidic Cu(II) complex, such as Cu(OTf)2, possessing
less coordinating counterions may be necessary for the formation
of a MAHT-Cu(II)-chiral ligand ternary complex. This led to
our discovery that highly enantioselective thiopropionate aldol
reactions could be achieved by adding 1.2 equiv ofS-phenyl
MeMAHT (1)6 to 10 mol % Cu(OTf)2 followed by 13 mol %
(R,R)-Phbox (2) and 1.0 equiv of aldehyde (Scheme 1, eq 2),
affording preferentially the syn diastereomer. The use of anS-phenyl
ester was necessary for high enantioselectivity and high reactivity.
Although this reaction (eq 2) could be performed in wet solvents
without diminution of enantioselectivity, the yields fluctuated,
leading us to use dry solvents. While most Cu(II) bis(oxazoline)-
catalyzed reactions are conducted with a preformed complex
comprising a 1:1 ratio of CuX2:bis(oxazoline),7 the MeMAHT aldol
reaction did not occur under these conditions. The reaction afforded
the highest yields when performed with a 3 mol % excess of bis-
(oxazoline), possibly due to its secondary role as a base in the
reaction.

Of the four bis(oxazoline) ligands (2, 4-6) evaluated in the aldol
reaction (Table 1),2 afforded aldol adduct3 (entry 3) in the highest
yield (89%), the highest enantioselectivity (93%), and the highest
diastereoselectivity (11:1 favoring the syn isomer). The aldol
reaction withi-Prbox (4) occurred, albeit in lower yield, ee, and
diastereoselectivity (entry 1). Interestingly, the reaction was sup-
pressed byt-Bubox (5) and Phpybox (6) (entries 2 and 4). Taken
together, these results suggest that the aldol reaction requires a
catalyst capable of forming a pentacoordinate Cu(II) complex7e with
one aldehyde as a ligand, an arrangement that is energetically
prohibitive for a MeMAHT-Cu(II)-5 complex.7aAlso, the reaction
may require two open equatorial positions, an arrangement geo-
metrically prevented by6.7b Both requirements are possible with2
and4.7c

We evaluated a diverse set of aldehydes, many bearing protic
functionality, using our optimized conditions (Table 2). For instance,
the MeMAHT aldol reaction afforded good yields (70-79%) and
enantioselectivites (91-92%) with aldehydes bearing unprotected
hydroxyl groups (entries 5 and 11). Even 4-nitro-3-hydroxy-
benzaldehyde (entry 3), a phenol that would normally protonate
metal enolates, underwent the aldol addition to afford the product
in 83% yield and 93% ee. Other functionalities compatible with
the reaction included a methyl ketone (entry 4), Lewis acid-sensitive
acetals and ketals (entries 6 and 11), and an indole-containing
aldehyde susceptible to acid-catalyzed cyclization (entry 7).
R-Branched aldehydes reacted more sluggishly, requiring in the
case of cyclohexanecarboxaldehyde two equivalents of aldehyde
(entry 10) to reach 71% yield. Limitations of the reactions are
R,â-unsaturated aldehydes and aromatic aldehydes lacking electron-

Scheme 1

Table 1. Effects of Bis(oxazoline) Ligands

a 1.2 equiv of1, 1.0 equiv of aldehyde.b Syn:anti ratios were determined
by HPLC. c Enantiomeric excess of the syn diastereomer.d Enantiomeric
excess was determined by chiral HPLC.e The absolute configuration of
the secondary alcohol is provided in parentheses.
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withdrawing groups, both of which were unreactive; however,
octynal (entry 8) was reactive.

Notably, enantioselectivites wereg89% for the aldehydes listed
in Table 2, irrespective of their steric and electronic properties. In
each reaction, little or no aldehyde self-condensation was detected,
and no more than 2%R,â-unsaturated thioester was observed,
highlighting the selective activation of MeMAHTs in the presence
of enolizable aldehydes and the mildness of the reaction conditions.

One advantage of using thioesters as carboxylic acid equivalents
is their participation in Pd-catalyzed cross-couplings to generate
ketones under neutral conditions.8 An exemplary reaction is
provided in Scheme 2 in which unprotected aldol adduct7 (from
entry 11, Table 2) was directly coupled with 5-hexyne-2-one to
afford 8.8b In principle, MeMAHT aldol reactions combined with
Pd-catalyzed cross-couplings should provide rapid access to a wide
range of enantiomerically enrichedR-methyl-â-hydroxyketones
without recourse to protecting groups.

There are several reasons why these aldol reactions are unique.
First, in most cases two-point binding aldehydes are required to
achieve>90% ee in Cu(II)(box)-catalyzed reactions.9 This is one
of the few reactions that achieve high enantioselectivities with one-
point binding aldehydes.10 This could be due to the two-point
binding capability of the MeMAHT, a hypothesis that awaits future
mechanistic studies. Second, the conditions are remarkably mild.
The reaction reported here is formally an aldol reaction between a
thioester and an aldehyde where the strongest base is 3 mol % of
excess2. The lack of strong Lewis acids or strongly basic
intermediates generated during the course of the reaction enables

it to be compatible with hydroxyl groups, phenols, enolizable
aldehydes, enolizable methyl ketones, and carboxylic acidss
functionalities that would normally be incompatible with ester
enolates. Third, MAHTs provide a unique way of activating esters
as nucleophilessa carboxylate group that is lost as CO2 during the
course of the reaction provides traceless activation. The functional
group compatibility and the utility of the thioester group in the
products may make this aldol reaction useful in complex molecule
synthesis.
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Table 2. Scope of the MeMAHT Aldol Reaction

a 1.2 equiv of1, 1.0 equiv of aldehyde.b 0.1 M for 48 h.c For 60 h.
d Syn:anti ratios were determined by HPLC or by NMR analysis.e Enantio-
meric excess was determined by chiral HPLC.f Configuration of the
secondary alcohol provided in parentheses when determined, or assigned
by analogy.g With 2 equiv of aldehyde.

Scheme 2 a

a Reagents and conditions: 10 mol % Pd(dppf)Cl2, 25 mol % tri-
furylphosphine, 2 equiv of Cu(I), 1 equiv ofi-Pr2NEt, DMF, 50 °C, 6 h.
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