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Abstract An organocatalyzed asymmetric aldol reaction of -keto
amides was developed. An N-terminal 4-trans-siloxyproline-based
tripeptide with an L-tert-leucine unit adjacent to the 4-trans-siloxypro-
line residue was used to catalyze the reaction between various -keto
amides and acetone, to produce the corresponding aldol adducts with
up to 99% yield and 91% ee.

Key words aldol reaction, asymmetric catalysis, peptide catalysis, or-
ganocatalysis, keto amides, hydroxy amides

Optically active acyclic ,-disubstituted -hydroxy

amides are skeletons that frequently occur in natural prod-

ucts and biologically active compounds.1 Therefore, new

methods for the stereoselective preparation of these com-

pounds are useful. Asymmetric nucleophilic addition to

acyclic -keto amides is a representative method for the

synthesis of these compounds. Although the use of asym-

metric nucleophilic additions to cyclic -keto amides (e.g.,

isatins) to synthesize optically active 3,3-disubstituted 2-

oxindoles is frequently reported,2 reports on reactions in-

volving acyclic -keto amides are relatively scarce.3–5 Also,

most reports involve asymmetric polyfunctionalization and

the nucleophilic addition of keto groups to yield endo- or

exocyclic optically active amides.3,4 To the best of our

knowledge, there are only two reports of asymmetric and

chemoselectively nucleophilic addition to the keto group of

acyclic -keto amides to synthesize acyclic ,-disubstitut-

ed -hydroxy amides.5 In 2015, Feng and co-workers re-

ported a magnesium-catalyzed asymmetric carbonyl–ene

reaction of ,-unsaturated -keto amides with 5-methy-

leneoxazoline [Scheme 1(a)].5a However, this reaction ex-

hibits shortcomings in terms of its efficacy and substrate

scope. In 2011, Xu and Wolf reported a copper-catalyzed

asymmetric Henry reaction of various -keto amides with

nitromethane to prepare 2-substituted 2-hydroxy-3-nitro-

propanamides with high yields and enantioselectivities

[Scheme 1(b)].5b

Although these two reported metal-catalyzed asym-

metric reactions are excellent synthetic methods, no or-

ganocatalyzed asymmetric and chemoselective nucleophil-

ic addition to the keto group of acyclic -keto amides to

construct acyclic ,-disubstituted -hydroxy amides has

been reported. Furthermore, the asymmetric addition of

simple ketones such as acetone, which have lower nucleo-

philicities than nitromethane (that is, the asymmetric aldol

reaction of -keto amides with simple ketones) is still diffi-

cult. Therefore, the organocatalyzed asymmetric aldol reac-

Scheme 1  Catalytic asymmetric reactions to synthesis acyclic ,-disubstituted -hydroxy amides: (a) Feng and co-workers, (b) Wolf and co-workers
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tion of -keto amides with simple ketones as nucleophiles

continues to be necessary and challenging.

We recently reported a tripeptide-catalyzed asymmetric al-

dol reaction of activated ketones with acetone to produce

optically active tertiary alcohols.6 In particular, H-Pro-Tle-

Gly-OH (1a) was an efficient catalyst for the reaction of -

keto esters, which exhibit an analogous acyclic 1,2-dicar-

bonyl structure to -keto amides [Scheme 2(a)].6c During

the course of our studies on the tripeptide-catalyzed asym-

metric aldol reactions of activated ketones, we expanded

the application of the tripeptide catalysts to the reaction of

-keto amides [Scheme 2(b)]. Here, we report an organocat-

alyzed asymmetric aldol reaction of -keto amides with ac-

etone in the presence of a tripeptide catalyst to synthesize

acyclic ,-disubstituted -hydroxy amides.

Scheme 2  (a) Our previous work: tripeptide-catalyzed direct asym-
metric aldol reaction of -keto esters. (b) This work: organocatalytic 
asymmetric aldol reaction of -keto amides with acetone in the pres-
ence of a tripeptide catalyst to synthesize acyclic ,-disubstituted -
hydroxy amides.

At the outset, we investigated the reaction conditions

for the asymmetric aldol reaction of N-methyl-2-oxo-2-

phenylacetamide (2a) with acetone (3) catalyzed by tripep-

tide 1a (Table 1, entries 1–11). The 1a-catalyzed reaction in

MeOH at 0 °C gave the corresponding -hydroxy amide 4a
in quantitative yield and 65% ee (entry 1). When an aprotic

solvent such as DMF, CHCl3, THF, or toluene was used, the

reaction rate and enantioselectivity declined compared

with the reaction in MeOH (entries 2–5). In contrast, with

H2O as the reaction medium, although the enantioselectivi-

ty improved, the reaction rate decreased (entry 6). Further-

more, the reaction rates and enantioselectivities of the re-

action in EtOH and i-PrOH were lower than those of the re-

action in MeOH (entries 7 and 8). Additionally, the

enantioselectivity was considerably improved when the re-

action was conducted in MeOH at –40 °C compared with

that in MeOH at 0 °C (entry 9). However, the reaction at –70

°C yielded only a small amount of 4a (entry 10). The reac-

tion hardly progressed in the presence of trifluoroacetic

acid (entry 11). On the basis of these investigation (entries

1–11), we chose the reaction between 2a and acetone (3;

20 equiv) in MeOH at –40 °C for five days as the best reac-

tion conditions (entry 9).

Table 1 Optimization of the Reaction Conditions and Catalyst

Next, we investigated the efficacy of catalysts for the re-

action between 2a and acetone (3) under the optimized re-

action conditions (Table 1, 12–15). Catalysts 1b and 1c, in

which the tert-butyl group of 1a was replaced by a Me

group and a H atom, respectively, were used as catalysts, re-

vealing the effect of the tert-butyl group of 1a in the 1a-cat-

alyzed reaction (entries 12 and 13). 1b- and 1c-catalyzed

reactions produced 4a with lower yields and enantioselec-

tivities than did the 1a-catalyzed reaction. These results in-

dicate that the tert-butyl group of 1a plays an important

role in the reaction rate and enantioselectivity. Further-

more, the reaction catalyzed by the 4-trans-siloxyproline-

based catalyst 1d progressed with a similar reaction rate

and a higher enantioselectivity compared with the 1a-cata-

lyzed reaction (entry 14). However, the rate and enantiose-

lectivity of reaction with the 4-trans-hydroxyproline-based

catalyst 1e were considerably lower (entry 15). Therefore,

O

H
N

R1

O

R2 +
1a-based tripeptide catalyst

(b)

O

H
N

R1 R2

OH

O

OR2
R1

O 1a (20 mol%)
acetone (100 equiv)

THF, 0 °C, 6 d
up to 95% yield, 88% ee

(a)

O

O
R1 R2

OH
O

NH

O
NH HN

O

O
HO

1a

O
O

Entry Catalyst Solvent Yield (%)a eeb (%)

1 1a MeOH >99 65

2 1a DMF 16 25

3 1a CHCl3 11 38

4 1a THF 19 29

5 1a toluene – –

6 1a H2O 46 78

7 1a EtOH 70 43

8 1a i-PrOH 54 32

9c,d 1a MeOH 94 87

10c,e 1a MeOH 6 89

11c,d,f 1a MeOH – –

12c,d 1b MeOH 10 78

13c,d 1c MeOH 55 31

14c,d 1d MeOH 94 (94)g 91

15c,d 1e MeOH 6 78

a Determined by 1H NMR analysis with 1,1,2,2-tetrachloroethane as inter-
nal standard.
b Determined by HPLC analysis.
c For 5 days.
d At –40 °C.
e At –70 °C.
f In the presence of trifluoroacetic acid (20 mol%).
g Isolated yield after silica gel column chromatography.
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4-trans-siloxyproline-based tripeptide 1d was found to be

the best catalyst for this reaction, and the 1d-catalyzed re-

action under the optimized reaction conditions afforded 4a
with a 94% yield and a 91% ee (entry 14).

The substrate scope of this reaction under the optimized re-

action conditions was then studied (Scheme 3). -Keto am-

ides 2a–c with various alkyl groups on the secondary amide

nitrogen were subjected to the reaction. The N-methyl am-

ide 2a reacted with acetone (3) to give the corresponding -

hydroxy amide 4a with high chemical yield and high enan-

tioselectivity. The reactions of the N-ethyl amide 2b and of

the N-isopropyl amide 2c similarly gave products 4b and

4c, respectively, in good chemical yields and high enantio-

selectivities. Further, -keto amides with sterically more

compact alkyl groups on the secondary amide group pro-

vided the corresponding -hydroxy amides 4a–c with high-

er chemical yields and enantioselectivities. N,N-Dimethyl-

2-oxo-2-phenylacetamide did not react with acetone (3).

The effects of the addition of electron-withdrawing and -

donating groups at the 4-position of the phenyl group in 2a
were then investigated. The reaction of 2d with a bromo

group as a weakly electron-withdrawing group produced

4d with a high chemical yield and enantioselectivity. Simi-

larly, amide 2e, which contained a trifluoromethyl group

instead of the bromo group in 2d, reacted smoothly and

stereoselectively with 3. The reaction of 2f with an elec-

tron-donating methyl group afforded 4f with a high enantio-

selectivity and medium chemical yield. Furthermore, the al-

dol reaction of 2g, which had a bromo group at the 3-posi-

tion of the phenyl group, afforded 4g. The reaction of N-

methyl-2-(2-naphthyl)-2-oxoacetamide (2h) was highly

stereoselective, producing 4h. Thus, the 1d-catalyzed reac-

tions of various -keto amides 2a–h afforded the corre-

sponding -hydroxy amides 4a–h with high enantioselec-

tivities.

Next, the reaction between the ,-unsaturated -keto

amide 2i and acetone (3) was examined [Scheme 4(a)]. Al-

though this reaction progressed smoothly, the enantiose-

lectivity of this reaction was lower than that of the reaction

of 2a. We believe that the reason for the lower enantioselec-

tivity of the former reaction compared with the latter is re-

lated to the difference in the steric environment of the sty-

ryl group in 2i and the phenyl group in 2a. Next, cyclohexa-

none (5) and butan-2-one (6) were used as nucleophiles

[Scheme 4(b)]; however, these reactions did not afford cor-

responding aldol adducts, probably, because of the bulki-

ness of 5 and 6.

The catalytic cycle of this reaction was assumed to be

similar to that of the proline-catalyzed asymmetric aldol re-

action (Figure 1).7 Therefore, acetone (3) is activated by

enamine formation through reaction with the amino group

of 1d. The C–C bond is then formed by nucleophilic addition

of the enamine to 2, generating the iminium–aldol interme-

diate. Finally, the aldol adduct is formed by hydrolysis of the

Scheme 3  Substrate scope. Isolated yields are reported; the ee was de-
termined by HPLC analysis.
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iminium cation. In this reaction, the absolute configuration

of the aldol adduct 4 is determined at the C–C bond-forma-

tion step.

In conclusion, we have developed an organocatalyzed

asymmetric aldol reaction of -keto amides with acetone in

the presence of a tripeptide catalyst. The desired ,-disub-

stituted -hydroxy amides were obtained in up to 99% yield

and 91% ee. Further studies pertaining to the expansion of

the substrate scope, the determination of the absolute con-

figuration of the aldol adduct, and the investigation of the

origin of enantioselectivity are currently underway in our

group.
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