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Scheme 1. Reaction sequence of the conjugate red
An efficient method was developed for the enantioselective reductive aldol reaction of a,b-unsaturated
ketones with aldehydes in the presence of a Lewis base catalyst; conjugate reduction using a tertiary
amine and trichlorosilyl triflate, followed by an aldol reaction with BINAP dioxide (BINAPO) as an organ-
ocatalyst, gave the corresponding product in high yield with high stereoselectivity.

� 2012 Elsevier Ltd. All rights reserved.
Reductive aldol reactions comprise a sequence of conjugate
reductions and aldol reactions that provide b-hydroxy carbonyl
compounds directly without isolation of the enolate intermediate.1

Reductive aldol reactions have great advantages in that they form
several bonds and create contiguous stereogenic centers in one pot.
To date, a number of catalysts based on metals and highly stereo-
selective transformations have been achieved,2 but there was no
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uction and aldol reaction.
example of organocatalyzed enantioselective reductive aldol reac-
tion until our group demonstrated an enantioselective reductive
aldol reaction with trichlorosilane catalyzed by chiral phosphine
oxides as organocatalysts.3

We recently developed a trichlorosilyl triflate/tertiary amine-
mediated conjugate reduction of a,b-unsaturated ketones.4 Deute-
rium labeling experiments revealed that a trichlorosilyl enol ether
was generated and remained intact in the reaction media.5 This re-
sult supports the feasibility of enantioselective reductive aldol
reactions if aldehydes are used as the electrophile in the presence
of a Lewis base catalyst, such as phosphine oxide (Scheme 1).6,7

Here, we report a novel type of enantioselective reductive aldol
reaction of a,b-unsaturated ketones and aldehydes via a sequence
of conjugate reductions with trichlorosilyl triflate/tertiary amine
and aldol reactions catalyzed by a chiral phosphine oxide.

Initially, chalcone (1a) and benzaldehyde (2a) were chosen as the
substrates to study a reductive aldol reaction (Table 1). After treat-
ment of 1a with trichlorosilyl triflate and Cy2NiBu (2 equiv, each,
Cy = cyclohexyl) in dichloromethane at �40 �C, (S)-BINAPO (3) and
aldehyde 2a were successively added to the mixture (entry 1). A
small amount of the desired aldol adduct 4a was obtained, but the
major product was the reduced ketone. This result indicated that
the latter aldol reaction did not proceed extensively. We suspected
that acids, such as hydrogen chloride and/or trifluoromethanesulfo-
nic acid generated adventitiously from trichlorosilyl triflate
deactivated 2a or 3, resulting in low chemical and optical yields.
Therefore, decreasing the amount of trichlorosilyl triflate (1.5 equiv)
dramatically improved both the yield and stereoselectivity
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Table 1
Optimization of the reaction conditions for the reductive aldol reaction of chalcone
(1a) and benzaldehyde (2a) catalyzed by BINAPO (3) a

Entry Temp., �C Time, h Yieldb, % syn/antic ee (syn) d, %

1e �40 24 30 17/83 5
2 �40 1 83 95/5 95
3f �40 1 85 97/3 89
4g �40 1 32 95/5 93
5 �60 18 87 97/3 93
6 �78 24 22 90/10 84

a Unless otherwise noted, the reactions were conducted using 2a (0.5 mmol), 1a
(1.2 equiv), Cy2NiBu (2.0 equiv), SiCl3OTf (1.5 equiv), and 3 (10 mol %) in CH2Cl2

(5 mL).
b Isolated yield.
c Determined by 1H NMR analysis.
d Determined by HPLC analysis.
e SiCl3OTf (2.0 equiv).
f iPr2NiBu (2.0 equiv) was used in place of Cy2NiBu.
g iPr2NEt (2.0 equiv) was used in place of Cy2NiBu.

Table 2
Enantioselective reductive aldol reaction of a,b-unsaturated ketones 1 and aldehydes
2 catalyzed by BINAPOa

Entry 1 2 Time, h 4 Yieldb, % syn/antic eed (syn), %

1 1a 2a 1 4a 83 95/5 95
2 1b 2a 1 4b 84 97/3 93
3 1c 2a 1.5 4c 86 96/4 93
4 1d 2a 1 4d 82 95/5 80
5 1e 2a 1.5 4e 69 74/26 81
6 1f 2a 1 4f 83 97/3 88
7 1g 2a 1.5 4g 56 89/11 84
8 1h 2a 4 4h 73 94/6 89
9 1i 2a 4 4i 79 70/30 32
10 1a 2b 0.5 4j 81 96/4 90
11 1a 2c 2 4k 87 95/5 95
12 1a 2d 0.25 4l 57 97/3 90
13 1a 2e 1 4m 83 97/3 84
14e 1a 2f 1 4n 50 96/4 89
15e 1a 2g 1 4o 68 99/1 70

a Unless otherwise noted, the reactions were conducted in the presence of 2
(0.5 mmol), 1 (1.2 equiv), Cy2NiBu (2.0 equiv), SiCl3OTf (1.5 equiv), and 3 (10 mol %)
in CH2Cl2 (5 mL).

b Isolated yield.
c Determined by 1H NMR analysis.
d Determined by HPLC analysis.
e The reaction was conducted with ketone 1 (1.0 equiv), aldehyde 2 (1.5 equiv),

and SiCl3OTf (1.2 equiv).
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Figure 1. NOESY 2D experiments of the silyl enol ether derived from 1f.
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(entry 2).8 Varying the size of amines proved to have a large effect on
the reaction (entries 2–4). The enantioselection of the reaction
involving iPr2NiBu was similar to that involving Cy2NiBu (entry 3),
although iPr2NEt provided reduced product yields (entry 4). Lower-
ing the temperature slightly improved the product yield but pro-
longed the reaction time (entries 5 and 6).

With the optimal conditions in hand, reductive aldol reactions
of benzaldehyde (2a) with various types of a,b-unsaturated ke-
tones 1 were performed (Table 2).9 All reactions with the chalcone
derivatives 1a–g proceeded smoothly to give the corresponding
products in good yields with high diastereo- and enantioselectivi-
ties (entries 2–7). Isopropyl ketone 1h provided the aldol product
in high yield and selectivity (entry 8), whereas the stereoselectivity
of the reaction with cyclopropyl ketone 1i was found to decrease
(entry 9).10

Next, reductive aldol reactions between various aldehydes 2
and chalcone (1a) were conducted (entries 10–15). The aromatic
aldehydes tended to give the aldol adducts 4j–l with good yields
and high stereoselectivities (entries 10–12). The conjugate alde-
hyde 2e, which provided a lower selectivity in the reductive aldol
reaction with trichlorosilane,3b furnished the product 4m in high
yield with high selectivity (entry 13). Strikingly, the aliphatic alde-
hydes 2f and 2g, which were generally less reactive in Lewis base-
catalyzed reactions,7,11 gave the corresponding aldol adducts in
good yields with high diastereoselectivities (entries 14 and 15).

As previous reports for phosphine oxide-catalyzed aldol
reaction,3b,7 the production of a syn-isomer indicated that the con-
jugate reduction of the chalcone derivatives predominantly pro-
duced (Z)-trichlorosilyl enol ether. To confirm the generation of
(Z)-trichlorosilyl enol ether, the conjugate reduction of ketone 1f
was examined in a NOESY experiment. A NOESY correlation was
observed between the two hydrogen atoms, as shown in Figure 1
(the spectrum is provided in the Supplementary data). This
observation clearly demonstrated the generation of (Z)-trichlorosi-
lyl enol ether through the stereoselective reduction of ketone 1f
and the high syn-selectivity in the aldol step.

Based on the above observation and our previous results,3 we
proposed the reaction mechanism, as shown in Scheme 2. The con-
jugate reduction of chalcone (1a) gave the (Z)-trichlorosilyl enol
ether stereoselectively. The latter aldol reaction of (Z)-trichlorosilyl
enol ether with aldehyde (2a) proceeded via a six-membered tran-
sition state involving hypervalent silicon species,6a,6d to afford the



Scheme 2. Stereochemistry of the reductive aldol reaction.
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corresponding aldol adduct with high syn-diastereo- and
enantioselectivities.

In conclusion, we demonstrated a novel type of the enantiose-
lective reductive aldol reaction using a tertiary amine-mediated
conjugate reduction and an organocatalyzed aldol reaction. The
present reaction offered the aldol products with high diastereo-
and enantioselectivities. The NOESY analysis verified the (Z)-selec-
tive generation of trichlorosilyl enol ethers, which ensured high
syn-selectivity in reductive aldol reaction. This is the first example
of the enantioselective sequential reaction involving a tertiary
amine-mediated reduction. Efforts in our laboratory continue to
extend this strategy to other asymmetric reactions.
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