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Chiral phosphine oxide successfully catalyzed the direct aldol-type reactions of cyclohexanone deriva-
tives and benzaldehyde derivatives in high stereoselectivities. The reaction mechanism involves the
in situ formation of trichlorosilyl enol ethers. The present reaction could be extended to the cross-aldol
reactions between two aldehydes.
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The enantioselective aldol reaction is a powerful method for con-
structing one or two successive chiral carbon centers.1 Progress in
catalytic, enantioselective aldol reaction has been made by chiral Le-
wis acid-catalyzed reactions of trimethylsilyl enol ethers, which act
as aldol donors and are prepared from parent carbonyl compounds.
In the last decades, catalytic enantioselective direct aldol reactions,
which do not require masked enol ethers to be prepared beforehand
from ketones or esters (aldol donors), have attracted much attention
due to their simple manipulation and high atom economy.2 Two
types of direct aldol reactions have been reported: the reactions cat-
alyzed by chiral metal alkoxide complexes, which were initially re-
ported by Shibasaki,3,4 and the reactions involving enamine
process, which were pioneered by List and Barbas.5,6 Both strategies
have been extensively investigated, and are commonplace in the
development of asymmetric reactions.7 Herein, we report a novel
type of enantioselective direct aldol-type reaction, which employs
a new concept involving a silicate intermediate promoted by a chiral
phosphine oxide8 as an organocatalyst.9

The aldol reaction of trichlorosilyl enol ethers developed by
Denmark, which likely proceeds via a six-membered transition
state involving hypervalent silicate, provides a high syn/anti selec-
tivity (diastereoselectivity) as reflected by the E/Z ratio of the enol
ether.10 We have demonstrated that chiral N-oxides or phosphine
oxides catalyze the aldol reaction of trichlorosilyl enol ethers to af-
ford the b-hydroxy carbonyl compounds in the high diastereo- and
enantioselectivities.11 To improve the efficiency, we envisaged an
in situ preparation of the enol ethers from the mother carbonyl
compounds. If trichlorosilyl enol ether is prepared from the corre-
sponding ketone and tetrachlorosilane in the presence of phos-
phine oxides, and the resulting enol ether is simultaneously
activated by phosphine oxide to react with aldehydes, then a direct
aldol-type reaction of two carbonyl compounds will be realized.
ll rights reserved.

: +81 96 362 7692.
(M. Nakajima).
We initially examined the aldol reaction of cyclohexanone and
benzaldehyde with tetrachlorosilane and diisopropylethylamine
in dichloromethane at rt using BINAPO (BINAP dioxide) as a cata-
lyst (Eq. 1). Benzaldehyde was slowly added to the mixture con-
taining all the other components at rt,12 which afforded the aldol
adduct with good anti-selectivity, but in low chemical and optical
yields (rt, 4 h, 30% yield, syn/anti = 1/5, 16% ee (anti)). Among the
various conditions surveyed, propionitrile was the solvent of
choice, and this gave the adduct in high yield with a good selectiv-
ity (rt, 1 h, 85% yield, syn/anti = 1/6, 51% ee (anti)). Decreasing the
reaction temperature gave a slightly better stereoselectivity (0 �C
2 h, 81% yield, syn/anti = 1/6, 54% ee (anti)).

ð1Þ

Table 1 summarizes the results obtained for the reaction of var-
ious ketones and benzaldehyde under the optimal conditions. The
reaction of cyclopentanone gave a similar selectivity, but with a
low yield due to dehydration (entry 2). 4,4-Disubstituted cyclo-
hexanones (entries 3 and 4) gave better stereoselectivities, espe-
cially the 4,4-ethylenedioxy group, which dramatically increased
the enantioselectivity (entry 4). Heterocyclic ketones also yielded
the adducts with good yields and selectivities without loss of reac-
tivities (entries 5–7). Pinacolone, an acyclic ketone, did not give the
corresponding adduct (entry 8).

Direct aldol-type reactions were examined using 4,4-(ethylene-
dioxy)cyclohexanone as an aldol donor and several other aldehydes



Table 1
Enantioselective direct aldol-type reactions between various ketones and benzaldehyde catalyzed by BINAPO

O O

Ph

OH O

Ph

OH

+ PhCHO

BINAPO (10 mol %)
SiCl4 (1.5 equiv)

iPr2NEt (10 equiv)
EtCN, 0 ºC

+

1 2a syn-3 anti-3

Entry Ketone Time (h) 3 Yielda (%) syn/antib % eec (anti)

1 Cyclohexanone (1a) 2 3aa 81 1/6 54
2 Cyclopentanone (1b) 2 3ba 58 1/5 53

3 O
(1c)

4 3ca 84 1/24 53

4 O
O

O (1d)
6 3da 79 1/31 73

5 O O
(1e)

6 3ea 82 1/11 45

6 S O
(1f)

6 3fa 75 1/16 62

7 BocN O
(1g)

6 3ga 79 1/11 55

8 Pinacolone (1h) 12 3ha Trace – –

a Isolated yields.
b Determined by 1H-NMR and HPLC analyses.
c Determined by HPLC analysis.

Table 2
Enantioselective direct aldol-type reactions between a ketone and various aldehydes catalyzed by BINAPO

+ RCHO

BINAPO (10 mol%) 
SiCl4 (1.5 equiv)

iPr2NEt (10 equiv)
EtCN, 0 ºC

+

2 syn-3 anti-3

O O

O

O O

O

R

OH

O O

O

R

OH

1d

Entry R Time (h) 3 Yielda (%) syn/antib % eec (anti)

1 Ph (2a) 6 3da 79 1/31 73
2 4-MeOC6H4 (2b) 6 3db 69 1/38 71
3 4-BrC6H4 (2c) 6 3dc 74 1/19 64
4 1-Naphthyl (2d) 6 3dd 62 1/45 61
5 2-Naphthyl (2e) 6 3de 54 1/46 65
6 3,5-Me2C6H3 (2f) 6 3df 93 1/38 63
7 PhCH@CH (2g) 6 3dg 53 1/6 51
8 PhCH2CH2 (2h) 12 3dh Trace — —

a Isolated yields.
b Determined by 1H NMR and HPLC analyses.
c Determined by HPLC analysis.
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(Table 2). The aldol reactions of aromatic aldehydes gave similar
results to those in benzaldehyde (entries 3–6). Sterically hin-
dered aldehydes tended to give higher diastereoselectivities,
but slightly lower enantioselectivities (entries 4–6). Although
the reaction of cinnamaldehyde, a conjugated aldehyde, afforded
the product in modest chemical yield and selectivities, dihydro-
cinnamaldehyde did not afford the aldol adduct under these con-
ditions, which may be due to the formation of the corresponding
chlorohydrin.13

To elucidate the reaction mechanism, BINAPO-catalyzed aldol
reactions of the isolated trichlorosilyl enol ethers of cyclohexanone
with benzaldehyde were conducted (Eq. 2). The indirect and direct
methods gave comparable results (indirect method: 63%, syn/
anti = 1/8, 52% ee (anti); direct method: 85%, syn/anti = 1/6, 54%
ee (anti)). Moreover, in situ formation of the trichlorosilyl enol
ether was confirmed by 1H NMR analysis for the reaction of cyclo-
hexanone with tetrachlorosilane, diisopropylethylamine, and
BINAPO in CD3CN.14 Interestingly, the intermediate was not gener-
ated in the absence of BINAPO, indicating that the Lewis base cat-
alyst plays an important role not only in the aldol process, but also
for enolate generation. It is hypothesized that trichlorosilyl enol
ethers generated in situ with the assistance of BINAPO subse-
quently react with the coexisting aldehyde via a six-membered
chair-like transition state to give the corresponding aldol adducts.

ð2Þ



Table 3
Enantioselective direct aldol-type reactions between various aldehydes

R1
H

R2

O OH

R3

R1 R2

OHBINAPO (10 mol%) 
SiCl4 (1.5 equiv)
iPr2NEt (5 equiv)
EtCN, rt

+ R3CHO
NaBH4

MeOH
rt, 30 min

4 2 5

Entry Aldol donor (R1, R2) Aldol acceptor (R3) Time (h) 5 Yielda (%) % eeb (anti)

1 Me, Me (4a) Ph (2a) 0.5 5aa 87 55
2 –(CH2)3– (4b) Ph (2a) 0.5 5ba 80 49
3 Me, Me (4a) 4-MeOC6H4 (2b) 0.5 5ab 99 58
4 Me, Me (4a) 4-BrC6H4 (2c) 0.5 5ac 86 58
5 Me, Me (4a) 1-Naphthyl (2d) 2 5ad 71 51
6 Me, Me (4a) 2-Naphthyl (2e) 2 5ae 94 53
7 Me, Me (4a) PhCH2CH2 (2h) 24 5ah 16 63
8 Me, nPr (4c) Ph (2a) 4 5ca 80c 49d, 45e

a Isolated yields.
b Determined by HPLC analysis.
c dr = 2:1.
d The ee of the major diastereomer.
e The ee of the minor diastereomer.
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As mentioned above, aliphatic aldehydes showed little reactiv-
ity as electrophiles. Therefore, we next envisioned that aliphatic
aldehydes might act as good aldol donors via enolization by tetra-
chlorosilane with an amine base.15 Direct aldol-type reactions be-
tween two different aldehydes are classical C–C bond-forming
reactions in organic synthesis. However, few examples of enantio-
selective direct aldol reactions have been reported between alde-
hydes due to crucial side reactions, including self-aldol reactions,
dehydration, and multiple aldol reactions.16

Thus, we investigated the reaction between benzaldehyde and
isobutyraldehyde in the presence of BINAPO as an organocatalyst.17

The reaction was conducted similar to the case using ketones and
the aldol products were transformed to the corresponding diols by
NaBH4 reduction to facilitate isolation. Table 3 shows the results
for the reactions between various aldehydes. Although stereoselec-
tivities were modest, the reactions proceeded smoothly to afford the
corresponding adduct without any self-condensation in every case.
Finally, the diastereo- and enantioselective reaction of 2-methyl-
pentanal with benzaldehyde afforded the desired aldol adduct,
which possessed an a-quaternary stereogenic center with moderate
stereoselectivity (entry 8).18

In summary, we have demonstrated a new concept for the asym-
metric direct aldol-type reactions between ketones and aldehydes
or between two aldehydes by using a chiral phosphine oxide, BINAP-
O as an organocatalyst. Further investigations, including improving
the enantioselectivity, extending the scope of the reaction, and
applying to natural product synthesis, are currently underway.
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