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Enantioselective Double Aldol Reaction Catalyzed by Chiral Phosphine
Oxide
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Sequential reactions have gained importance in recent
years because they provide attractive approaches to the syn-
thesis of molecules with complex architectures in a single
operational step.! One of the current challenges in organic
chemistry is to develop tandem reactions (domino or cas-
cade reactions) that provide complex molecules from readily
available starting compounds. Among the tandem reactions
identified, a few sequential aldol reaction strategies have
been demonstrated using boron,” silicon,” or metal re-
agents.” Over the past decade, direct aldol reactions have
attracted attention with the goal of improving the atom
economy.”® The development of sequential enantioselective
direct aldol reactions would improve the preparation of
complex structures in the field of organic synthesis. Howev-
er, no reports have described the use of sequential enantio-
selective aldol reactions.

We recently found that the combination of silicon tetra-
chloride and a phosphine oxide enables an aldol transforma-
tion through an enolization-aldol reaction process in situ
and developed an enantioselective direct aldol reaction of
cyclic ketones, catalyzed by a chiral phosphine oxide
(Scheme 1)."¥ The acyclic ketone acetophenone was ap-
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Scheme 1. Direct aldol and double aldol reactions using silicon tetrachlor-
ide and phosphine oxide.

[a] Y. Shimoda, Prof. Dr. M. Sugiura, Prof. Dr. M. Nakajima

Graduate School of Pharmaceutical Sciences

Kumamoto University, 5-1 Oe-honmachi

Kumamoto 862-0973 (Japan)

Fax: (+81)96-362-7692

E-mail: nakajima@gpo.kumamoto-u.ac.jp

Prof. Dr. S. Kotani

Priority Organization for Innovation and Excellence

Kumamoto University, 5-1 Oe-honmachi

Kumamoto 862-0973 (Japan)

Fax: (+81)96-371-4394

E-mail: skotani@gpo.kumamoto-u.ac.jp

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201100917.

[b

—

7992 ——— SWILEY i

ONLINE LIBRARY

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

plied to this system, providing a unique double aldol adduct
in good yield with good diastereo- and enantioselectivity.
This approach constitutes the first enantioselective double
aldol reaction using silicon tetrachloride and a chiral phos-
phine oxide as a Lewis base organocatalyst.’)

Our synthetic study began with the asymmetric double
aldol reaction of acetophenone (1a) and benzaldehyde (2a)
using chiral phosphine oxide, (S)-BINAPO (Scheme 2), at
—40°C in dichloromethane (Table 1, entry 1). The reaction
was complete within 24 h and gave the corresponding prod-
uct 3a in 90% yield as a diastereomeric mixture (chiro/
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Scheme 2. Chiral Lewis base catalysts used in this study.

Table 1. Optimization for the double aldol reaction of 1a and 2a.l*!

PhCHO (2a)
(S)-BINAPO (10 mol %) O OH O OH
o SiCly (4 equiv)
Amine (5 equiv) Ph)J\ﬁ\ Ph Ph)ij'\Ph
B +
Ph Solvent,—40°C,24h  HO" “Ph HO” “Bh
1a chiro-3a meso-3a
Entry  Solvent!™ Amine Yield  d.rt ee [%]
[%]L (chiro)
11 CH,Cl, iPr,NEt 90 81:19 60
2 EtCN iPr,NEt 12 73:27 70
3 EtCN/CH,(Cl, iPr,NEt 82 77:23 62
4 EtCN/CH,Cl, pempidine 72 77:23 64
5 EtCN/CH,Cl, cHex,NMe 95 79:21 61
ol EtCN/CH,Cl,  cHex;NMe 86 7822 70

[a] Unless otherwise noted, reactions were carried out by addition of sili-
con tetrachloride (1.0 mmol) to a solution of ketone 1a (0.25 mmol), al-
dehyde 2a (0.55 mmol), an amine (1.25 mmol), and (S)-BINAPO (10
mol %) in solvent (2.5 mL) at —40°C. [b] EtCN/CH,Cl,=1:1. [c] Yield of
the diastereomers. [d] Determined by 'HNMR spectroscopy (chiro/
meso). [e] Determined by HPLC analysis. [f] For 8 h. [g] At —60°C.
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meso=281:19)." The chiro product (chiro-3a) was obtained
with 60 % ee.'!l' A variety of solvents was tested to improve
the catalytic activity and selectivity. Relatively high enantio-
selectivity was observed in propionitrile, although the reac-
tivity was even higher in dichloromethane.”? The use of
EtCN/CH,CI, (1:1) as a mixed solvent slightly increased the
enantioselectivity without loss of the reactivity (Table 1,
entry 3).

We next studied the effect of amines on the reaction of
1a with 2a, catalyzed by (S5)-BINAPO in EtCN/CH,Cl,
(1:1). Sterically congested aliphatic amines gave good results
(Table 1, entries 4 and 5)."*! In particular, dicyclohexylme-
thylamine allowed the reaction to proceed smoothly, afford-
ing the product in good yield and selectivity (Table 1,
entry 5). Moreover, lowering the reaction temperature to
—60°C improved the enantioselectivity, yielding the product
3a with 70 % ee (Table 1, entry 6).

Next, we tested various chiral Lewis bases in the double
aldol reaction of 1a and 2a at —60°C (Scheme 2). (S)-tol-
BINAPO gave a chemical yield and selectivity similar to
those obtained with (§)-BINAPO (Table 2, entries 1 and 2).

Table 2. Screening of Lewis base catalysts.*!

Entry Lewis base Yield d.rl ee [%]
[%]®! (chiro)!

1 (S)-BINAPO 86 78:22 70

2 (S)-tol-BINAPO 88 76:24 70

3 (S)-SEGPHOSO 93 79:21 63

4 (R,R)-DIOPO 68 68:32 36

5 (R)-BONO 21 69:31 —29

[a]All the reactions were carried out by addition of silicon tetrachloride
(1.0mmol) to a solution of ketone la (0.25mmol), aldehyde 2a
(0.55 mmol), cHex,NMe (1.25mmol), and a Lewis base catalyst
(10 mol %) in EtCN/CH,CI, (1:1, 2.5 mL) at —60°C. [b] Yield of the dia-
stereomers. [c] Determined by 'HNMR spectroscopy (chiro/meso).
[d] Determined by HPLC analysis.

(S)-SEGPHOS dioxide (SEGPHOSO) showed good reactiv-
ity but the selectivity decreased slightly (Table 2, entry 3).
Lewis bases with electron-donating groups tended to in-
crease the rate of the catalytic cycle. (R,R)-DIOP dioxide
(DIOPO) decreased both the chemical and optical yields
(Table 2, entry 4). The efficiency of another Lewis base cata-
lyst, bipyridine N,N'-dioxide,""! was tested in the context of
the reaction. However, the catalytic activity was quite low in
comparison with the activities of the phosphine oxides
(Table 2, entry 5).

With the optimal conditions and an organocatalyst in
hand, we explored the scope of the double aldol reaction of
various types of ketones 1 with benzaldehyde (2a) (Table 3).
p-Bromoacetophenone (1b), a ketone with an electron-with-
drawing group, was less reactive and gave the corresponding
adduct in 78% yield after 48 h (Table 3, entry 2).*! On the
other hand, p- or o-methoxyacetophenone (1¢ and 1d, re-
spectively), which contained an electron-donating group,
yielded the corresponding adducts in good chemical yields,
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Table 3. Enantioselective double aldol reaction of various ketones 1 with
2all

(S)-BINAPO (10 mol %) O OH
fo) SiCly (4 equiv) R
)j\ cHexaNMe (5 equiv) R Ph
R + PhCHO _————
EtCN/CH,Cl, HO” ~Ph
1 2a —60°C chiro-3
Entry Ketonel R Product3 Yield dr!d ee[%]
[%]®! (chiro)!
1 1a Ph 3a 86 78:22 70
20l 1b 4-BrC4H, 3b 78 7723 75
3 1c 4-MeOCH, 3¢ 88 85:15 70
4 1d 2-MeOCH, 3d 82 90:10 56
5 le 2-Naphthyl ~ 3e 88 7822 72
6l 1f PhCH=CH 3f 87 83:17 74
7 1g 2-Thienyl 3g 95 91:9 84
8 1h 2-Furyl 3h 88 86:14 91
9ltl 1i Cyclopropyl  3i 77 982 93

[a] Unless otherwise noted, reactions were carried out by addition of sili-
con tetrachloride (1.0 mmol) to a solution of ketone 1 (0.25 mmol), alde-
hyde 2a (0.55mmol), cHex,NMe (1.25mmol), and (S)-BINAPO
(10 mol %) in EtCN/CH,CI, (1:1, 5 mL) at —60°C. [b] Yield of the diaste-
reomers. [c] Determined by "H NMR spectroscopy (chiro/meso). [d] De-
termined by HPLC analysis. [e] For 48 h. [f] In CH,Cl, instead of EtCN/
CH,Cl,.

but the enantioselectivities decreased slightly (Table 3, en-
tries 3 and 4). The steric effects of the ortho substituent on
the benzene ring on 1d particularly affected the enantiose-
lectivity. Ketone 1e afforded a product with a similar reac-
tivity and selectivity to those observed in acetophenone (1a)
(Table 3, entry 5). Although benzalacetone (1f), a conjugate
ketone, was less reactive compared to aromatic ketones, the
use of dichloromethane improved the reactivity and gave
the corresponding product in 87 % yield (Table 3, entry 6).
Ketones 1g and 1h, which contained heteroaromatic rings,
showed good diastereo- and enantioselectivities (Table 3, en-
tries 7 and 8). The reaction of 2-acetylfuran (1h), in particu-
lar, yielded a high enantioselectivity (91 % ee, entry 8). Cy-
clopropyl ketone 1i was less reactive but afforded high dia-
stereo- and enantioselectivities using CH,Cl, as the solvent
(Table 3, entry 9).

The double aldol reactions of various aldehydes 2 with ke-
tones 1h and 1i were investigated (Table 4). The reaction of
the para-substituted aldehydes 2b and 2c¢ with ketone 1h
produced similar yields and selectivities to those with 2a, al-
though the substituents affected the reactivity of the alde-
hyde (Table 4, entries 2 and 3). Other aromatic aldehydes
also gave the corresponding products in high yields and se-
lectivities (Table 4, entries 4 and 5). Aldehyde 2e, in particu-
lar, provided excellent enantioselectivity (97 % ee, Table 4,
entry 5). Cyclopropyl ketone 1i provided the double aldol
product in high yield with high diastereo- and enantioselec-
tivities (Table 4, entries 6-12). The reaction of cinnamalde-
hyde (2f) gave a lower yield than the reactions of the aro-
matic aldehydes, although good stereoselectivity was ob-
served (Table 4, entry 7). Aromatic aldehydes gave the cor-
responding double aldol adducts in good yields with high di-
astereo- and enantioselectivities (Table 4, entries 8-12).
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Table 4. Scope of aldehyde 2 in the double aldol reaction.

(8)-BINAPO (10 mol %) O OH
lo) SiCly (4 equiv) , 5
J\ cHexaNMe (5 equiv) R R
R! +  RXCHO )
E{CN/CH,Cl, or CH,Cl,  HO” R
—60°C chiro-3

1hor 1i 2

1h:Rl=2fury  2a:R*=Ph

1i: R'=cyclopropyl  2b: R?=4-Me-CeHy
2¢: R?=4-Br-CgHy
2d: R%=2-naphthyl
2e: R2=2-furyl
2f: R?=PhCH=CH
2g: R?=4-MeO-CgH,

Entry Ketone  Aldehyde Product Yield drld  ee[%]
1" 2 3 (%] (chiro)!
1 1h 2a 3h 88 86:14 91
2 1h 2b 3j 90 86:14 90
3 1h 2¢ 3k 75 83:17 88
4 1h 2d 31 84 87:13 85
5 1h 2e 3m 80 92:8 97
6 1i 2a 3i 77 98:2 93
7 1i 2f 3n 61 80:20 85
8 1i 2g 30 76 88:12 88
9 1i 2b 3p 90 97:3 91
10 1i 2¢ 3q 93 97:3 90
11 1i 2d 3r 96 96:4 87
12 1i 2e 3s 77 95:5 88

[a] All the reactions were carried out by addition of silicon tetrachloride
(1.0 mmol) to a solution of ketone 1 (0.25 mmol), an aldehyde 2
(0.55 mmol), cHex,NMe (1.25 mmol), and (S)-BINAPO (10 mol%) at
—60°C. [b] The reaction of 1h was conducted in EtCN/CH,Cl, (1:1,
5SmL), whereas the reaction of 1i was conducted in CH,Cl, (5mL).
[c] Yield of the combined isolated diastereomers. [d] Determined by
"H NMR spectroscopy (chiro/meso). [e] Determined by HPLC analysis.

As we have reported previously,” the use of a phosphine
oxide is essential to promoting the enantioselective aldol re-
action. In this process, a phosphine oxide catalyzed both the
generation of the trichlorosilyl enol ether and the subse-
quent enantioselective aldol reaction. Further aldolization
of the silylated aldol adduct would have provided the
double aldol product, however, the effect of the phosphine
oxide in the second aldol reaction was unclear. To confirm
this point, the following control experiments were per-
formed (Scheme 3, reactions (1)—(4)). First, the aldol reac-
tion of the racemic aldol adduct 4a in the absence of
BINAPO yielded no products, only the starting material 4a
was recovered (Scheme 3, reaction (1)). This result suggest-
ed that a phosphine oxide was also necessary for the second
aldol transformation. Second, the aldol reaction of the (R)-
or (S)-aldol adduct 4al'® in the presence of (S)-BINAPO af-
forded the double aldol product 3a in good yield (Scheme 3,
reactions (2) and (3)). Interestingly, despite the use of (S)-
BINAPO in both cases, the absolute configuration of the
starting material 4a was reflected in the configuration of the
product 3a. These results suggested that the enantioselectiv-
ity of the double aldol reaction was determined in the first
aldol process, and that the second aldol process was con-
trolled diastereoselectively by the chirality of the first aldol
product, although small matched/mismatched effects were
observed. Third, the reaction of (R)-4a with racemic
BINAPO produced (R,R)-3a with the same enantioselectivi-
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Scheme 3. Control experiments (reactions (1)-(4)). brsm=based on re-
covered starting material.

ty as was produced in the presence of (S)-BINAPO
(Scheme 3, reaction (4)). Therefore phosphine oxide was re-
quired for the second aldol reaction but the chirality of the
catalyst did not influence the stereoselectivity of the second
aldol reaction.

On the basis of these results, we propose a mechanism for
the double aldol reaction, as shown in Scheme 4. Initially,
the first enantioselective aldol reaction was controlled by
the chiral phosphine oxide to give the optically active tri-

BINAPO
o (S)}BINAPO
SiCl, cHex,NMe Q OSICh hex,NMe
R +R*CHO ———————— Rt R?
1 2 5

| catalyst controlled process |

Cl, O OSiCl, O OH
i 2,
oS __RCHO R R ”
™

R' R? CLSIO" ~R? HO" R?

Cyclic enol ether 8 chiro-3a

| substrate controlled process |

Scheme 4. Proposed reaction mechanism for the double aldol reaction.

chlorosilyl ether 5. Subsequently, intramolecular enolization
of 5 occurred under activation by the phosphine oxide to
provide the chiral cyclic enol ether 6. The enol ether 6 react-
ed diastereoselectively with another aldehyde to give the
chiro product 3 with an enantiomeric excess that reflected
that of the mono-aldol adduct 5.

In conclusion, we have demonstrated, for the first time,
an enantioselective double aldol reaction using silicon tetra-
chloride with a phosphine oxide as an organocatalyst. The

Chem. Eur. J. 2011, 17,7992 -7995
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cyclic enolization of the first aldol product enabled the sub-
sequent aldol reaction to proceed with good yields and ste-
reoselectivities. Several control experiments suggested that
the enantio-determining step may have been the first aldol
reaction and that the second step proceeded by the diaste-
reoselective enolization of the mono-aldol adduct. Further
investigations to improve the diastereo- and enantioselectiv-
ities and to evaluate the detailed mechanism are currently
in progress.

Experimental Section

Representative procedure: Silicon tetrachloride (0.11 mL, 1.0 mmol,
4.0 equiv) was added to a solution of aldehyde 2a (0.056 mL, 0.55 mmol,
2.2 equiv), ketone 1a (0.027 mL, 0.25 mmol, 1.0 equiv), dicyclohexylme-
thylamine (0.27 mL, 1.25 mmol, 5.0 equiv), and (S)-BINAPO (16.4 mg,
0.025 mmol, 10 mol %) in CH,Cl, (1.25 mL) and propionitrile (1.25 mL)
at —60°C. After being stirred for 24 h, the reaction was quenched with
sat. NaHCO; (3 mL) and then the slurry was stirred for 0.5 h. The two-
layer mixture was filtered through a celite pad and the aqueous layer was
extracted with EtOAc (40 mL). The combined organic layers were
washed with 10% HCI (20 mL), sat. NaHCO; (20 mL), and brine
(20 mL) then dried over Na,SO,. After filtration and concentration, the
obtained crude product was purified by column chromatography
(hexane/EtOAc=4:1, SiO, 10 g) to give meso-3a (15.7 mg) and chiro-3a
(55.8 mg) (total yield: 86 %, d.r.=78:22). The enantiomeric excess was
determined to be 70% ee (chiro) by HPLC analysis with Daicel Chiral-
pak AD-H column (eluent: 9:1 hex/IPA; flow rate: 1.0 mLmin"'; detec-
tion: 254 nm; R;: 17.0 min for (S,S)-isomer, 22.3 for (R,R)-isomer).
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