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Introduction

The direct catalytic asymmetric aldol reaction is one of the
most useful carbon–carbon bond-forming reactions and pro-
vides optically enriched b-hydroxy carbonyl compounds. As
the preparation of activated enolate-type species such as
ketene silyl acetals is not necessary, the direct aldol reaction
is considered to be environmentally benign and atom effi-
cient. In recent years, there has been much effort toward the
development of efficient asymmetric methodology with
chiral metal catalysts, and several successful examples of
such transformations have been reported.[1,2] More recently,
with the increasing environmental consciousness, a wide va-
riety of organocatalytic processes have been explored in-
tensely[3] in which the direct asymmetric aldol reaction cata-
lyzed by small chiral organic molecules such as proline has
also been developed.[4]

Although the first example of such an organocatalytic
direct asymmetric aldol reaction, which was the intramolec-
ular cyclization catalyzed by proline, was reported in the
early 1970s,[5] the proline-catalyzed intermolecular aldol re-
action of ketones with aldehydes was realized by List,

Lerner, and Barbas about 30 years later.[4a] Since these pio-
neering works, a number of proline derivatives have been
designed, and their efficiency has been demonstrated in
direct asymmetric aldol reactions.[6–8] Most of these catalysts
have a highly nucleophilic pyrrolidine ring as a general key
structure to allow high reactivity and selectivity. Indeed, 2-
azetidinecarboxylic acid and pipecolic acid, which are pro-
line analogues with a four- and a six-membered ring, respec-
tively, were found to be much less effective catalysts for the
direct asymmetric aldol reaction.[4d] Besides these observa-
tions, the design of structurally new proline catalysts has se-
rious limitations owing to the difficulty in the modification
of the pyrrolidine ring. Although significant progress has
been made in organocatalytic direct asymmetric aldol reac-
tions with the derivatization of carboxylic acid moiety of the
parent proline, there is still a need for structurally and elec-
tronically novel catalysts to expand the scope of this meth-
odology further. In this context, we were interested in the
possibility of designing a certain artificial amino acid cata-
lyst (S)-1, which has a rigid,
chemically stable, and readily
derivatizable binaphthyl back-
bone.[9] Herein we report the
synthesis of the novel binaph-
ACHTUNGTRENNUNGthyl-based amino acid catalyst
(S)-1 and its successful applica-
tion to the direct asymmetric
aldol reaction.
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Results and Discussion

Preparation of Binaphthyl-Based Amino Acid (S)-1

The requisite binaphthyl-based amino acid (S)-1 was pre-
pared in a seven-step sequence from dineopentyl 1,1’-bi-
naphthyl-2,2’-dicarboxylate ((S)-2) as shown in Scheme 1.

Bromination of the neopentyl ester (S)-2 was achieved by
ortho magnesiation with magnesium bis(2,2,6,6-tetramethyl-
piperamide) [Mg ACHTUNGTRENNUNG(tmp)2] and subsequent trapping with bro-
mine.[10] Reduction of the resulting mixture of di- and mono-
brominated esters (S)-3 with LiAlH4 gave the corresponding
diol (S)-4 (42% yield over two steps) after chromatographic
separation. Treatment of (S)-4 with BBr3 afforded tribromo
compound (S)-5 in 86% yield which was converted with al-
lylamine into the cyclic amine (S)-6 in 89% yield. Carbox-
ACHTUNGTRENNUNGylation of (S)-6 with CO and PdACHTUNGTRENNUNG(OAc)2 catalyst gave the
methyl ester (S)-7 in 67% yield with the recovery of 12%
of (S)-6. Finally, Pd ACHTUNGTRENNUNG(OAc)2-catalyzed deallylation of (S)-7,
followed by hydrolysis of the resulting methyl ester (S)-8

under basic conditions provided the binaphthyl-based amino
acid (S)-1 (90% yield over two steps), which was purified by
using an ion-exchange resin.

Direct Asymmetric Aldol Reaction of Acetone and
4-Nitrobenzaldehyde with (S)-1

The efficiency of this new catalyst (S)-1 was evaluated in a
direct asymmetric aldol reaction. Thus, in the presence of bi-
naphthyl-based amino acid (S)-1 (5 mol%), the reaction of
acetone with 4-nitrobenzaldehyde in DMSO at room tem-
perature afforded the aldol adduct 9 in 70% yield with
93% ee (Table 1, entry 1). In contrast, the l-proline-cata-

Abstract in Japanese:

Scheme 1. Synthesis of (S)-1. Conditions: a) [Mg ACHTUNGTRENNUNG(tmp)2], THF; Br2;
b) LiAlH4, THF, 42% over two steps; c) BBr3, CH2Cl2, 86%; d) allyl-
ACHTUNGTRENNUNGamine, CH3CN, 89%; e) Pd ACHTUNGTRENNUNG(OAc)2 (5 mol%), dppp, iPr2NEt, CO,
DMSO, MeOH, 67% (+ 12% (S)-6); f) Pd ACHTUNGTRENNUNG(OAc)2, PPh3, N,N-dimethyl-
barbituric acid, CH2Cl2; g) NaOH (1m), MeOH/THF, 90% over two
steps. tmp=2,2,6,6-tetramethylpiperidine, dppp=1,3-bis(diphenylphos-
phino)propane, DMSO=dimethyl sulfoxide.

Table 1. Direct asymmetric aldol reaction of acetone and 4-nitrobenzal-
dehyde with chiral amino acids.[a]

Entry Catalyst Solvent Yield[b] [%] ee[c] [%]

1 (S)-1 DMSO 70 93 (R)
2 l-proline DMSO 18[d] 71 (R)
3 (S)-1 CH3CN 32 95 (R)
4 (S)-1 NMP 78 94 (R)
5 (S)-1 DMF 82 95 (R)

[a] The reaction was carried out at room temperature for 24 h with
27 equivalents of acetone relative to 4-nitrobenzaldehyde in the presence
of the catalyst (5 mol%). [b] Yield of product isolated by column chro-
matography. [c] The ee value of the product was determined by HPLC
analysis with a chiral column (Chiralpak AS-H, Daicel Chemical Indus-
tries, Ltd.). The absolute configuration of 9 was determined by compari-
son of the HPLC retention time with the literature value.[6i] [d] Bicyclic
1,3-oxazolidine 10 was isolated in 48% yield (based on proline) as a by-
product. NMP=1-methyl-2-pyrrolidone; DMF=N,N-dimethylform-
ACHTUNGTRENNUNGamide.
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lyzed reaction under the same conditions gave the aldol
product 9 in low yield with moderate enantioselectivity ac-
companied by 1,3-oxazolidine 10 (48% yield based on pro-
line), which was derived from proline and 2 equivalents of
4-nitrobenzaldehyde (Table 1, entry 2). It should be noted
that the formation of such a by-product was not observed in
the case of binaphthyl-based amino acid (S)-1 owing to its
structural stability. We also examined the solvent effect in
this direct asymmetric aldol reaction. Switching the solvent
from DMSO to acetonitrile gave 9 in poor yield with slightly
higher enantioselectivity (Table 1, entry 3). The use of
amide solvents such as NMP and DMF was found to give
the products in improved yields with high enantioselectivi-
ties (Table 1, entries 4 and 5).

Scope and Limitation

With the optimal reaction conditions in hand, the direct
asymmetric aldol reaction of acetone with several other aro-
matic and olefinic aldehydes was executed (Table 2). Olefin-

ic and heteroaromatic aldehydes as well as electron-defi-
cient aromatic aldehydes were found to be suitable sub-
strates (Table 2, entries 1–5 and 8–10). In general, the direct
aldol reactions gave the corresponding aldol adducts in
moderate to good yields. Furthermore, excellent levels of
enantioselectivity (>95% ee) were observed in most cases.
In contrast, the reaction with simple aromatic aldehydes
such as benzaldehyde and b-naphthaldehyde gave the aldol

adducts in low yields, albeit with excellent enantioselectivi-
ties (Table 2, entries 6 and 7).

On the strength of these initial results, we next investigat-
ed the use of other ketones instead of acetone. Thus, cyclo-
hexanone was treated with 4-nitrobenzaldehyde in the pres-
ence of (S)-1 (5 mol%) in DMF at room temperature to
give the aldol adduct 11 in 57% yield with excellent diaste-
reoselectivity (anti/syn=93:7) and good enantioselectivity
(86% ee for the major anti isomer) (Table 3, entry 1). In the

reaction of cyclohexanone, DMSO was found to serve as an
effective solvent; indeed, both the yield and stereoselectivi-
ties were superior to those observed in DMF (Table 3,
entry 2). Moreover, the use of higher catalyst loading
(10 mol%) led to an improved yield and enantioselectivity
(98% yield, anti/syn=95:5, 98% ee for the major anti
isomer) (Table 3, entry 3). This is in sharp contrast to the re-
sults obtained with proline catalyst (20 mol%) under the
same conditions (65% yield, anti/syn=63:37, 89% ee for the
major anti isomer).[4d]

Table 4 shows the results of the direct asymmetric aldol
reaction of cyclohexanone with various aldehydes under
conditions similar to those outlined above. In the case of
electron-deficient aromatic aldehydes and an olefinic alde-
hyde, the reactions proceeded smoothly to give the corre-
sponding aldol adducts in good to excellent yields (Table 4,
entries 2–11, 13, and 14), whereas benzaldehyde or b-naph-
thaldehyde led to products in moderate yields (Table 4, en-
tries 1 and 12). Notably, all the aldehydes employed in this
study underwent the direct aldol reaction with high levels of
diastereoselectivity (anti/syn>88:12) and excellent enantio-
selectivity (>95% ee).

Selected results of the direct asymmetric aldol reaction of
other cyclic ketones with 4-nitrobenzaldehyde are summar-
ized in Table 5. When the six-membered cyclic ketones tet-
rahydrothiopyran-4-one and tetrahydropyran-4-one were
employed instead of cyclohexanone, satisfactory yields and

Table 2. Direct asymmetric aldol reaction of acetone and various alde-
hydes with (S)-1.[a]

Entry Aldehyde Yield[b] [%] ee[c] [%]

1 R1=NO2 82 95 (R)
2 R1=CN 80 95 (R)
3 R1=Ac 61 95

4 R2=Cl 91 95 (R)
5 R2=OTf 81 94
6 R2=H 22 96 (R)

7[d] 35 96 (R)

8 76 95

9 73 90

10 81 96

[a] The reaction in DMF was carried out at room temperature for 24 h
with 27 equivalents of acetone relative to the aldehyde in the presence of
catalyst (S)-1 (5 mol%). [b] Yield of product isolated by column chroma-
tography. [c] The ee value of the product was determined by HPLC anal-
ysis with a chiral column (Chiralpak AS-H, AD-H or Chiralcel OD-H,
Daicel Chemical Industries, Ltd.). The absolute configuration was deter-
mined by comparison of the HPLC retention time with literature data.[6i]

[d] Excess acetone (108 equivalents) was used. Tf= trifluoromethanesul-
fonyl.

Table 3. Direct asymmetric aldol reaction of cyclohexanone and 4-nitro-
benzaldehyde with (S)-1.[a]

Entry Solvent Yield[b] [%]
ACHTUNGTRENNUNG(anti/syn)[c]

ee[d] [%]
ACHTUNGTRENNUNG(anti)

ee[d] [%]
ACHTUNGTRENNUNG(syn)

1 DMF 57 (93:7) 86 (2S,1’R) 37
2 DMSO 94 (96:4) 94 (2S,1’R) 7
3[e] DMSO 98 (95:5) 98 (2S,1’R) 5

[a] The reaction was carried out at room temperature for 24 h with
10 equivalents of cyclohexanone relative to 4-nitrobenzaldehyde in the
presence of (S)-1 (5 mol%). [b] Yield of product isolated by column
chromatography. [c] The diastereomeric ratio was determined by
1H NMR spectroscopy. [d] The ee value of the product was determined
by HPLC analysis with a chiral column (Chiralpak AD, Daicel Chemical
Industries, Ltd.). The absolute configuration of the major anti isomer was
determined by comparison of the HPLC retention time with literature
data.[6j] [e] (S)-1: 10 mol%.
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stereoselectivities were attained (Table 5, entries 2 and 3).
Notably, desulfurization of the aldol adduct derived from
tetrahydrothiopyran-4-one was reported to give products
equivalent to those that would be obtained from 3-penta-
none.[11] In contrast to six-membered cyclic ketones, the use
of cyclopentanone gave a disappointing result in terms of
both anti/syn ratio and their enantioselectivity (Table 5,
entry 4).

Finally, we investigated the use of a series of acyclic un-
symmetrical ketones in the direct asymmetric aldol reaction
catalyzed by binaphthyl-based amino acid (S)-1 (Table 6).

The reaction of 2-butanone with 4-nitrobenzaldehyde af-
forded the anti aldol adduct with a branched carbon chain
as a major regioisomer and diastereomer, with virtually
complete enantioselectivity (Table 6, entry 1). Interestingly,
the use of proline as catalyst for this reaction exclusively
gave the aldol adduct with a linear carbon chain.[4d] As the
alkyl group R of the unsymmetrical ketones became larger,
the linear aldol adduct became more dominant (Table 6, en-
tries 2 and 3); thus the reaction of 4-methylpentan-2-one
gave the linear adduct as the only product (Table 6, entry 4).

Reaction Mechanism

To understand the reactivity difference between proline and
binaphthyl-based amino acid (S)-1, a kinetic study with ace-
tone and 4-nitrobenzaldehyde as substrates was carried out
(Figure 1). When 5 mol% of (S)-1 was used as catalyst, the
yield of the aldol product 9 gradually increased with longer
reaction time. In contrast, the reaction with proline catalyst
proceeded more rapidly than that with (S)-1 for the first
30 min and then stopped at low conversion, accompanied by
the formation of a substantial amount of 1,3-oxazolidine 10
as by-product. These observations can be explained by the
consumption of proline under the reaction conditions. As
shown in Scheme 2, proline is known to decompose by de-

Table 4. Direct asymmetric aldol reaction of cyclohexanone and various
aldehydes with (S)-1.[a]

Entry Aldehyde Yield[b] [%]
ACHTUNGTRENNUNG(anti/syn)[c]

ee[d] [%]
ACHTUNGTRENNUNG(anti)

ee[d] [%]
ACHTUNGTRENNUNG(syn)

1[e] R1=H 38 (91:9) 98 16
2 R1=NO2 98 (95:5) 98 5
3 R1=CN 95 (89:11) 97 37
4 R1=CF3 98 (95:5) 99 2
5 R1=OTf 89 (94:6) 98 18
6 R1=Ac 90 (93:7) 98 16

7 R2=NO2 94 (>95:5) 99 83
8 R2=F 99 (>95:5) 99 –
9 R2=OTf 97 (>95:5) 99 23

10 98 (95:5) 96 5

11 95 (>95:5) 95 18

12 47 (88:12) 97 37

13 93 (>95:5) 97 12

14 87 (95:5) 97 30

[a] The reaction was carried out at room temperature for 24–48 h with
10 equivalents of cyclohexanone relative to the aldehyde in the presence
of (S)-1 (10 mol%) in DMSO. [b] Yield of product isolated by column
chromatography. [c] The diastereomeric ratio was determined by
1H NMR spectroscopy. [d] The ee value of the product was determined
by HPLC analysis with a chiral column (Chiralpak AD, AD-H, AS-H or
Chiralcel OD-H, Daicel Chemical Industries, Ltd.). [e] The reaction was
performed for 126 h.

Table 5. Direct asymmetric aldol reaction of cyclic ketones and 4-nitro-
benzaldehyde with (S)-1.[a]

Entry Ketone Yield[b] [%]
ACHTUNGTRENNUNG(anti/syn)[c]

ee[d] [%]
ACHTUNGTRENNUNG(anti)

ee[d] [%]
ACHTUNGTRENNUNG(syn)

1 X=CH2 98 (95:5) 98 (2S, 1’R) 5
2 X=S 80 (89:11) 99 (3S, 1’R) –
3 X=O 92 (96:4) 98 45

4 30 (50:50) 75 55

[a] The reaction was carried out at room temperature for 24–48 h with 5–
10 equivalents of ketone relative to 4-nitrobenzaldehyde in the presence
of 10 mol% of (S)-1 in DMSO. [b] Yield of product isolated by column
chromatography. [c] The diastereomeric ratio was determined by
1H NMR spectroscopy. [d] The ee value of the product was determined
by HPLC analysis with a chiral column (Chiralpak AD, AD-H, or AS-H,
Daicel Chemical Industries, Ltd.). The absolute configuration was deter-
mined by comparison of the HPLC retention time or the sign of the opti-
cal rotation with literature data.[6j, 11]

Table 6. Direct asymmetric aldol reaction of unsymmetrical ketones and
4-nitrobenzaldehyde with (S)-1.[a]

Entry R Yield[b] [%]
(branched[c]/linear)

ee [%]
(branched)[d,e]

ee [%]
(linear)[e]

1 Me 72 (2.6:1) 99 91
2 Pr 57 (1:1.6) 99 87
3 Bn 50 (1:2.0) 99 99
4 iPr 26 (linear only) – 89

[a] The reaction was carried out at room temperature for 48–120 h with
7–11 equivalents of ketone relative to 4-nitrobenzaldehyde in the pres-
ence of (S)-1 (10 mol%) in DMSO. [b] Yield of product isolated by
column chromatography. [c] All diastereomeric ratios of branched prod-
ucts were determined to be>94:6 (anti/syn) by 1H NMR spectroscopy.
[d] The ee value is that of the major anti isomer. [e] The ee value of the
product was determined by HPLC analysis with a chiral column (Chiral-
pak AS-H, AD-H, or Chiralcel OD-H, Daicel Chemical Industries, Ltd.).
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carboxylation of an iminium salt, which is formed in the
presence of an electron-deficient aldehyde, followed by cy-
cloaddition of the resulting azomethine ylide with another
equivalent of aldehyde to give the corresponding 1,3-oxazo-
lidine 10 (Table 1, entry 2).[12] On the other hand, binaph-
ACHTUNGTRENNUNGthyl-based amino acid (S)-1 is chemically stable, and conse-
quently, the reaction promoted by (S)-1 leads to a better
yield despite the slower reaction rate owing to the low nu-
cleophilicity of the benzylic amine moiety in (S)-1 (Table 1,
entry 1).

The absolute stereochemistry of the anti aldol adduct 11,
which was obtained as a major isomer in the reaction of cy-
clohexanone with 4-nitrobenzaldehyde catalyzed by (S)-1,
was determined to be (2S,1’R) by chiral HPLC analysis and
comparison with the literature data[6j] (Table 4, entry 2;
Scheme 3). On the basis of the observed stereochemistry, a
plausible transition state is proposed in which the Re face of
an aldehyde approaches the Re face of the anti enamine 13.
Hence, the reaction of an aldehyde with acetone in the pres-
ence of (S)-1 presumably proceeds by way of anti enamine
structure 14, similar to the anti enamine 15 transition state
in the proline-catalyzed reaction.[4a,o]

Conclusions

We have designed and synthesized a novel and robust bi-
naphthyl-based axially chiral amino acid, which was utilized

as a catalyst in the direct asymmetric aldol reaction of ke-
tones with aldehydes. Several reactions with this amino acid
catalyst are more efficient than the proline-catalyzed reac-
tions in terms of yield and enantioselectivity and hence rep-
resent a rare example of the highly enantioselective direct
aldol reaction with a non-proline-derived artificial organoca-
talyst. Thus, our axially chiral amino acid offers the possibil-
ity of a new catalyst design for the various asymmetric reac-
tions catalyzed by proline and its derivatives.
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