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A chiral organic salt which consists of a Brønsted acid and a
Brønsted base is one of the most promising catalysts in modern
asymmetric syntheses.1-3 In general, acid-base combined salts
have several advantages over single-molecule catalysts, with regard
to the flexibility in the design of their dynamic complexes. Chiral
ammonium sulfonates4 and ammonium phosphates5 are typical
examples of these organocatalysts with enantioselective properties.
In particular, 2,2′-disubstituted 1,1′-binaphthyl compounds are some
of the most useful chiral organocatalysts.6,7 However, these
compounds often require bulky substituents at the 3,3′-positions to
achieve high enantioselectivity in asymmetric catalyses. In sharp
contrast, chiral 1,1′-binaphthyl-2,2′-disulfonic acid (BINSA, 1)8

should be a promising chiral Brønsted acid catalyst, since both the
Brønsted acidity and bulkiness can be easily controlled by com-
plexation with achiral amines without substitutions at the 3,3′-
position in a binaphthyl skeleton (eq 1).9,10 However, despite this
potential, there have been no reports on the applications of chiral
1 to asymmetric catalyses since the first synthesis of rac-1 in 1928
by Barber and Smiles.8 We report here a practical synthesis of chiral
1 from inexpensive 1,1′-bi(2-naphthol) (BINOL) and efficient
enantioselective catalysis in direct Mannich-type reactions using
1-2,6-diarylpyridine (2) combined salts as tailor-made chiral
Brønsted acid-base organocatalysts in situ.

At the beginning of our research, we examined the preparation
of 1 from (R)-BINOL via the oxidation of dithiol 511,12 (Scheme
1). First, thermolysis in the Newman-Kwart rearrangement of 3

to 4 was dramatically improved by using a microwave technique
at milder temperature (200 °C).11,13 Next, according to the reported

procedures, the oxidation of thiols (RSH) to sulfonic acids (RSO3H)
is usually accompanied by the generation of disulfides (RS-SR)
via intermolecular reactions.14 In particular, dithiol 5 bearing two
SH groups at the 2,2′-positions in a binaphthyl skeleton would be
suitable for the formation of an oxidative S-S bond, intramolecu-
larly.11 Surprisingly, however, after optimization of the reaction
conditions, the unprecedented oxidation of 3 proceeded smoothly
in 82% yield without epimerization under 7 atm of O2/KOH in
HMPA. Before protonation by ion-exchange, a single crystal of
potassium salt of 1 was obtained, which was suitable for X-ray
analysis. Eventually, compound 1 could be prepared in 51% yield
over five steps from (R)-BINOL or in 82% yield in one step from
commercially available 5.15

Encouraged by the successful preparation of 1, we examined
the enantioselective direct Mannich-type reaction7,16 using 1 as a
chiral Brønsted acid catalyst (Table 1). Since the reaction between

N-Cbz-phenylaldimine (6a) and acetylacetone (7a) proceeded
without catalysts in dichloromethane at 0 °C, the slow addition of
7a was the key to preventing the achiral pathway. However, despite
such care, the enantioselectivity of 8a was low (17% ee) when 5
mol % of 1 was used (entry 1). Next, we examined chiral 1-achiral
amine combined salts as chiral Brønsted acid-base catalysts
prepared in situ (eq. 1). Some preliminary results using 1 (5 mol
%)-amines (10 mol %), suggested that pyridines with weak
Brønsted basicity would be better Brønsted bases, while trialkyl-
amines with strong Brønsted basicity were much less active, and
anilines caused side reactions such as the Friedel-Crafts reaction.
Even then, pyridine, 2-phenylpyridine, and 2,6-lutidine also gave
8a in low yield owing to the insolubility of the corresponding salts
(entries 2-4). In sharp contrast, 2,6-di-tert-butylpyridine improved
the enantioselectivity up to 76% ee (entry 5). Moreover, 1 with
2,6-diphenylpyridine (2a), which led to a homogeneous catalyst in
situ, was found to be highly effective, and 8a was obtained in 74%

Scheme 1. Synthesis of BINSA (1)

Table 1. Ammonium Salts of 1 as Tailor-Made Catalystsa

entry 6 amine yield [%] ee [%]

1 6a 81 17
2 6a C5H5N 8 5
3 6a 2-Ph-C5H4N 11 10
4 6a 2,6-Me2-C5H3N 19 0
5 6a 2,6-t-Bu2-C5H3N 32 76
6 6a 2,6-Ph2-C5H3N (2a) 74 92
7 6b 2a 83 85

a Acetylacetone 7a was added at 0 °C over 1 h, and the resultant
mixture was stirred for 30 min.
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yield with 92% ee (entry 6). To our delight, N-Boc-phenylaldimine
(6b), which has been reported as a sole protecting group by Terada
and co-workers using pioneering chiral phosphoric acids,7 was
compatible with our reaction conditions using 1 ·2a2, and the
corresponding adduct 8b was obtained in 83% yield with 85% ee
(entry 7).17

Next, the molar ratio of 2a (0-15 mol %) to 1 (5 mol %) was
optimized for the above direct Mannich-type reaction of 7a with
6a (Table 2). Interestingly, the enantioselectivities of 8a were

dramatically improved when a more than 1:0.75 ratio of 1:2a (i.e.,
1 ·2a0.75) was examined (entries 4-9 vs entries 1-3). We found
that a 1:1.5 to 1:2.5 ratio of 1:2a was effective for achieving both
a high yield and a high enantioselectivity (entries 6-8). Probably,
the wide range of suitable ratio of 1:2a was due to the dynamic
structure of the catalysts (eq 1).18

Fortunately, 8a was obtained in 91% yield with 90% ee with
the use of 1 mol % of 1 ·2a2 in the presence of 1.7 equiv of MgSO4,
which would prevent the decomposition of 6a (1.5 equiv) due to
adventitious moisture (Table 3, entry 1). Under these optimized

conditions, N-Boc-Mannich product 8b was obtained in 99% yield
with 84% ee (entry 2). From 7a and a variety of N-Cbz-
arylaldimines bearing electron-donating or electron-withdrawing
groups in the aryl or heteroaryl moiety, the corresponding adducts
(8c-j) were obtained in excellent yields (92 to >99%) and with
high enantioselectivities (89-98% ee) (entries 3-8). When other
diketones such as 3,5-heptanedione (7b) and 1,3-diphenylpropane-
1,3-dione (7c) were reacted with 6a, 8i and 8j were obtained with
95% ee and 84% ee, respectively (entries 9 and 10). The absolute
stereochemistry of the products 8a and 8b was determined by
following Terada’s procedure which includes the Baeyer-Villiger
oxidation (see the Supporting Information).7a However, unexpected
tertiary alcohols 919 were obtained exclusively instead of the
Baeyer-Villiger products when Mannich adducts 8 were oxidized

under the same reaction conditions as Terada reported. In particular,
compound 9f was determined by X-ray analysis (Scheme 2).

Moreover, cyclic 1,3-diketone 7d could also be used, and the
corresponding adduct 8k with a quaternary carbon center was
obtained in 98% yield with a syn/anti diastereomer ratio of 83/17
and high enantioselectivity (91% ee and 96% ee, respectively) (eq
2).17

A suitable chiral ammonium salt was easily tailor-made for a
ketoester equivalent such as 3-acetoacetyl-2-oxazolidinone (10)
(Scheme 3). The chiral ammonium salt 1 ·2a2, which was optimized

for the reaction of diketones 7 with 6, was not effective, and the
desired product 11 was obtained in 86% yield with low diastereo-
and enantioselectivities. In contrast, the enantioselectivity of 11
increased to 93% ee when 2,6-dimesitylpyridine (2b) was used in
place of 2a.17 In this way, tailor-made salts 1 ·22 made it possible
to avoid preparing single-molecule catalysts in advance and offered
a quick solution to this type of optimization problem. Compound
11 was easily transformed to �-amino carbonyl compound 12 via
deprotection of the oxazolidinone moiety without a loss of
enantioselectivity (eq 3).

In summary, we have developed a practical asymmetric synthesis
of optically pure 1 from BINOL for the first time. BINSA 1 was
found to be a highly effective chiral Brønsted acid that could be

Table 2. Effect of the Ratio of 1:2a

entry 1 · 2an yield [%] ee [%] entry 1 · 2an yield [%] ee [%]

1 1 81 17 6 1 ·2a1.5 84 90
2 1 ·2a0.25 82 17 7 1 ·2a2 74 92
3 1 ·2a0.5 83 34 8 1 ·2a2.5 76 95
4 1 ·2a0.75 81 79 9 1 ·2a3 68 86
5 1 ·2a 82 84

Table 3. Catalytic Enantioselective Direct Mannich-Type Reaction

entry 6 (R, Ar) 7 (R′) 8 yield [%] ee [%]

1 6a (Cbz, Ph) 7a (Me) 8a 91 90 (R)
2 6b (Boc, Ph) 7a (Me) 8b 99 84 (R)
3 6c (Cbz, o-MeC6H4) 7a (Me) 8c 99 96
4 6d (Cbz, m-MeC6H4) 7a (Me) 8d 99 89
5 6e (Cbz, p-MeOC6H4) 7a (Me) 8e 95 96
6 6f (Cbz, p-BrC6H4) 7a (Me) 8f 92 98 (R)
7 6g (Cbz, 1-Naph) 7a (Me) 8g 99 96
8 6h (Cbz, 3-Thionyl) 7a (Me) 8h 98 98
9 6a (Cbz, Ph) 7b (Et) 8i 95 95
10 6a (Cbz, Ph) 7c (Ph) 8j >99 84

Scheme 2. Unexpected Oxidation of 8f and X-ray Analysis of 9f

Scheme 3. Enantio- and Diastereoselective Direct Mannich-Type
Reaction between 6a and 1,3-Ketoamide (10)
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combined with an achiral Brønsted base.17,20 The combination of
the achiral bulky 2,6-biarylpyridine (2) with the simple disulfonic
acid (1) circumvented the trouble of having to build bulky
substituents at the 3,3′-position as is normally required in the
analogous binaphthyl phosphoric acid catalysts. In the presence of
1 mol % of 1 and 2 mol % of 2, highly enantioselective direct
Mannich-type reactions of a variety of 1,3-diketones and a 1,3-
ketoester equivalent with arylaldimines proceeded smoothly with
high enantioselectivities. We believe that BINSA should be a
powerful chiral auxiliary like BINOL, BINAP (2,2′-bis(diphe-
nylphosphino)-1,1′-binaphthalene), BINAM (2,2′-diamino-1,1′-bi-
naphthalene), etc., and could trigger a new frontier in acid-base
chemistry in asymmetric catalyses.
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