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ABSTRACT

A new Brønsted acid-assisted chiral Brønsted (chiral BBA) acid catalyst (1) was developed by substituting a hydroxy group of optically active
1,1′-bi(2-naphthol) with a stronger Brønsted acidic group such as a bis(trifluoromethanesulfonyl)methyl group. The enantioselective Mannich-
type reaction of ketene silyl acetals with aldimines catalyzed by ( R)-1 in the presence of stoichiometric achiral proton sources gave ( S)-â-
amino esters in high yield with moderate to good enantiomeric excesses.

The development of chiral catalysts for the Mannich-type
reaction of ketene silyl acetals with aldimines has attracted
the attention of synthetic organic chemists.1 As a pioneering
work in this field, we have previously reported Brønsted acid-
assisted chiral Lewis acid (chiral BLA), which is prepared
from a 1:2 molar mixture of B(OMe)3 and optically active
binaphthol as a chiral activator.2 Recently, Akiyama et al.
reported a Mannich-type reaction of silyl enolates with

aldimines catalyzed by strong achiral Brønsted acids such
as HBF4 in aqueous media3 and its enantioselective version
for ketene silyl acetals withN-2-hydroxyphenylaldimines
catalyzed by chiral monophosphoric acids derived from bulky
3,3′-disubstituted 1,1′-bi(2-naphthol)4a,c,54,5or TADDOL4b in
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toluene. We report here the enantioselective Mannich-type
reaction ofN-alkylaldimines with ketene silyl acetals cata-
lyzed by chiral Brønsted acid through hydrogen bonding with
the nitrogen of imine. Our catalytic cycle was attained by
capturing a trialkylsilyl cation from a siloxocarbenium ion
intermediate6 with stoichiometric amounts of achiral proton
sources under anhydrous conditions.7

Scheme 1 shows the activation ofN-alkylaldimine with

chiral Brønsted acid. IfN-alkylaldimine is activated by OH‚
‚‚N hydrogen bonding with chiral Brønsted acid (R*OH),
moderate enantioselectivity may be induced because this
hydrogen bond can rotate around the R*-O axis (Type I).
In contrast, ifN-alkylaldimine is activated as an iminium
cation intermediate with a relatively strong chiral Brønsted
acid, the enantioselectivity may be induced through a tight
ion pair between the protonated iminium cation and the chiral
Brønsted base, but it is relatively difficult to induce higher
enantioselectivity than that of Type I (Type II).5 Therefore,
the suitable Brønsted acidity and conformational control of
the OH‚‚‚N hydrogen bond are important for the design of
Brønsted acid catalysts. To overcome these problems, we
introduced the concept of Brønsted acid-assisted chiral
Brønsted (BBA)8 for the design of a new Brønsted acid

catalyst (Type III). The OH‚‚‚N hydrogen bond may be
rotationally fixed with regard to the R*-O axis and its proton
may be suitably activated by intramolecular OH‚‚‚OH
hydrogen bonding.

On the basis of the concept of BBA (Type III), we
designed chiral 2-bis(triflyl)methyl-2′-hydroxy-1,1′-binaph-
thyl (1)9 as a new asymmetric Mannich catalyst (Figure 1).

1 is a chiral dibasic Brønsted acid10-13 bearing a hydroxy
proton and a bis(triflyl)methyl proton. Recently, we devel-
oped a practical method for not only aromatic but also
aliphatic alkylbis(triflyl)methanes.14 In general, the acidity
of arylbis(triflyl)methane is the same as that or stronger than
that of the corresponding sulfonic acid. For example, the pK
value of PhCHTf2 in MeCN is 7.83,15 while that of TsOH is
8.6. We expected that1 might be effective as a chiral BBA
catalyst for the enantioselective Mannich-type reaction.

(R)-1 was prepared from (S)-2′-(methoxymethoxy)-2-
methyl-1,1′-binaphthyl (3), which was easily derived from
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Scheme 1. Activation of Aldimine with Chiral Brønsted Acid

Figure 1. Possible intramolecular hydrogen bondings in (R)-1.
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commercially available (R)-1,1′-bi(2-naphthol) (2) in 4 steps
(Scheme 2). First, (S)-3was transformed to (R)-2-(meth-

oxymethoxy)-2′-[(triflyl)methyl]-1,1′-binaphthyl (5) by mono-
bromination of (S)-3 with N-bromosuccinimide (NBS) in the
presence of AIBN to give (R)-2-(bromomethyl)-2′-(meth-
oxymethoxy)-1,1′-binaphthyl (4), and a subsequent nucleo-
philic substitution reaction of (R)-4 with sodium trifluo-
romethanesulfinate gave (R)-5 in 57% overall yield from (S)-
3. (R)-5 was transformed to (R)-2-(methoxymethoxy)-2′-
[bis(triflyl)methyl]-1,1′-binaphthyl (6) by deprotonation with
BuLi and the subsequent addition of Tf2O.14f This deproto-
nation-addition was repeated for (R)-5twice without
workup. Finally, (R)-1 was obtained in 47% overall yield
from (R)-5 by the hydrolysis of (R)-6. The structure of (R)-1
was confirmed by not only1H and 13C NMR spectral
analyses but also single-crystal X-ray analysis16 (Scheme 2).

First, the Mannich-type reaction of (E)-N-benzylideneben-
zenamine (7a) with (1-methoxy-2-methylprop-1-enyloxy)tri-
methylsilane (8a) was examined in 1-chloropropane at-78
°C in the presence of 10 mol % of (R)-1 (entry 1, Table 1).
The reaction proceeded smoothly and the desired (S)-â-amino
ester9awas obtained in 90% yield with 14% ee. In contrast,
(R)-2was inert as a catalyst under the same conditions as in
entry 1 (entry 2). Next, triethylsilyl derivative8b was exam-
ined instead of8a under the same conditions as in entry 1
(entry 3). Interestingly, the chemical yield of9awas decreas-
ed to 53%, while the enantioselectivity was increased to 59%
ee. Fortunately, the reactivity was improved by adding a stoi-
chiometric amount of sterically bulky alcohols (entries 4 and

5). 2,6-Xylenol was the most suitable achiral proton source
(entry 5). Thus, (S)-9awas obtained in 91% yield with 69%
ee (entry 5). (R)-1 was effective for the Mannich-type
reaction ofN-phenylaldimines7a-gderived from not only
benzaldehyde but alsoo-, m-, or p-substituted-benzaldehydes
in the presence of 2,6-xylenol (entries 5-12). In particular,
the Mannich-type reaction of7f derived fromp-(trifluorom-
ethyl)benzaldehyde with a 3.5 mol % catalyst loading of
(R)-1 gave9f in quantitative yield with 77% ee (entry 11).

N-(Diphenylmethyl)aldimines10 derived from aromatic
aldehydes were also suitable substrates for the Mannich-type
reaction catalyzed by (R)-1 (Table 2). Since10 was much

less reactive than the correspondingN-phenylaldimines7,

Scheme 2. Synthesis and X-ray Diffraction Analysis of (R)-1

Table 1. The Enantioselective Mannich Reaction of7 with 8

en-
try 7 (R1) 8 (R3)

cata-
lyst R4OHb

time
(h)

yield (%),
ee (%)

1 7a (Ph) 8a (Me) (R)-1 - 24 9a 90, 14 [S]
2 7a 8a (R)-2 - 24 9a 0, -
3 7a 8b (Et) (R)-1 - 24 9a 53, 59 [S]
4 7a 8b (R)-1 t-BuOH 24 9a >99, 42 [S]
5 7a 8b (R)-1 2,6-xyl 24 9a 91, 69 [S]
6 7b (p-MeC6H4) 8b (R)-1 2,6-xyl 24 9b 91, 62
7 7c (o-FC6H4) 8b (R)-1 2,6-xyl 24 9c 86, 69
8 7d (m-FC6H4) 8b (R)-1 2,6-xyl 24 9d >99, 69
9 7e (p-FC6H4) 8b (R)-1 2,6-xyl 24 9e 89, 72

10 7f (p-CF3C6H4) 8b (R)-1 2,6-xyl 7 9f 95, 74
11a 7f 8b (R)-1 2,6-xyl 48 9f >99, 77
12 7g (p-NO2C6H4) 8b (R)-1 2,6-xyl 24 9g 99, 70

a 3.5 mol % of (R)-1 was used.b xyl ) xylenol.

Table 2. The Enantioselective Mannich Reaction of10 with 8

entry 10 (Ar, R1) 8 R4OH
11 yield (%),

ee (%)

1 10a (Ph, Ph) 8a - 11a 21, 55 [S]
2 10a 8a 2,6-xylenol 11a <97, 58 [S]
3 10a 8a t-BuOH 11a 96, 61 [S]
4 10a 8b t-BuOH 11a 96, 23 [S]
5 10b (o-MeC6H4, Ph) 8a t-BuOH 11b 69, 69
6 10c (o-EtC6H4, Ph) 8a t-BuOH 11c <29, 87
7 10d (o-FC6H4, Ph) 8a t-BuOH 11d 91, 72
8 10e (o-FC6H4, p-FC6H4) 8a t-BuOH 11e 85, 76
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the reaction of10awith 8a did not proceed catalytically in
the absence of achiral proton sources (entry 1). However,
this reaction proceeded quantitatively in the presence of a
stoichiometric amount of 2,6-xylenol (entry 2).tert-Butyl
alcohol was more suitable as an achiral proton source than
2,6-xylenol for the Mannich-type reaction of10 (entry 3).
Unexpectedly, when8b was used instead of8a, the enan-
tioselectivity of (S)-11awas decreased from 61% ee to 23%
ee (entry 4). The ortho-substituent effect of anN-diphenyl-
methyl group increased the enantioselectivity up to 87% ee
(entries 5-7). In particular, the introduction of anN-di(o-
fluorophenyl)methyl group to aldimines increased both the
enantioselectivity and reactivity (entries 7 and 8). Thus, we
found that two types ofN-alkylaldimines,7 and 10, were
effective for the Mannich-type reaction catalyzed by (R)-1.
10 was synthetically useful becauseN-diarylmethyl groups
were easily cleaved from11 by hydrogenolysis.2

A proposed catalytic cycle of1 is shown in Figure 2. The

protonation of siloxocarbenium ion intermediate126 with an
achiral proton source (R4OH) regenerated1 and produced
â-amino ester with silyl ether (R4OSiR3

3).8c,g Therefore, an
achiral proton source was stoichiometrically required as a
trapping agent of silicon species. However, the reaction of
7a with 8a proceeded quantitatively even in the absence of
an achiral proton source (entry 1, Table 1). This result can
be understood in terms of the spontaneous generation of

chiral silyl Lewis acid from12. Thus, the enantioselectivity
was quite low (14% ee).7

Two possible transition-state assemblies13 and 14 are
shown in Figure 3.16 13 is more reasonable than14 because

13 is activated by hydrogen bonding between the bis(triflyl)-
methyl proton more acidic than the hydroxy proton and the
imino nitrogen more basic than the hydroxy oxygen.
Nevertheless, the possibility of TS-14is not negligible. The
conformation of protonated aldimines in13 or 14 may be
fixed by π-π attractive interaction between the naphthyl
group of (R)-1and the Ar-CdN group of7 or 10 and/or
steric repulsion between the naphthyl group of (R)-1 and the
N-alkyl group of7 or 10. The absolute stereochemical course
can be explained by the nucleophilic attack of8 to the re-
face of7 or 10 through13or 14. Although we have no direct
evidence for intramolecular hydrogen bonding of (R)-1in
13 or 14, (R)-2and 2′-methoxy and 2′-methyl analogues of
(R)-1 and were much less active than (R)-1 for the present
Mannich-type reactions (entry 2, Table 1). These experi-
mental results support the possibility of intramolecular
hydrogen bonding as BBA in13 or 14.

In summary, we have demonstrated a new entry to a chiral
Brønsted acid bearing a bis(triflyl)methyl group as a chiral
Brønsted acid catalyst. Furthermore, the addition of a
stoichiometric achiral proton source is required to accomplish
a catalytic cycle of chiral Brønsted acid catalysts for the
Mannich-type reaction of aldimines with ketene silyl acetals.7

This work offers good examples for the design of chiral
Brønsted acid catalysts for various enantioselective reactions
with silyl nucleophiles.
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(16) According to the X-ray diffractional analysis, any intramolecular
hydrogen bondings were existed in the solid state of (R)-1 (H5A‚‚‚O2 )
2.305 Å; H21A‚‚‚O5 ) 3.267 Å). However, the possibilty of13 or 14 is
not denied by this result.

Figure 2. Proposed catalytic cycle of1.

Figure 3. Two postulated transition-state assemblies13 and14.
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