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Addition reactions of metal enolates of carbonyl compounds
to imines, the so-called Mannich-type reaction, represent an
important class of carbon–carbon bond-forming reactions.[1]

Reflecting the potential utility of the Mannich adducts in the
synthesis of nitrogen-containing compounds,[2] we[3] and
others[4] have reported efficient methods for catalytic enan-
tioselective Mannich-type reactions.[5] In our previous reports,
however, the pre-activation of ketones to form silyl enol
ethers was necessary. To meet the present need for atom-
economical processes, the direct addition of pronucleophiles
to imines is highly desirable.[6]

Recently we reported that chiral Pd complexes 1 and 2
reacted with 1,3-dicarbonyl compounds, such as b-ketoesters,
to give chiral Pd enolates (Scheme 1).[7] Using this Pd enolate
chemistry, an efficient catalytic enantioselective Michael
reaction with enones was developed.[7a] Interestingly, the
chiral enolate A derived from 1 underwent the Michael
reaction smoothly, whereas the corresponding Pd enolate
derived from 2 was completely inactive. These results
indicated that the strong protic acid, trifluoromethanesulfonic
acid (TfOH), formed concomitantly with the Pd enolate from
1 and activated the enone to act cooperatively with the
Pd enolate A, thereby promoting the C�C bond-forming
reaction. Provided that the reactivity of imines is greatly
enhanced by protonation, the above-mentioned Pd enolate
chemistry would be applicable to the Mannich-type reaction.
To our knowledge there has been only one reported example
of the use of b-ketoesters in a catalytic asymmetric Mannich-
type reaction, where Jørgensen and co-workers[8] achieved
excellent enantioselectivities of more than 90 % ee. However,
only the imine tested was a highly reactive N-p-toluenesul-
fonyl-protected imino ester and the scope of the available
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electrophiles was not examined. The development of such a
reaction with broad generality with regard to imines would be
extremely useful. Herein, we report a highly enantioselective
Mannich-type reaction of b-ketoesters with various imines,
including not only imino esters but also other imines derived
from simple aldehydes [Eq. (1); PG = protecting group]. In
these reactions, the sterically hindered vicinal tertiary and
quaternary carbon centers were constructed in one step.[9]

Initially, the reaction of b-ketoester 3a with the N-p-
methoxyphenyl-protected imino ester 4a was chosen as a
model reaction (Table 1). Using 5 mol% of 1a, various
solvents were examined, and it was found that the solvent
considerably affected the reaction efficiency. The Mannich
reactions in CH3CN, EtOH, and acetone gave poor enantio-
selectivities (Table 1, entries 1–3). Gratifyingly, however, the
enantioselectivity was greatly improved when other solvents
were used (Table 1, entries 4–7). Although a relatively
prolonged reaction time (72 hours) was required, the reaction
in N,N-dimethylformamide (DMF) gave an excellent diaster-
eoselectivity (96:4). With respect to the reaction rate, THF
was the best solvent (6 hours), and 7aa was isolated in 77%
yield with 98% ee (major). In contrast, the reaction of 3a with
4a using Pd complex 2a, in which no protic acid was produced
during the generation of Pd enolate A,[7a] resulted in only
23% yield of isolated product after 48 hours, and negligible
asymmetric induction was observed for both diastereomers
(Table 1, entry 8). These results are in accord with our initial
hypothesis, which strongly indicate that cooperative activa-
tion of imines by the protic acid is essential for this reaction.

Next, we examined other bidentate chiral phosphane
ligands using THF as the solvent (Table 1, entries 9–11).
When tol-binap and segphos were used the chemical yields
improved to 96 and 89 %, respectively, maintaining the good
diastereo- and excellent enantioselectivities (Table 1,
entries 9, 10). On the other hand, the reaction using dm-
segphos as a ligand was significantly slower, probably because
of steric repulsion, although excellent diastereoselectivity was
observed (Table 1, entry 11).

This system was applicable to other nucleophiles
(Table 2). Like 3a, six-membered cyclic and acyclic b-
ketoesters 3 b and 3c underwent the Mannich reaction to
afford 7ba and 7ca, respectively, in good yield with high
enantioselectivity, except for the minor diastereomer of 7ca
(Table 2, entries 1, 2). Moreover, as the Pd–aqua complexes
are tolerant to water we envisaged that a three-component
reaction would be possible, in which a stoichiometric amount
of water molecules is formed during the in situ imine
formation (Scheme 2). Indeed, in the presence of 2.5 mol%
of 1a, the mixture of ethyl glyoxylate, an amine component,
and 3a in THF gave rise to the corresponding Mannich adduct
in good yield. Notably, in the case of 3-chloroaniline, the
diastereoselectivity was found to be 95:5, and excellent
enantioselectivity was observed (major: 98 % ee ; minor:
88% ee). Thus, an operationally convenient and highly
enantioselective Mannich reaction has become feasible. In
addition, our results indicate that various aromatic amines
other than anisidine are potentially available for this reaction.

If imines derived from simple aldehydes could be
successfully employed, the synthetic utility of this reaction
would be substantially enhanced. Therefore, we examined the
reaction with N-tert-butyloxycarbonyl-protected imines 5
(Table 2, entries 3–8).[10,4f] The reaction of 3a with 5a was
carried out in THF using 2.5 mol% of 1a (Table 2, entry 3).
The mixture was stirred for 5 hours with ice-cooling, and the
corresponding product 8aa was obtained in 93% yield with
excellent enantioselectivity of more than 97% ee (d.r.

Scheme 1. Top: Reaction of chiral Pd complexes 1 and 2 with 1,3-dicar-
bonyl compounds 3 to afford chiral Pd enolates. Bottom: The struc-
tures of the different P

_
P ligands.

Table 1: Optimization of the reaction conditions.

Entry Catalyst Solvent t [h] Yield [%] d.r.[a]

(major:minor)
ee(major)/
ee(minor)[b]

1 1a CH3CN 11 73 94:6 3/9
2 1a EtOH 12 76 96:4 15/53
3 1a acetone 95 75 96:4 17/53
4 1a CH2Cl2 24 72 80:20 86/91
5 1a toluene 20 69 75:25 98/96
6 1a DMF 72 74 96:4 97/87
7 1a THF 6 77 83:17 98/97
8[c] 2a THF 48 23 87:13 2/10
9 1b THF 4 96 83:17 97/91

10 1c THF 4 89 81:19 99/98
11 1d THF 49 63 98:2 93/50

[a] d.r. = Diastereomeric ratio; determined by 1H NMR spectroscopic
analysis of the crude products. [b] ee = Enantiomeric excess. [c] The
Pd complex 2a (2.5 mol%) was used. PMP= p-Methoxyphenyl.
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= 88:12). In addition to the cyclic substrate, the less reactive
acyclic substrate 3c also reacted completely with 5a within
5 hours and afforded 8ca in good diastereo- and excellent
enantioselectivity (major: 98 % ee ; Table 2, entry 4).
Although the diastereoselectivity was decreased in the case
of 5b, high enantioselectivities of up to 99% ee were still
maintained for both 3a and 3c (Table 2, entries 5, 6). A
furane-ring-substituted imine 5c, which is unstable under
acidic conditions, reacted smoothly with 3a and 3c, with good
to excellent diastereoselectivity, and the corresponding Man-
nich adducts 8ac and 8 cc were formed in a highly enantio-
selective manner (Table 2, entries 7, 8). Furthermore, N-p-
toluenesulfonyl-protected imines[11] were also good sub-
strates, and with 3a as the substrate uniformly high enantio-
selectivities were produced (Table 2, entries 9, 10). The
reaction of 6b proceeded smoothly in the presence of as
little as 1 mol% of the catalyst 1c, and so the desired product
was afforded in 88 % yield with almost perfect stereocontrol
(99 % ee). To our knowledge, this is the first demonstration of

an enantioselective Mannich-type
reaction of b-ketoesters with vari-
ous imines. Another feature of this
reaction is that the reaction can be
conducted without the exclusion of
air and moisture.

As shown in Scheme 3, stereo-
selective reduction of the major
diastereomer of 8 aa with LiAlH4

followed by acetylation afforded
compound 10, which possesses
three successive chiral centers.
Since the opposite enantiomer of
10 has been synthesized by Karls-
son et al. through the enantioselec-
tive 1,3-dipolar cycloaddition of
nitrone,[12] the absolute configura-
tion of 10 was determined by
optical rotation studies.[13] Conse-
quently, the absolute configuration
of the quaternary carbon center in
the major diastereomer of 8aa was
revealed to be R, and that of the
tertiary carbon center was S. In

addition, 1H NMR spectroscopic analysis indicated that the
same Pd enolate as described in Scheme 1 was formed in this
Mannich-type reaction.[14] On the basis of these results,
coupled with our previous studies on the catalytic enantiose-

lective Michael reaction and fluorination reaction,[7] the
excellent enantioselectivity was deduced to come from face-
selection of the chiral Pd enolate (Figure 1). Thus, a bulky
tBu group was preferentially located at one of the faces of the
Pd enolate to avoid steric repulsion with the equatorial
phenyl group of binap. Therefore, the imines preferentially
approached the enolate from the less-crowded Re face.
Because Pd complex 1 was superior to the Pd complex 2 as
a catalyst,[15] we speculate that protonated imines may be
involved in the transition-state.[16] On the other hand, face-

Table 2: Scope and limitations of the reaction.

Entry Catalyst (x) b-Ketoester Imine Product T [8C] t [h] Yield [%] d.r.[a] ee[b]

1 1c (5) 3b 4a 7ba RT 35 63 77:23 99/91
2[c] 1a (5) 3c 4a 7ca RT 42 70 74:26 86/55
3 1a (2.5) 3a 5a 8aa 0 5 93 88:12 99/97
4[d] 1c (2.5) 3c 5a 8ca RT 4 84 86:14 98/95
5 1a (2.5) 3a 5b 8ab 0 2 72 50:50 99/95
6[d] 1a (2.5) 3c 5b 8cb RT 5 61 69:31 95/94
7 1a (2.5) 3a 5c 8ac 0 2 75 >95:5 86/–[e]

8[d] 1a (2.5) 3c 5c 8cc RT 3 71 82:18 96/99
9 1c (5) 3a 6a 9aa RT 9 99 85:15 97/–[e]

10[f ] 1c (1) 3a 6b 9ab �20 24 88 90:10 99/99

[a] d.r.(major:minor); determined by 1H NMR spectroscopic analysis of the crude products. [b] ee(ma-
jor)/ee(minor); determined by chiral high performance liquid chromatographic analysis. [c] Concen-
tration= 4m. [d] The imine (3 equiv) was used. [e] Not determined. [f ] Concentration = 0.25m. Boc=
tert-butoxycarbonyl, Ts = p-toluenesulfonyl, RT = room temperature (23–258C).

Scheme 2. Three-component coupling reactions.

Scheme 3. Conversion of 8aa into 10.

Figure 1. Proposed transition-state model.
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selection of the imines was probably responsible for the
relative stereochemistry. When such an iminium ion is
involved, it has been proposed that the reaction proceeds
through an open transition-state model.[17, 18] Thus, we spec-
ulate that C�C bond-formation in our Mannich-type reaction
occurs with the appropriate geometry as described in Figure 1
to minimize steric interactions.

In summary, we have developed a highly enantioselective
catalytic Mannich-type reaction of b-ketoesters. The reaction
was applicable to a variety of imines derived from glyoxylate,
as well as simple aromatic and a,b-unsaturated aldehydes.
This method affords stereochemically elaborated b-amino
carbonyl compounds in up to 99% ee, thus indicating that
such addition reactions of b-ketoesters to various imines
would be useful to provide versatile intermediates for the
synthesis of chiral nitrogen-containing compounds. In this
reaction, the protic acid generated during the formation of the
Pd enolate would play a role in activating the imine. Since
protic acids are good catalysts for the nonenantioselective
Mannich reaction, it is surprising that our Mannich reaction is
highly enantioselective. We think that simultaneous activa-
tion of both reactants is the key to success, and this distinctive
reaction mechanism could be an important guide to the design
of novel reaction systems. Further studies to elucidate the
mechanism and extend the scope of the reaction are under
way.

Experimental Section
Representative procedure for the synthesis of 8aa : b-Ketoester 3a
(20 mL, 108.6 mmol) and palladium complex 1a (2.9 mg, 2.5 mol%)
were added successively to a solution of 5a (33.4 mg, 162.8 mmol) in
THF (110 mL) at 0 8C. The reaction mixture was stirred for 5 hours at
the same temperature. The reaction was monitored by TLC (hexane/
ethyl acetate, 3:1) and after completion was quenched by addition of
ethyl acetate (5 mL) and brine (3 mL). The aqueous layer was
extracted with ethyl acetate (3 � 5 mL). The combined organic layers
were washed with water and brine then dried over Na2SO4, and the
solvent was evaporated under reduced pressure. At this stage, the
diastereomeric ratio was determined by 1H NMR spectroscopic
analysis of the crude products. Further purification was performed
by medium pressure liquid chromatography on silica gel (hexane/
ethyl acetate, 4:1; major: 35.0 mg, 82 %; minor: 4.6 mg, 11%). The ee
values of the diastereomers were determined by chiral high perform-
ance liquid chromatography analysis.
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