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The catalytic asymmetric Mannich reaction is one of the most
powerful methods for the construction of chiral nitrogen-
containing molecules.[1] Since the discovery of the proline-
mediated three-component direct Mannich reaction by List
and co-workers in 2000,[2] many asymmetric Mannich reac-
tions involving organocatalysis have been developed.[3]

Recently, the proline-mediated Mannich reaction has been
applied to N-Boc-imines by List and co-workers (Boc: tert-
butoxycarbonyl); this has broadened the scope of the
reaction.[4]

On the other hand, control of the reaction of acetaldehyde
has been considered difficult because of the compound-s high
reactivity, both as a nucleophile and as an electrophile.
Moreover, the reaction products, a-unsubstituted aldehydes,
are equally reactive for side reactions. Although a synthetic
equivalent of acetaldehyde, namely siloxyethene, has been
developed,[5] it would be desirable to use acetaldehyde
directly as a nucleophile.

Recently, our group[6] and List and co-workers[7] inde-
pendently developed asymmetric reactions of acetaldehyde
for the first time. We reported a cross-aldol reaction of
acetaldehyde catalyzed by trifluoromethyl-substituted diaryl
prolinol 2 (Scheme 1),[6a] whereas List and co-workers
reported the proline-catalyzed Mannich reaction of acetalde-
hyde and N-Boc-imine.[7a] Just recently, both groups reported
the Michael reaction of acetaldehyde and nitroalkene cata-
lyzed by diphenylprolinol silyl ether 3 (Scheme 1).[6b,7b] In our
continued interest in the enantioselective Mannich reaction,[8]

we applied diaryl prolinol catalysts to theMannich reaction of
acetaldehyde. Optimization of the reaction led us to develop

the high-yielding and highly enantioselective Mannich reac-
tion described in this report.

The Mannich reaction of N-benzoyl-N-benzylideneamine
and acetaldehyde was selected as a model, and the diaryl
prolinol catalyst was investigated (Table 1). The generated
b-amino aldehyde product was isolated after conversion into
the corresponding alcohol by reduction with LiAlH4. Scarcely

Scheme 1. Organocatalysts examined in this study. TMS: trimethylsilyl.

Table 1: The effect of catalyst and solvent on the Mannich reaction of
acetaldehyde and N-benzoyl-N-benzylideneamine.[a]

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

4 5 6 7 4

1 proline[d] – 51 9 23 7 92
2 1 – <5 90 5 <5 –
3 2 – <5 90 6 <5 –
4 3 – <5 82 13 <5 –
5 1 PhCO2H 60 6 10 14 98
6 1 p-NO2PhCO2H 83 9 6 2 98
7 1 p-TsOH <5 <5 <5 <5 –
8 3 PhCO2H 63 5 8 <5 98
9 3 p-NO2PhCO2H <5 83 12 <5 –
10 2 p-NO2PhCO2H <5 29 48 <5 –

[a] Bz: benzoyl; THF: tetrahydrofuran; Ts: toluene-4-sulfonyl. Unless
otherwise shown, reactions were performed with N-benzoyl-N-benzyli-
deneamine (0.3 mmol), acetaldehyde (1.5 mmol), catalyst (0.03 mmol),
additive (0.03 mmol), and THF (0.6 mL) at 4 8C for 48 h. [b] Yield of
isolated product. [c] Enantiomeric excess of Mannich adduct 4, as
determined by chiral HPLC analysis. [d] Proline (20 mol%) was
employed in CH3CN (2 mL) for 3 h.
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any reaction occurred in the presence of trifluoromethyl-
substituted diaryl prolinol 2 (Table 1, entry 3), which was a
suitable catalyst in our cross-aldol reaction. Diaryl prolinol
silyl ethers 1 and 3,[9–11] developed independently by our
group[9] and Jørgensen-s group,[10] were not effective unless an
additive was used (Table 1, entries 2 and 4). The acidity of the
additive dramatically affected the yield. The reaction with
catalyst 1 achieved better yields and excellent enantioselec-
tivities when p-nitrobenzoic acid was added (Table 1, entry 6).
Only decomposition of the imine occurred, without formation
of the Mannich adduct, in the presence of a stronger acid such
as p-TsOH (Table 1, entry 7). Diphenylprolinol silyl ether 3 is
a suitable catalyst with benzoic acid as the additive (Table 1,
entry 8). The silyl ether functional group is essential, because
diaryl prolinol 2 with p-nitrobenzoic acid did not promote the
reaction (Table 1, entry 10). When proline was employed as a
catalyst in CH3CN under the conditions described by List and
co-workers,[7a] excellent enantioselectivity was obtained with
moderate yield, because hydrolysis of the imine provided the
benzyl alcohol 6 (23%) and the double Mannich product 7
(7%) as side-reaction products.

Excellent results were obtained for the model system, so
the scope of the reaction was examined, with the results
summarized in Table 2. The N-benzoylimines derived from
2-naphthalenecarbaldehyde and p-tolylcarbaldehyde gave
excellent results (Table 2, entries 2 and 3). The reaction
proceeds efficiently for N-benzoylimines derived from elec-
tron-deficient aryl aldehydes, such as p-chlorobenzaldehyde,
and also electron-rich aldehydes, such as p-anisaldehyde and
3,4-methylenedioxybenzaldehyde, with good yields and excel-
lent enantioselectivities (Table 2, entries 4–6). The N-benzoyl
moiety is known to be removable under several conditions.[12]

Moreover, an N-Boc-imine was also a suitable substrate and
provided theMannich adduct in good yield and with excellent
enantioselectivity (Table 2, entry 7). In addition, N-Ts-imines
can be successfully employed to afford the desired products
with good enantioselectivity (Table 2, entry 8).

The Mannich adduct can also be isolated as its b-amino
aldehyde derivative [Eq. (3)]. Rapid column chromatography
produced the aldehyde 8 in 78% yield and with excellent
enantioselectivity. b-Amino aldehydes are synthetically
important intermediates, which can be converted into natural
products, pharmaceuticals, b-amino acids, and other building
blocks, as already shown by List and co-workers.[7a]

In the cross-aldol reaction of acetaldehyde catalyzed by
diaryl prolinol, we proposed a transition state with a hydro-
gen-bonding interaction between the acidic proton of the
hydroxy group in the catalyst and the lone pair of the formyl
oxygen atom.[6a] A similar hydrogen-bond interaction
between the acidic proton of the carboxylic acid and the

lone pair of the imine would be expected in the proline-
mediated Mannich reaction.[7a] That is, the intermolecular
proton in the enamine activates the electrophile, in which a
rigid transition state would be formed to generate the
excellent enantioselectivity. In the present reaction, however,
a similar transition state could not be expected because of the
necessity for an additional acid, which is in marked contrast to
the Michael reaction catalyzed by diphenylprolinol silyl ether
3 without an acid.[6b,7b] To understand the reaction mechanism
and the role of the acid, a quantummechanical computational
study was performed. 2-Methylpyrrolidine was selected as a
model for the diaryl prolinol silyl ether, and the Mannich
reaction with N-benzoyl-N-benzylideneamine was calculated
by using restricted B3LYP (RB3LYP) calculations with the
6-31G(d) basis set.[13]

The conformational behavior of the imine and enamine
molecules was examined. For the imine molecule, the energy
minima of the trans and cis geometries in relation to the C=N
bond were located, and the trans energy minimum was
calculated to be lower in energy than the cis energy minimum

Table 2: Catalytic asymmetric Mannich reaction of acetaldehyde with
various imines.[a]

Entry Product t [h] Yield [%][b] ee [%][c]

1 72 87 97

2 72 77 98

3 84 78 98

4 84 65 98

5 72 80 95

6 84 70 98

7 84 58 98

8[d] 72 74 80

[a] Unless otherwise shown, the reaction was performed with
imine (0.3 mmol), acetaldehyde (1.5 mmol), catalyst 1 (0.03 mmol),
p-NO2PhCO2H (0.03 mmol), and THF (0.6 mL) at 4 8C. [b] Yield of
isolated alcohol. [c] Optical purity was determined by chiral HPLC
analysis; see the Supporting Information for details. [d] NaBH4 was
employed instead of LiAlH4.
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by about 30 kcalmol�1. Rotation of the N�C(O) bond in the
imine molecule with trans geometry gives rise to two
conformations, s-cis and s-trans (Scheme 2). The s-cis confor-

mer was found to be an energy minimum, and the s-trans
conformer corresponded to the transition state for N�C(O)
bond rotation. For the enamine molecule, syn and anti
geometries were located as energy minima. The anti structure
of the enamine was slightly lower in energy than the syn
conformer by circa 0.7 kcalmol�1. Hereafter, we consider the
trans s-cis conformation of the imine and the anti structure of
the enamine.

The Mannich reaction proceeds in the presence of a
Brønsted acid, and, hence, we examined protonation sites in
the imine and enamine molecules. The imine molecule has
three possible sites for protonation (Scheme 2): 1) the nitro-
gen atom on the imine, 2) the oxygen atom on the carbonyl
group syn with respect to the nitrogen atom of the imine, and
3) the oxygen atom on the carbonyl group anti with respect to
the nitrogen atom of the imine. Not only in the gas phase but
also in the THF-solution phase (the polarized continuum
model[14]), B3LYP calculations indicated that the most
favorable protonation site on the imine was the nitrogen
atom (Table 3). Protonation also possibly occurs on the
nitrogen atom of the enamine molecule. We compared the
energy of the N-protonated imine and neutral enamine with

that of the neutral imine and protonated enamine. Gas-phase
B3LYP calculations indicated that protonation of the imine
was energetically more favorable by 6.29 kcalmol�1 (includ-
ing the zero-point energies) than protonation of the enamine.
Conversely, calculations on the THF-solution phase indicated
that protonation of the enamine was more favorable by
1.67 kcalmol�1 (including the zero-point energies).

The chirality of the reaction products indicates that attack
of the enamine predominantly occurs on the si face of the
imine. The enamine intermediates generated from diaryl
prolinols 1–3 possess bulky substituents on the carbon atom
neighboring the proline nitrogen atom, and thus, the face of
the enamine opposite the bulky substituent will approach the
si face of the imine in the most energetically favorable
reaction path to yield the Mannich adduct. We thus consider
that the C�C bond forms between the si face of the
N-protonated imine and the face of the enamine opposite
the methyl group in our model calculation. Postulating such a
reaction path, we explored the potential energy surface along
the reaction coordinate for C�C bond formation in the
Mannich reaction. C�C bond formation was found to be
unlikely to occur between neutral imine and protonated
enamine molecules. On the other hand, the protonated imine
and neutral enamine were found to form a C�C bond between
them to yield the Mannich products. The imine molecule has
three possible sites for protonation (Table 3), and we also
calculated the Mannich products protonated by three differ-
ent modes that correspond with the protonation of the imine.
The Mannich product protonated on the nitrogen atom of its
imine moiety was found to be more stable by about
20 kcalmol�1 than the O-protonated Mannich products
(Figure 1).

The reaction of the N-protonated imine and neutral
enamine resulting in the N-protonated Mannich product was
found to be highly exothermic with a large negative reaction
energy: the exothermicities calculated by using the B3LYP
level were �38.82 and �31.12 kcalmol�1 in the gas phase and
in the THF-solution phase, respectively (including the zero-
point energies). By starting from the N-protonated Mannich
product (Figure 1a), we explored the reaction coordinate for
the C�C bond formation, and we found that the energy of the
adduct of the N-protonated imine and neutral enamine simply
increased as the C�C bond was lengthened (Figure 2). In
addition, we optimized the structure of the adduct of the
N-protonated imine and neutral enamine with the length of
the newly formed C�C bond fixed at 3.0 E. In Figure 3, the
energy of the model system is plotted against the dihedral
angle of the newly formed C�C bond. This energy profile
indicates three energy-minimum structures, A–C, for the
model system. According to B3LYP energy evaluations, the
energy differences between these 3 rotamers were calculated
to be less than 2 kcalmol�1, with rotamer A being the most
energetically preferable.

Even after taking the basis-set superposition error
(BSSE)[15,16] into account, the energy profile in Figure 2 did
not suggest a distinct transition state along the reaction
coordinate for this C�C bond-formation process. Accord-
ingly, B3LYP calculations suggested that the reaction of the
N-protonated imine and neutral enamine should occur readily

Scheme 2. Conformations of the imine and the enamine molecules.

Table 3: Structures and relative energies (in kcalmol�1) of protonated
imine.[a]

Protonation site
N O (syn) O (anti)

gas phase 0.00 8.02 9.56
(0.00) (7.78) (9.07)

solution phase (THF)[b] 0.00 7.50 10.69
(0.00) (6.50) (9.69)

[a] The gas-phase structures are shown. Values in parentheses include
zero-point energies. [b] Calculated with the polarized continuum model.
The solution-phase structures optimized with the polarized continuum
model (solvent=THF) did not differ significantly from the gas-phase
structures (see the Supporting Information).
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to yield the Mannich product. These results indicate that C�C
bond formation takes place with almost no activation barrier
between the N-protonated imine and neutral enamine
molecules. In the aldol reaction of acetaldehyde and N,N-
dimethylvinylamine, a similar conclusion was obtained. That
is, the C�C bond-forming step has no activation barrier, and
the rate-limiting step is the generation of the enamine.[17]

These results suggest that C�C bond formation in the
present Mannich reaction should proceed extremely quickly
in the presence of a Brønsted acid. Formation of the enamine
from acetaldehyde and diaryl prolinol silyl ether 1 involves

several reaction steps, namely attack of the nitrogen atom of
catalyst 1 at the carbonyl carbon atom of acetaldehyde,
proton transfer, and dehydration. Enamine formation must be
a relatively slow process. A rapid protonation and deproto-
nation process between the imine and the enamine molecules
would occur. Once a proton is transferred from the enamine
to the imine, C�C bond formation will be fast. Consequently,
the concentration of enamine must be kept low during the
reaction: once the enamine is formed, it will react immedi-
ately with the imine by rapid protonation and deprotonation
processes under acidic conditions, followed by C�C bond
formation, to yield the Mannich adduct.

In general, it is quite difficult to control the high reactivity
of acetaldehyde. An acid activates the imine selectively rather
than the aldehyde[8c] and promotes the Mannich reaction
efficiently, whereas the reactivity of the enamine is reduced
with suppression of the generation of an enamine from the
product, which reduces the overall reactions, because of the
bulkiness of catalyst 1. The Mannich reaction catalyzed by
bulky organocatalyst 1, combined with acid additives, distin-
guishes it from the proline-mediated reaction.[7a]

In summary, we have developed a highly enantioselective
Mannich reaction of acetaldehyde and N-benzoyl-, N-Boc-,
and N-Ts-imines catalyzed by a combination of a diaryl

Figure 1. The Mannich products formed from the protonated imine
and neutral enamine. The imine moiety has three possible sites for
protonation: a) the nitrogen atom of the imine, b) the oxygen atom on
the carbonyl moiety syn with respect to the nitrogen atom of the imine,
and c) the oxygen atom on the carbonyl group anti with respect to the
nitrogen atom of the imine. The energy profiles for the rotation of the
newly formed C�C bond and the most energetically favorable struc-
tures are shown for the three protonation states (a–c) of the Mannich
product. Energies relative to that of N-protonated Mannich product in
a) are given below the structures. (Values in parentheses include the
zero-point energies.)

Figure 2. By starting from the N-protonated Mannich product, the
reaction coordinate for the C�C bond formation was explored. The
change in potential energy is plotted against the C�C bond length. The
energy of the reactants, the N-protonated imine and neutral enamine,
is set to zero. The structures of a) the final Mannich product of the N-
protonated imine and the neutral enamine and b) the N-protonated
imine and the neutral enamine with a C�C bond length of 2.95 J are
shown below the energy profile. In the structure shown in b) the
geometries of the N-protonated imine and neutral enamine moieties
are quite close to those in the isolated states. The counterpoise
calculations suggested a basis-set superposition error (BSSE) of 7.60
and 3.10 kcalmol�1 for the structures in a) and b), respectively.
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prolinol silyl ether and p-nitrobenzoic acid. The Mannich
products are synthetically important chiral building blocks, as
already shown by List and co-workers.[7a] The present method
has several useful features: 1) the catalyst loading (10 mol%)
is less than that of the proline-catalyzed version, 2) suppres-
sion of imine decomposition and the doubleMannich reaction
gives improved yields, and 3) B3LYP calculations show that
the formation of the enamine is the rate-determining step and
that once the enamine forms, it reacts with the protonated
imine with no activation barrier.

Experimental Section
Typical procedure for the asymmetric Mannich reaction of acetalde-
hyde: Acetaldehyde (84 mL, 1.5 mmol) was added to a mixture of (S)-
2-[bis(3,5-bis-trifluoromethylphenyl)trimethylsiloxymethyl]pyrroli-
dine (1; 17.9 mg, 0.03 mmol), p-nitrobenzoic acid (5.0 mg, 0.03 mmol),
and N-benzoyl-N-benzylideneamine (62.6 mg, 0.3 mmol) in anhy-
drous THF (0.6 mL) in a sealed tube (Ace Glass, product no. 5027-05)
at 4 8C. After the reaction mixture was stirred for 48 h, THF (0.6 mL)
and LiAlH4 (22.7 mg, 0.6 mmol) were added at �50 8C. The resulting
mixture was stirred for an additional 1 h at�50 8C, before the reaction
was quenched with phosphate buffer solution (pH 7.0). The organic
materials were extracted with chloroform three times. The combined
organic extracts were dried over anhydrous Na2SO4 and concentrated
in vacuo after filtration. Purification by preparative thin layer
chromatography (ethyl acetate/hexane 2:1) gave (S)-3-benzoyla-
mino-3-phenylpropanol (63.2 mg, 0.25 mmol) in 83% yield. The ee
value was 98%.
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