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Abstract: We have developed proline-catalyzed direct asymmetric three-component Mannich reactions of
ketones, aldehydes, and amines. Several of the studied reactions provide â-amino carbonyl compounds
(Mannich products) in excellent enantio-, diastereo-, regio-, and chemoselectivities. The scope of each of
the three components and the influence of the catalyst structure on the reaction are described. Reaction
conditions have been optimized, and the mechanism and source of asymmetric induction are discussed.
We further present application of our reaction to the highly enantioselective synthesis of 1,2-amino alcohols.

Introduction

The vast majority of nature’s molecules, including proteins
and nucleic acids and most biologically active compounds, con-
tain nitrogen. Consequently, developing new synthetic methods
for the construction of nitrogenous molecules has defined the
frontiers of organic synthesis since its very beginning.1 The
Mannich reaction has long been a very useful platform for the
development of such methodologies.2 Originally, this reaction
producesâ-amino-carbonyl compounds from three components,
an amine and two different carbonyl species. As in the related
“direct aldol reaction”, using unmodified carbonyl compounds
in direct Mannich reactions has caused severe selectivity
problems. Such limitations have been partially overcome through
the development ofindirect Mannich variants that assign the
specific role of each carbonyl component in the reaction mixture.
However, additional synthetic operations result from the re-
quirement to preform intermediates such as imine and enol
equivalents (eq 1).

Several asymmetric Mannich-type reactions have been de-
scribed in recent years. However, catalytic enantioselective vari-
ants are rare and typically require preformation of both imine

and enol equivalents.3 We have recently discovered proline-
catalyzed asymmetric three-component Mannich reactions be-
tween ketones, aldehydes, and amines that furnish Mannich
products in up to 99% ee.4 The scope of this novel catalytic
asymmetric carbon-carbon-bond-forming multicomponent re-
action and its application to the highly enantioselective synthesis
of 1,2-amino alcohols are described herein.

Asymmetric Mannich Reactions.Mannich-type reactions
that produce enantiomerically enriched products have been
reported. Several indirect variants use stoichiometric amounts
of chiral enol equivalents, including enamines,5 silyl enolethers,6

boron enolates,7 and lithium enolates.8 Alternatively, chiral imine
equivalents have been utilized.9 Double stereodifferentiating
asymmetric Mannich-type reactions that require two different
stoichiometric chiral controllers have also been developed.10,11
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Enantioselective catalysis of the Mannich reaction is a rather
new concept. First examples were described by Tomioka,12

Kobayashi,13 Sodeoka,14 and Lectka.15 All of these variants use
preformed imineandenol equivalents combined with a metal-
based catalyst.16,17 A direct catalytic enantioselective three-
component Mannich reaction of propiophenone, paraformalde-
hyde, and pyrrolidine has been described by Shibasaki et al.3

However, although the product is formed in encouraging
enantioselectivity (64%), the yield is poor (16%).18

Proline-Catalysis. Asymmetric catalysis with proline was
first realized in the Hajos-Parrish-Eder-Sauer-Wiechert reac-
tion,19 an enantiogroup-differentiating aldol cyclization. We have
recently discovered proline-catalyzed direct asymmetric inter-
molecular aldol reactions of ketones with aldehydes.20 The basis
of proline-catalysis in these reactions is the facile in situ
generation of chiral enolate equivalents (enamines) from ketones
and aldehydes. This particular type of catalysis,enamine cataly-
sis,21 represents a way of merging enolization and enantiose-
lective bond construction in enolate-electrophile-type reactions.22

We expected the presumed proline enamines to not only react
with carbonyl compounds in aldol reactions or with activated
olefins in Michael reactions,23,24but also with imines in Mannich
reactions. We further hoped to conduct proline-catalyzed Man-
nich reactions as direct three-component reactions of ketones,
aldehydes, and amines without prior imine formation. Direct
aldol and Mannich reactions typically compete if imines and
enol equivalents are not preformed, and their rates depend on
the equilibrium ratio between the aldehyde and the imine (Keq)
and on their respective rate constants (kaldol vs kMannich) (eq 2).

Support for our initial reaction design involving ketones,
aldehydes, and anilines came from elegant studies by Kobayashi
et al.25 In addition, we have estimated the imine/aldehyde equi-
librium ratio in the reaction ofp-nitrobenzaldehyde (0.1 M) with
p-anisidine (0.1 M) in DMSO-d6 from 1H NMR to be around
1.26 Therefore, both reaction pathways seemed feasible. In our
initial experiment, we found (S)-proline to catalyze the direct
asymmetric Mannich reaction ofp-nitrobenzaldehyde,p-anisi-
dine, and acetone to give the expected product (1) in 50% yield
(eq 3).4 The corresponding aldol product was formed as well
under those conditions but in much lower yield (<20%). Most
importantly, excellent enantioselectivity was observed (94% ee).
This reaction constitutes the first catalytic asymmetric three-
component Mannich reaction of a free aldehyde with an un-
modified ketone and an amine. It is also the first organocatalytic
enantioselective Mannich reaction.

Results and Discussion

Ketone Component.Other ketones can readily be used in
proline-catalyzed Mannich three-component reactions with
excellent results (Table 1). Reacting three different ketones
(butanone, methoxyacetone, and hydroxyacetone, each 20 vol
%) with p-anisidine (1.1 equiv) andp-nitrobenzaldehyde (1
equiv) furnished the desired products in high yields (92-96%)
and excellent ee’s of up to>99%. In addition, excellent dia-
stereoselectivities were observed. High regioselectivities gener-
ally favoring products resulting from the higher substituted
R-side of the ketone were found with oxygenated ketones, while
butanone furnished a 2.5:1 regioisomeric mixture. The chemose-
lectivity in these reactions was also high, and essentially no
aldol product was formed in all three cases.

Aldehyde Component.We have used various structurally
diverse aldehydes in three-component Mannich reactions with
p-anisidine and acetone (Table 2). In contrast to our observations
in proline-catalyzed aldol reactions and in contrast to any other
catalytic asymmetric Mannich reaction disclosed so far,R-un-
branched aldehydes were found to be efficient substrates in these
reactions. Here, acetone instead of the commonly used DMSO
was used as solvent (Table 2, entries 1-5).27 Excellent enantio-
selectivities yet modest yields were obtained in reactions of
aromatic aldehydes.28 R-Branched aldehydes, for example
isobutyraldehyde, could also be used.
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2997.
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Amine Component.The amine component is crucial to the
synthetic utility of Mannich productst. A desirable feature is
an easily removable, “traceless” nitrogen substituent to allow
for further manipulations at the amine portion. We have studied
four different aniline derivatives:p-anisidine, o-anisidine,
p-chloroaniline, ando-aminophenol (Table 3). Clearly, yields
and ee’s are optimal withp-anisidine, which introduces the
p-methoxyphenyl (PMP) group into the product. The PMP group
can be removed under oxidative conditions (vide infra);p-

anisidine can therefore be considered a synthetic ammonia
equivalent in these reactions.

Catalyst. In our earlier studies of amine-catalyzed direct
asymmetric aldol reactions we noticed that, although several
other catalysts could be identified, proline typically gave su-
perior results regarding yield and enantioselectivity.20 Al-
though we investigated only a limited number of catalysts so
far, the trend seems to be similar in the Mannich reaction.
Of the commercially available proline derivatives we studied
in the reaction leading to ketone6, proline is clearly the best
(Table 4).

Reaction Optimization. We studied the effect of catalyst
loading and ketone-donor amount on reaction time, yield, and
ee. While the use of a relatively large amount (35 mol %) of
inexpensive proline in our original study may be justified,

Table 1. Three-Component Mannich Reactions with Different
Ketones (PMP ) p-Methoxyphenyl, Ar ) p-O2NC6H4)

Table 2. Three-Component Mannich Reactions with Different
Aldehydes

Table 3. Tested Aniline Derivatives

Table 4. Selection of Studied Catalysts

Proline-Catalyzed Three-Component Mannich Reaction A R T I C L E S
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reducing catalyst loading would certainly constitute an improve-
ment. In addition, we originally used a large excess of the ketone
donor, which again may be justified in the case of inexpensive
and readily available ketones but might be considered prob-
lematic if more expensive and complex ketones should need to
be employed. To improve these two parameters we studied the
reaction of hydroxyacetone withp-nitrobenzaldehyde andp-
anisidine to give Mannich product4 (Figure 1). We found that
the amount of proline can effectively be reduced to 10 mol %
while still obtaining the product in good yield (>90%) and in
a reasonable reaction time (<5 h). Moreover, the required
amount of hydroxyacetone could be dramatically reduced. We
found 1.3 equiv (1 vol %) to be sufficient for obtaining the
product in excellent enantioselectivity and good yield after 4 h
(Figure 1).29 While we have not studied other ketones in these
optimization reactions, we anticipate that lower ketone concen-
trations may generally be used. This assumption is supported
by experiments of Kobayashi et al. who conducted three-

component Mannich reactions with 1 equiv each of ketone,
aldehyde, and amine.25 Our standard reaction conditions have
been modified according to these results, and we now conve-
niently use 20 mol % proline and 10 vol % hydroxyacetone.

Highly Enantioselective Synthesis of 1,2-Amino Alcohols.30

Among the most effective and enantioselective proline-catalyzed
Mannich reactions are those that involve hydroxyacetone as the
donor. The corresponding aldol reactions provided anti-diols
in excellent diastereo- and enantioselectivities.20b In contrast,
we found proline-catalyzed Mannich reactions with hydroxy-
acetone to typically furnishsyn-1,2-amino alcohols in high
chemo-, regio-, diastero-, and enantioselectivities and in good
yields. In particular, the reactions using aromatic aldehydes
provide the products in useful selectivities (Table 5).

Thesyn-diastereoselectivity and absolute configuration of the
products were assigned on the basis of the X-ray structural
analysis of Mannich product15 (Figure 2).

These Mannich reactions can be considered a regiospecific
alternative to the Sharpless asymmetric aminohydroxylation

(29) Trost et al. have made similar observations in direct asymmetric aldol
reactions ofR-hydroxylated ketones: Trost, B. M.; Ito, H.; Silcoff, E. R.
J. Am. Chem. Soc.2001, 123, 3367-3368.

(30) For an excellent review on the synthesis of 1,2-amino alcohols, see:
Bergmeier, S. C.Tetrahedron2000, 56, 2561-2576.

Figure 1. Optimization of catalyst loading and ketone amount in the
reaction ofp-nitrobenzaldehyde withp-anisidine and hydroxyacetone (ace-
tol). (a) Variation of catalyst concentration. Conditions: 1 equiv of aldehyde,
1.1 equiv ofp-anisidine, 10 vol % acetol/DMSO. (b) Variation of acetol
concentration. Conditions: 1 equiv of aldehyde, 1.1 equiv ofp-anisidine,
20 mol % proline.

Table 5. Catalytic Enantioselective Synthesis of syn-1,2-Amino
Alcohols

A R T I C L E S List et al.
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reaction (AA). The AA ofR,â-unsaturated ketones is, to the
best of our knowledge, unknown (eq 4).31

An important utility of the obtained enantiomerically enriched
syn-1,2-amino alcohols would be their use in a synthesis of
R-amino acid derivatives. In principle, such a synthesis would
involve two straightforward oxidations: an oxidativeR-hydroxy
ketone (glycol-type) cleavage32 and an oxidative removal of the
aromatic nitrogen substituent (eq 5).

Not unexpectedly, a simple one-pot procedure accomplishing
both oxidations in a single operation could not be realized.
However, we have developed a novel sequence that leads from
hydroxyacetone-Mannich products toN-BOC-protected 1,2-
amino alcohols22 in four steps (Scheme 1).

Treatment of Mannich products15 and18 with triphosgene
gave crystalline oxazolidinones19a (R ) Ph) and19b (R )
i-Pr). After exchanging the PMP group with BOC to give
carbamates20a,b, a Baeyer-Villiger oxidation with trifluo-
roperacetic acid (TFPAA)33 cleanly gave acetals21a,b. Reduc-
tion furnishedN-BOC-phenylglycinol (22a) andN-BOC-valinol
(22b) in excellent yields.34 The overall process starting from
the Mannich products gaveN-BOC-protected 1,2-amino alcohols
22a and 22b in 52 and 64% yield, respectively, and without
any noticeable racemization as confirmed by optical rotation
and HPLC analysis.

Mechanism.The most plausible mechanism of the proline-
catalyzed three-component Mannich reaction is depicted in
Scheme 2. Accordingly, the ketone reacts with proline to give
an enamine. In a second preequilibrium between the aldehyde
and the aniline, an imine is formed. Imine and enamine then
react to give after hydrolysis the enantiomerically enriched
Mannich product. This mechanism is similar to the one we
proposed for the proline-catalyzed aldol reaction with the only
difference being that the aldehyde is first converted into an imine
before reacting with the presumed proline enamine.

In the reactions of hydroxyacetone with differentp-substituted
aromatic aldehydes we discovered a strong effect of the
electronic properties of the aromatic moiety on the stereose-
lectivity. The enantioselectivity correlates well with Hammett
σp-values, and a linear Hammett plot was obtained. The reaction
constantF for the proline-catalyzed three-component Mannich
reaction was determined to be 1.36 (R2 ) 0.95) (Figure 3).35,36

(31) (a) Li, G.; Chang, H.-T; Sharpless, K. B.Angew. Chem., Int. Ed. Engl.
1996, 35, 451-454. (b) Review: O’Brien, P.Angew. Chem., Int. Ed.1999,
38, 326-329.

(32) For elegant examples of suchR-hydroxy ketone cleavages, see: (a) Van
Draanen, N. A.; Arseniyadis, S.; Crimmins, M. T.; Heathcock, C. H.J.
Org. Chem.1991, 56, 2499-2506. (b) Reference 8.

(33) TFPAA was prepared in situ from urea-hydrogen peroxide and trifluoro-
acetic anhydride, see: Ziegler, F. E.; Metcalf, C. A., III; Nangia, A.; Schulte,
G. J. Am. Chem. Soc.1993, 115, 2581-2589 and references therein.
m-CPBA was less efficient in these reactions.

(34) For an elegant alternative approach to aryl glycinols using the Sharpless
AA, see: Reddy, K. L.; Sharpless, K. B.J. Am. Chem. Soc.1998, 120,
1207-1217. O’Brien, P.; Osborne, S. A.; Parker, D. D.J. Chem. Soc.,
Perkin Trans. 11998, 2519-2526. For selected other methods for the
synthesis of 2-substituted 2-amino ethanols, see: (a) Reduction ofR-amino
acids: Smith, G. A.; Gawley, R. E.Org. Synth.1985, 63, 136-139. Meyers,
A. I.; McKennon, M. J.J. Org. Chem.1993, 58, 3568-3571. (b) From
glycol aldehyde hydrazones: Enders, D.; Reinhold, U.Angew. Chem., Int.
Ed. Engl.1995, 34, 1219-1222. Enders, D.; Reinhold, U.Liebigs Ann.
1996, 11-26. (c) Other auxiliary methodologies: Barrow, J. C.; Ngo, P.
L.; Pellicore, J. M.; Selnick, H. G.; Nantermet, P. G.Tetrahedron Lett.
2001, 42, 2051-2054. Youn, S. W.; Choi, J. Y.; Kim, Y. H.Chirality
2000, 12, 404-407. (d) Optical resolution: Morita, T.; Nagasawa, Y.;
Yahiro, S.; Matsunaga, H.; Kunieda, T.Org. Lett. 2001, 3, 897-899.
Matsunaga, H.; Ishizuka, T.; Kunieda, T.Tetrahedron1997, 53, 1275-
1294. (e) Curtius rearrangement ofâ-hydroxy acids: Takacs, J. M.; Jaber,
M. R.; Vellekoop, A. S.J. Org. Chem.1998, 63, 2742-2748.

Figure 2. X-ray structure of amino ketone15 (ORTEP view). The atoms
are drawn at 50% probability.

Scheme 1. Synthesis of 1,2-Amino Alcohols 22a and 22b

Scheme 2. Proposed Mechanism (X ) Oxygen or Carbon
Substituent)
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Our results suggest negative charge formation in the enan-
tioselectivity-determining step, which is consistent with the
proposed nucleophilic addition of an enamine to an imine. The
observation that higher ee’s were obtained with more reactive
aldehydes (imines) has previously been made by Noyori et al.
in â-amino-alcohol-catalyzed additions of dialkylzincs to ben-
zaldehyde derivatives.37

A main difference between proline-catalyzed aldol and
Mannich reactions concerns the stereoselectivity. Typically,
aldols result from are-enantiofacial attack on the aldehyde,
whereas Mannich products are formed viasi-face attack on an
imine. Moreover, if substituted ketone donors are used, in the
aldol reaction,anti-diastereoselectivity is typically observed
while excellentsyn-selectivity was found in the corresponding
Mannich reactions. Consequently, the enamine-enantiofaciality
(si, if the substituent X is of highest priority) is the same in
both reactions, but the electrophile-faciality is reversed resulting
in like topicity (lk) in the Mannich reaction and inunliketopicity
(ul) in the aldol reaction.38 That both enamine and imine may
adopt both (E)- and (Z)-configurations complicates an analysis
of the entiresortimentof plausible transition states.39 In our
originally proposed mechanism, we employed (Z)-imines to
account for the reversed enantioselectivity. However, while

imines may undergo (E)-(Z) isomerization,40 and (Z)-imines
have been implicated earlier in related transition states,7 typically
they are present in only low equilibrium concentrations. On the
basis of these considerations we have developed advanced
transition-state models that explain the contrasting stereoselec-
tivities of proline-catalyzed aldol and Mannich (Scheme 3).

Accordingly, in the Mannich transition state we assume (E)-
configurations of both the proline enamine and the imine. The
si-face of the imine is selectively attacked by the enamine to
allow for protonation of its lone pair and compensation of
negative charge formation. Attack of the iminere-face would
result in unfavorable steric interactions between the pyrrolidine
and aromatic ring (Scheme 3, arrow a). These interactions do
not exist in the aldol reaction, and steric repulsion between
aldehyde and enamine carbon substituents dominates (Scheme
3, arrow b).

Conclusions

Scope, optimization, and application of the proline-catalyzed
direct asymmetric three-component Mannich reaction have been
described herein. The development of this reaction constitutes
a major advancement over prior asymmetric Mannich reaction
technologies. Of the several important improvements, a few are
mentioned in the following: (1) Our reaction is the first
organocatalytic asymmetric Mannich reaction. (2) It is also the
first catalytic asymmetric three-component Mannich reaction
that uses free aldehydes instead of preformed imine equivalents
or paraformaldehyde. (3) The reaction is broad in scope, and
several different aldehydes, including the important class of
R-unbranched aldehydes, may be used. (4) Exceptionally high
enantio-, diastereo-, regio-, and chemoselectivities have been
obtained. (5) The reactions are operationally simple and use an
inexpensive and nontoxic catalyst that is available in both
enantiomeric forms.

Experimental Section

General Experimental Procedure for Mannich Reactions with
Different Ketones (Table 1).A suspension of (S)- or (R)-proline (40
mg, 0.35 mmol),p-anisidine (135 mg, 1.1 mmol), and an aldehyde
(1.0 mmol) in 8 mL of DMSO and 2 mL of the ketone (acetone,

(35) The result withp-anisaldehyde (R) OMe) has been excluded.
(36) (a) Hammet, L. P.J. Am. Chem. Soc.1937, 59, 96. (b) Jaffe, H. H.Chem.

ReV. 1953, 53, 1-261.
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Figure 3. Substituent effect on enantioselectivity.

Scheme 3. Opposite Enantiofacial Selectivities and Topicities in
Aldol and Mannich Transition States
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2-butanone, methoxyacetone, or hydroxyacetone) was stirred at room
temperature for 12 h. The reactions were worked up by adding
phosphate-buffered saline (PBS) solution (pH 7.4), extracting with ethyl
acetate, drying the organic layer with MgSO4, and purifying the
crude product by column chromatography with hexane/ethyl acetate
mixtures.

General Experimental Procedure for the Synthesis of Mannich
Products from Acetone (Table 2).A suspension of (S)- or (R)-proline
(40 mg, 0.35 mmol),p-anisidine (135 mg, 1.1 mmol), and an aldehyde
(1.0 mmol) in 10 mL of DMSO/acetone (4:1) (procedure A), in pure
acetone (procedure B), or in CHCl3/acetone (4:1) (procedure C) was
stirred at room temperature for 12-48 h. In procedures A and C, the
reactions were worked up by adding phosphate-buffered saline (PBS)
solution (pH 7.4), extracting with ethyl acetate, drying the organic layer
with MgSO4, and purifying the crude product by column chromatog-
raphy with hexane/ethyl acetate mixtures. In procedure B, the reactions
were worked up by filtration to recover>80% of proline, concentration,
and column chromatography with hexane/ethyl acetate mixtures.

General Experimental Procedure for the Synthesis of Mannich
Products from Hydroxyacetone (Table 5).A suspension of (S)- or
(R)-proline (23 mg, 0.2 mmol, 20 mol %),p-anisidine (135 mg, 1.1
mmol), and an aldehyde (1.0 mmol) in 10 vol % hydroxyacetone/DMSO
(9 mL) was stirred at room temperature for 3-16 h. The reactions were
worked up by adding saturated aqueous ammonium chloride solution
and extracting with hexane/ethyl acetate) 2/3 (2 × 15 mL). The organic
layers were washed once with water (15 mL), dried (MgSO4), filtered,
and concentrated to furnish after column chromatography (hexane/ethyl
acetate) 3/1) the puresyn-products (4, 12-18). Diastereoselectivities-
were determined from the raw1H NMR spectrum of the reaction
mixture.

Synthesis of (R)-4-(4-Methoxy-phenylamino)-6-methyl-heptan-
2-one (6) as a Representative Experiment.A suspension of (S)-proline
(40 mg, 0.35 mmol),p-anisidine (135 mg, 1.1 mmol), and isovaleral-
dehyde (1.0 mmol) in 10 mL of acetone was stirred at room temperature
for 18 h. The mixture was filtered to recover ca. 35 mg of proline.
Concentration of the filtrate followed by column chromatography (15%
ethyl acetate/hexanes) gave Mannich product6 as a clear oil (224 mg,
0.9 mmol, 90%). HRMS (MALDI): calcd for MNa+ 272.1626, found
272.1630. IR: 2954, 1708, 1513, 1240.tr(R) ) 6.5 min, tr(S) ) 7.3
min, ee) 93% (Chiralcel AS,λ ) 315 nm, 10%iPrOH/hexanes).1H
NMR (300 MHz, CDCl3): δ 0.90 (d,J ) 6.6 Hz, 3H), 0.92 (d,J )
7.0 Hz, 3H), 1.33 (m, 1H), 1.47 (m, 1H), 1.75 (m, 1H), 2.12 (s, 3H),
2.54 (dd,J ) 6.6, 16.7 Hz, 1H), 2.66 (dd,J ) 5.3, 16.7 Hz, 1H), 3.73
(s, 3H), 3.81 (m, 1H), 6.58 (m, 2H), 6.76 (m, 2H).13C NMR (300
MHz, CDCl3): δ 22.2, 22.9, 24.9, 31.0, 44.6, 48.0, 48.9, 55.7, 114.8,
114.9, 141.3, 152.0, 208.4.
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