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Readily available chiral primary 1,2-aminoalcohols and diamines have been explored as organocatalysts
for a domino Michael–aldol reaction. Their application in this organocascade process afforded
cyclohexanone A with high levels of reactivity (up to 91% yield) and stereoselectivity (>97 : 3 d.r., up to
93% ee). Depending on the acid cocatalyst different chiral species (cyclic secondary amines vs. acyclic
primary amines) might catalyse the process. In order to shed light on the catalytic activation, several
experiments were carried out and a detailed possible reaction mechanism is proposed. Theoretical
studies support the stereochemical outcome of the process.

Introduction

In the last decade, organocatalysis has emerged as one of the
most exciting and rapidly expanding fields in organic chemistry.1

In particular, aminocatalysis has provided the life sciences with
easy and environmentally friendly access to important building
blocks.2 Secondary amines have played a key role within this field
due to their efficient activation of carbonyl compounds such as
aldehydes, a,b-unsaturated aldehydes and ketones. Moreover, the
past few years have witnessed the rapid development of chiral pri-
mary amine-based organocatalysts3 owing to their extraordinary
usefulness and versatility as activators of a,b-unsaturated ketones
in asymmetric catalysis.4

In parallel with the advances in the use of primary
amine organocatalysts, significant developments in asymmetric
organocascade reactions have also been reported.5 It is not
surprising that domino processes represent a flourishing area
in organic chemistry since they allow a number of bonds and
stereocenters to be efficiently created in a single operation. These
straightforward routes to molecular complexity are important in
green chemistry for their atom economy, reduction of synthetic
steps, and minimization of solvents and waste.6 It is thus highly
desirable to provide readily available molecules able to promote
asymmetric cascade reactions.
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In this context, chiral primary 1,2-aminoalcohols, easily ac-
cessible from inexpensive natural amino acids, are valuable small
molecules that have been efficiently used as chiral auxiliaries in the
preparation of enantiomeric scaffolds giving access to structurally
complex bioactive and natural products.7 Furthermore, a large
number of vicinal amino alcohol derivatives have successfully
acted as ligands in a great variety of transition metal catalytic
reactions.8 Although both these applications are well documented,
chiral primary 1,2-aminoalcohols have been scarcely studied as
“metal-free catalysts”9 and, to the best of our knowledge, their
application in asymmetric cascade reactions remains unexplored.

Going a step further in the study of chiral aminoalcohols
in asymmetric synthesis, we herein examine their usefulness as
organocatalysts for the enantioselective production of compounds
by a cascade reaction. The structural requirements of the catalyst
for efficient stereoselective catalysis are discussed. Finally, compu-
tational studies are performed to identify clues about the origin of
the stereoselectivity.

Results and discussion

In a seminal study by Jørgensen’s group, a phenylalanine-derived
imidazolidine 1 was shown to catalyze a highly enantio- and
diastereoselective domino Michael–aldol reaction of acyclic b-
ketoesters and a,b-unsaturated ketones to form optically active
cyclohexanones (Scheme 1).10

An initial screening was carried out to optimize the reaction
conditions of benzylideneacetone with benzyl benzoylacetate
using 10 mol% of 1. The highest reaction rates were observed
in EtOH at room temperature for 44 h (89% yield), with excellent
diastereoselectivity (>97 : 3 d.r.) and good enantiomeric excess
(89% ee). This transformation was also performed at 10 ◦C (80%
yield, >97 : 3 d.r., 95% ee), although the reaction time increased to
190 h. The reaction also proceeded under solvent-free conditions,
even though the yield was significantly lower (60%). Notably,
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Scheme 1 Organocatalytic asymmetric domino Michael–aldol reaction.

a single enantiomer (A) precipitated from the reaction mixture,
which was isolated in a pure form simply by filtration, suggest-
ing that a continuous recrystallization took place during the
process.

At the outset of our studies, we planned to explore the
influence of an oxygen atom within the cyclic catalyst. Thus,
4-benzyloxazolidine-2-carboxylic acid 2, an analogue of the
Jørgensen imidazolidine 1, was used as an organocatalyst in the
model reaction.11 Satisfactorily, novel oxazolidine 2 was indeed
able to catalyse the reaction (Table 1, entry 1), thus indicating
its capacity to activate a,b-unsaturated ketones.12 In this context,
it is known that cyclic secondary amines are reluctant to react
with a,b-unsaturated ketones due to the formation of congested
iminium adducts, and that primary amines can easily overcome
such steric difficulties.4 Interestingly, some authors consider that
one of the many imidazolidines that catalyse 1,4-additions is in fact
a precatalyst,13 since the primary amine derived from its hydrolysis
can catalyse the conjugate addition.14

Bearing this case in mind, additional experiments were envis-
aged considering that imidazolidine 1 and oxazolidine 2 may be in
equilibrium with the diamine 3 and aminoalcohol 4, respectively.

Table 1 Optimization of the diastereo- and enantioselective domino
Michael–aldol reaction by 2–4a

Entry
Catalyst
[mol%] Acid [mol%] Solvent Time/d Yield (%)b ee (%)c

1 2 [20] EtOH 7 65 70
2 3 [10] Glyoxylic [10] EtOH 3 70 89
3 4 [20] Glyoxylic [20] EtOH 6 77 73
4 4 [20] Glyoxylic [10] EtOH 6 88 82
5 3 [10] Benzoic [10] EtOH 4 82 93
6 4 [20] Benzoic [20] EtOH 6 66 66
7 4 [20] Acetic [20] EtOH 6 60 53
8 4 [20] Glyoxylic [20] H2O 5 42 86
9 4 [20] Glyoxylic [20] neat 6 70 86
10 4 [20] Benzoic [20] neat 6 82 81
11 4 [20] Glyoxylic [20] neat 2 90 75d

12 4 [20] Benzoic [20] neat 3 91 78d

All the reactions were performed on a 0.5 mmol scale at room temperature
unless indicated otherwise (see Experimental section).a Diastereoisomeric
ratio in all reactions showed to be >97 : 3 determined by 1H NMR spec-
troscopy of the crude product. b Yields of isolated product. c Determined
by chiral stationary phase HPLC. d Reaction performed at 40 ◦C.

Thus, when we directly used diamine 3 in the presence of an
equimolecular amount of glyoxylic acid (Table 1, entry 2), we
obtained A with the same optical purity (89% ee) as when using
preformed imidazolidine 1 (vide supra). In order to elucidate the
existing species in the reaction media, equimolecular amounts of
diamine 3 and glyoxylic acid were mixed in EtOH, the solvent of
the domino reaction. Under these conditions, total conversion to
imidazolidine 1 was observed after 1 h.15 Additionally, the mixture
of equimolecular amounts of both reagents, 3 and glyoxylic acid,
in CD3OD in an NMR tube allowed us to confirm that the
formation of 1 was instantaneous. These findings indicate that
the phenylalanine-derived imidazolidine 1 is likely to be present
in the domino reaction media (EtOH). Similarly, oxazolidine 2
is also rapidly formed in EtOH from glyoxylic acid monohydrate
and (S)-phenylalaninol 4. Thus, the previous preparation of cyclic
catalysts 1 and 2 is not required since in situ formation can occur
in the reaction media.

With this information in hand, we turned our attention to the
study of primary aminoalcohols as organocatalysts, carrying out
a screening of the reaction conditions. The use of 20 mol% of (S)-
phenylalaninol (4) and glyoxylic acid furnished cyclohexanone
A in 77% yield and 73% ee (Table 1, entry 3). Interestingly, an
optimal ratio of the aminoalcohol and the acid (20 and 10 mol%,
respectively) significantly increased the yield and enantioselectivity
of the process (Table 1, entry 4). This result prompted us to explore
the role of the acid in the reaction.

With the results obtained so far we assumed that the catalyst of
the reaction could be either the heterocycles (1 or 2) or the primary
amines (3 or 4), with the glyoxylic acid acting as a cocatalyst. To
discard the former possibility, glyoxylic acid was substituted by
other acids that prevent the in situ formation of the five-membered
ring derivatives 1 and 2 from diamine 3 and aminoalcohol 4,
respectively.

The use of benzoic acid as the cocatalyst in the presence of
diamine 3, gave the product A in 82% yield and 93% ee (Table 1,
entry 5). Aminoalcohol 4 was also able to catalyse the reaction in
the presence of benzoic acid (Table 1, entry 6). These experiments
proved that primary amines 3 and 4 are able to catalyze the domino
Michael–aldol reaction on their own. However, it can not be
completely excluded that reactions performed with glyoxylic acid
(Table 1, entries 2–4) are not catalyzed by heterocycle 1 or 2.

The product A was also obtained by using AcOH as the
cocatalyst, although the yield and the ee decreased to 60 and 53%,
respectively (Table 1, entry 7). Other acids with lower pKa such
as oxalic and trifluoroacetic acids turned out to be ineffective and
the reaction did not progress at all.

In order to provide a more environmentally friendly procedure,
water and neat conditions were considered. Although previous
studies using 1 in water were not successful,10 (S)-phenylalaninol
(4) enabled the reaction to take place in water with high selectivity
but moderate reactivity (Table 1, entry 8), the latter probably due
to the low solubility of the reagents in the aqueous media.

Neat conditions in the presence of glyoxylic acid resulted in an
improved enantioselectivity (Table 1, entry 9 vs. entry 3), whereas
with benzoic acid, the absence of solvent enhanced both the
reaction rate and enantioselectivity (Table 1, entry 10 vs. entry
6).

In the domino reaction, heating the mixtures at 40 ◦C in solvent-
free conditions reduced the reaction times and increased the yields
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(>90%), but slightly decreased enantioselectivities (Table 1, entries
11 and 12).16

Other vicinal diamine and aminoalcohols as domino Michael–aldol
reaction catalysts

Since diamine 3 and (S)-phenylalaninol (4) are good candidates
for the model domino reaction, other 1,2-aminoalcohol derivatives
with different structural features were studied (Fig. 1). Represen-
tative results are summarized in Table 2.

Fig. 1 Diamine 5 and aminoalcohols 6–13 used in this study. TMS =
trimethylsilyl.

We first examined the influence of the aromatic ring arrange-
ment within the catalyst. Thus, when the aromatic substituent
was directly linked to the chiral stereocenter of the diamine (5) the
effect was considerable, with the ee dropping from 89 to 68% (Table
1, entry 2 vs. Table 2, entry 1). However, such a phenyl substituent
within an aminoalcohol moiety (6) affected the reaction outcome
only slightly (Table 2, entry 2 vs. Table 1, entry 3), this compound
thereby showing more tolerance to structural modifications.

As expected, the use of (R)-phenylglycinol (6) as the catalyst led
to the enantiomer (ent-A) of the final product obtained in all the
aforementioned studies using compounds 3–5 as the chiral source
(Table 2, entry 3).

Table 2 Domino Michael–aldol reaction catalysed by diamine 5 and
aminoalcohols 6–13a

Entry Catalyst Acid Solvent Time/d Yield (%)b ee (%)c

1 5 Glyoxylic EtOH 3 70 68d

2 6 Glyoxylic EtOH 6 71 -80
3 7 Glyoxylic EtOH 6 67 -73
4 7 Benzoic EtOH 4 55 -63
5 8 Glyoxylic EtOH 6 55 -77
6 9 Glyoxylic EtOH 6 65 -70
7 10 Glyoxylic EtOH 6 28 86
8 11 Glyoxylic EtOH 4 42 56
9 12 Glyoxylic neat 3 50 79e

10 13 Glyoxylic EtOH 6 77 61

All the reactions were performed on a 0.5 mmol scale at room temperature
with 20 mol% of the cocatalyst and catalysts unless indicated otherwise (see
Experimental section).a Diastereoisomeric ratio in all reactions showed to
be >97 : 3 determined by 1H NMR spectroscopy of the crude product.
b Yields of isolated product. c Determined by chiral stationary phase
HPLC. d Reaction performed with 10 mol% of both diamine 5 and glyoxylic
acid. e Reaction performed at 40 ◦C.

An additional stereocenter with a tethered phenyl group was in-
cluded in the catalyst, and (1S,2R)-2-amino-1,2-diphenylethanol
7 was examined with either glyoxylic or benzoic acid as the
cocatalyst. Such conditions afforded ent-A in moderate yield
and enantioselectivity (Table 2, entries 3 and 4). Running the
reaction in the presence of its 1R, 2R diastereoisomer 8 did not
significantly improve the rate or selectivity of the process (Table
2, entry 5). These results indicated that only the stereocenter
bearing the primary amino group has a significant influence on
the stereochemical outcome of the reaction. These observations
were confirmed by the different behavior of the constrained
diastereoisomers 9 and 10. Using trans-(R,R)-aminoindanol 9,
ent-A was formed in 65% yield and 70% ee, whereas with cis-(S,R)-
aminoindanol 10, low conversion to the opposite enantiomer (A)
occurred, albeit with a higher ee value (Table 2, entries 6 and 7).

When bearing a 3-indolyl substituent the primary aminoalcohol
catalyst [(S)-tryptophanol, 11] was ineffective (Table 2, entry 8).
Electron-donating groups in the phenyl substituent hampered
the reaction evolution as (S)-3,4-dimethoxyphenylalaninol (12)
needed a higher temperature in solvent-free conditions to yield
50% of A (Table 2, entry 9).

The above results show that, in the aminoalcohol series, the
optimal aromatic substituent for an efficient domino Michael–
aldol reaction is a phenyl or benzyl group.

Alcohol protection of (S)-phenylalaninol (4) gave trimethylsilyl
ether derivative 13, which catalyzed the cascade reaction in good
yield. Nevertheless, the absence of a hydrogen-bonding donor
decreased the reaction enantioselectivity (Table 2, entry 10).

Mechanistic and theoretical considerations

Based on our experimental observations and previous
considerations,10 a putative mechanism can be proposed for the
Michael–aldol reaction.

Two different pathways may be considered depending on the
catalytic participation of cyclic secondary amine IA (cycle A
depicted in Fig. 2) or acyclic primary amine IB (cycle B). Using
catalysts 3 or 4 with glyoxylic acid as the cocatalyst, the reaction
can progress through both primary amine catalysis17 (cycle B)
and secondary amine catalysis18 (cycle A). However, when the
reaction was performed in the presence of other acid cocatalysts
such as benzoic acid, the reaction course would only follow cycle
B (X = NCH3, O; R1 = Bn; R2 = Ph) since the absence of aldehyde
functionality within the acid would avoid the cyclic secondary
amine formation.

The iminium/enamine cascade sequence would proceed
through the initial activation of the unsaturated ketone by either
the catalyst IA or IB to form iminium ions IIA and IIB, respectively.
The ketoester nucleophilic attack at the Si face of these activated
eniminium ions would afford Michael adducts IIIA and IIIB,
with two new stereogenic centers, although one of them can
probably epimerize in the reaction media. After an enamine
isomerization, intermediates IVA and IVB can adopt a prefer-
ential pseudo-chair conformation where the bulky substituents
are in equatorial disposition. Only these favourable conformers,
probably assisted by a hydrogen-bonding interaction, would easily
undergo the aldol reaction. Finally, subsequent hydrolysis of
VA and VB would afford cyclohexanone A and re-establish the
catalysts.
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Fig. 2 Proposed Michael–aldol reaction mechanism catalysed by primary and secondary amines.

Interactions between catalysts and other carbonyl groups
present in the mixture may produce reversible side reactions. How-
ever, these would not interfere with the organocascade reaction as
the whole system is in equilibrium wherein the precipitation of
the final product (A) from the reaction mixture acts as the driving
force of the process.

Regarding the stereoselectivity in the domino Michael–aldol
sequence, the key step for the asymmetric induction is the initial
Michael addition, which involves the generation of the two first
stereogenic centers. Since only one of them is configurationally
stable, this one determines the configuration of other stereocenters
present in the final product (A). Thus, we centered our attention
on the stereochemical outcome during the formation of this
stable stereocenter. To explain the stereochemistry of the Michael
adduct IIIB, two main factors were considered: the stability of the
iminium ion (IIB) and the stereofacial selectivity in the ketoester
attack.

The interaction of the catalyst with the a,b-unsaturated ketone
could originate four possible iminium derivatives (Fig. 3). The
transoid iminium salts were expected to be more stable due to the
larger steric hindrance in the cisoid derivatives. Indeed, B3LYP/6-
31G(d) calculations (phenylglycinol chosen as model, Fig. 3 X =
O) indicate that transoid forms were more stable by 2.4 kcal mol-1.
Among them, trans-im2 was more stable than trans-im1 by 0.7 kcal
mol-1. This effect can be ascribed to the balance of two opposite
effects (Fig. 4): (i) the energetic stabilization due to the formation
of an intramolecular hydrogen bond between the hydroxyl group
and the iminium N–H, and (ii) the destabilization due to the
proximity of the benzene ring to the carbon atom in the position
b to the iminium nitrogen and trans to the iminium hydrogen
(CH in trans-im2; CH3 in trans-im1), which is larger in trans-im1
due to the presence of the methyl group. Relief of such steric
hindrance, which is associated with the loss of the intramolecular
hydrogen bond, does not afford a net gain in stability, as the corre-
sponding conformations are destabilized by around 1.1 kcal mol-1

(Fig. 4).

Fig. 3 Putative iminium salt derivatives and Michael adduct intermediate.

The nucleophilic attack of benzyl benzoylacetate at the Si
face of the iminium intermediate (trans-im2) will determine an
R configuration in the newly created stereocenter [(R)-IIIB where
R1 = Ph, Fig. 3]. In order to gain insight into the preference for
the Si face, we determined the relative stability of the products
formed from the attack of benzyl benzoylacetate at the two faces
of trans-im2. Exploration of the different conformational states
for the products with R (Si face, (R)-IIIB) and S (Re face, (S)-
IIIB) configurations indicated that the former is predicted to be
more stable by 2.0 kcal mol-1 at the B3LYP/6-31G(d) level (Fig.
5). In the two cases an intramolecular hydrogen bond is formed
between the hydroxyl unit and the carbonyl group of the keto
or ester moieties upon attack via Si or Re faces, respectively (the
alternative conformations where hydrogen bonding involves the
ester (Si face) or keto (Re face) units are destabilized by 2.9 and
3.6 kcal mol-1; see Fig. S1 in the ESI†). Inspection of Fig. 5
suggests that the preference for the product with R configuration
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Fig. 4 Representation of the most favorable species of trans-im1 and tran-
s-im2, their relative energy (kcal mol-1; in bold), and selected intramolecu-
lar distances (Å; in italics) determined from geometry optimizations at the
B3LYP/6-31G(d) level.

Fig. 5 Two views of the most stable products formed upon nucleophilic
attack of the benzyl benzoylacetate (shown in yellow) to the Si/Re faces
of the iminium intermediate trans-im2 (shown in blue). The relative energy
(kcal mol-1; in bold), and selected intramolecular distances (Å; in italics)
determined from geometry optimizations at the B3LYP/6-31G(d) level are
shown.

arises from two factors: (i) a stronger hydrogen bond between
hydroxyl and carbonyl groups in the R product, as noted in the
shorter O ◊ ◊ ◊ H distance (2.95 and 3.08 Å for attack via Si or
Re faces, respectively), and (ii) a larger steric clash between the

benzyl ring and the hydrogen atom at the chiral center in the S
product.

On the basis of these findings, it can be hypothesized that the
formation of the transition state (TS) leading to the R product (Si
face, (R)-IIIB) will be energetically more favorable, which would
thus justify the stereochemical outcome of the reaction. In order
to confirm this hypothesis, the TS leading to the products were
determined and confirmed by the presence of a single imaginary
frequency, which mainly involves the displacement of the carbon
atoms involved in the formation of the bond between trans-
im2 and benzyl benzoylacetate (C–C distance of 2.31 and 2.33
for transition states via Si and Re faces, respectively; see Fig.
S2 in the ESI†). Moreover, the TS yielding the S product is
destabilized by 3.6 kcal mol-1 relative to the TS leading to the
R product [(R)-IIIB]. Notably, such a difference in stability can
be attributed, at least in part, to the stronger intramolecular
hydrogen bond in the R product-TS, as noted in a distance of
2.77 Å, which compares with a value of 3.02 Å found for the
S product-TS (see Fig. S2 in the ESI†). Overall, these findings
highlight the important role played by the hydroxyl group of
the aminoalcohol catalyst. This observation is supported by our
experimental results, comparing the ee in the reaction using 4
(Table 1, entry 4, ee 82%) and its silylated analogue 13 (Table 2,
entry 10, ee 61%).

Finally, the a-dicarbonylic stereocenter is epimerizable and
its configuration may be determined by the subsequent aldolic
condensation step, taking into account that the most stable
chair-like conformation for IVA and IVB would involve the
pseudoequatorial disposition of all substituents (Fig. 2). In this
last step, a hydrogen-bonding interaction between the hydroxyl
group and the ketone is likely to be present, as indicated in the
theoretical calculations for (R)-IIIB (Fig. 5).

Conclusions

Chiral aminoalcohols and diamines, which are readily available
from naturally occurring amino acids, have proven to be new, use-
ful organocatalysts for a highly stereoselective domino Michael–
aldol reaction, affording cyclohexanone A with excellent yields (up
to 91%), diastereoselectivities (>97 : 3 d.r.) and enantioselectivities
(up to 93% ee). Initial studies using cyclic secondary amines 1 and
2, and acyclic primary amines 3 and 4, in the presence of glyoxylic
acid showed that two different types of catalysis might be involved.
Benzoic acid cocatalysis pointed to primary amine catalysis, in
which 3 and 4 acted as the real catalysts. However, when glyoxylic
acid cocatalysed the reaction, the heterocyclic species present in
the media could take part in the process through secondary amine
catalysis. A detailed mechanism for the organocascade reaction
was proposed.

All aminoalcohol derivatives studied were able to catalyse the
domino process. However, few structural catalyst modifications
allow an efficient reaction, thereby indicating that this transfor-
mation is very sensitive to the catalyst structure.

Finally, theoretical calculations have been performed to justify
the stereochemical outcome of the Michael addition, which
determines the configuration of the three contiguous stereogenic
centres present in the final product. From these studies we can
conclude that the preference for the product with R configuration
(attack via Si face) can be attributed to the subtle balance
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between (i) the hydrogen bonding between the hydroxyl group
of the transoid iminium intermediate and the carbonyl unit of the
benzyl benzoylacetate reagent, and (ii) the steric clash between the
reacting partners.

Experimental

Unless otherwise indicated, NMR spectra were recorded in CDCl3

at 400 MHz (1H) and 100.6 MHz (13C), and chemical shifts are
reported in d values downfield from TMS or relative to residual
chloroform (7.26 ppm, 77.0 ppm) as an internal standard. Data
are reported in the following manner: chemical shift, multiplicity,
coupling constant (J) in hertz (Hz), integrated intensity. Multi-
plicities are reported using the following abbreviations: s, singlet;
dd, doublet of doublets; m, multiplet; br s, broad signal. Optical
rotations were measured on a Perkin–Elmer 241 polarimeter.
The enantiomeric excess (ee) of the products was determined by
chiral stationary phase HPLC (Daicel Chiralpak IA column) with
methyl tert-butyl ether/EtOH 98/2 as eluent. Analytical grade
solvents and commercially available reagents were used without
further purification. Benzyl benzoylacetate,19 diamines 3 and 5,13a

aminoalcohols 4 and 6,20 and 1221 were prepared according to
literature procedures.

(4S)-4-Benzyl-1-methylimidazolidine-2-carboxylic acid (1)

In a NMR tube glyoxylic acid monohydrate (4.6 mg, 0.05 mmol)
was added to a solution of (S)-1-amino-2-methylamino-3-
phenylpropane (3; 8.5 mg, 0.05 mmol) in CD3OD (1 mL). The 1H
NMR spectrum was immediately recorded, indicating the presence
of a 1 : 1 mixture of diastereoisomeric imidazolidines. 1H NMR
(400 MHz, CD3OD) d 2.64–2.75 (m, 2H), 2.82 (s, 6H, NCH3),
2.86–2.94 (m, 2H), 3.03–3.09 (m, 2H), 3.15–3.20 (m, 2H), 3.52
(m, 1H, CH–N, one diastereoisomer), 3.82 (m, 1H, CH–N, one
diastereoisomer), 4.34 (m, 1H. CH–N, one diastereoisomer), 4.38
(m, 1H, CH–N, one diastereoisomer), 7.23–7.33 (m, 10H, ArH);
13C NMR (100 MHz, CD3OD) d 39.1. 39.6, 40.3, 40.7, 59.3, 59.8,
60.0, 60.3, 84.8, 86.6, 128.0, 128.4, 129.6, 129.8, 130.0, 130.1, 130.4,
130,5, 138.6, 138.7, 170.1, 170.6.

(4S)-4-Benzyloxazolidine-2-carboxylic acid (2)

An equimolecular mixture of (S)-phenylalaninol (151 mg, 1 mmol)
and glyoxylic acid monohydrate (92 mg, 1 mmol) in CH2Cl2

(20 mL) was stirred at room temperature overnight. The solvent
was evaporated to give quantitatively the desired product as a
white solid as a mixture of diastereoisomers. HMRS C11H14NO3

(M + H+), 208.0968; found, 208.0968.

(S)-1-Phenyl-3-(trimethylsilyloxy)propan-2-amine (13)

Iodine (46 mg, 0.18 mmol) and hexamethyldisilazane (2.8 mL,
13.23 mmol) were added to a solution of (S)-phenylalaninol
(2 g, 13.23 mmol) in anhydrous CH2Cl2 (45 mL). The resulting
yellowish mixture was stirred at room temperature for 4 h. The
reaction was quenched with MeOH (1 mL) and the mixture was
evaporated to give a colourless oil that was dissolved in CH2Cl2

(45 mL). A solution of Na2S2O3 (4 g) in water was added, the
mixture was stirred for 5 min, and the phases were separated.
The organic phase was dried, filtered and concentrated to give

a pale yellow solid (2.52 g, 85%). 1H NMR (400 MHz, CDCl3)
d 0.00 (s, 9H, 3CH3), 1.30 (br s, 2H, NH2), 2.38 (dd, J = 13.4,
8.4 Hz, 1H, CH2Ph), 2.66 (dd, J = 13.4, 5.2 Hz, 1H, CH2Ph), 2.99
(m, 1H, CH), 3.28 (dd, J = 9.8, 6.8 Hz, 1H, CH2O), 3.44 (dd,
J = 9.8, 4.3 Hz, 1H, CH2O), 7.05–7.21 (m, 5H, PhH); 13C NMR
(100 MHz, CDCl3) d -0.6 (CH3), 40.4 (CH2Ph), 54.1 (CH), 67.2
(CH2O), 126.2 (Ph), 128.4 (Ph), 129.2 (Ph), 139.1 (C-i); [a]22

D -8.5
(c 1.0, CHCl3); HMRS C12H22NOSi (M + H+), 224.1465; found,
224.1468.

General procedure for the domino Michael–aldol reaction

To a solution of benzylideneacetone (0.5 mmol) and benzyl
benzoylacetate (1 mmol) in EtOH (1 mL), the appropriate catalyst
(0.05–0.1 mmol) and acid cocatalyst (if appropriate) were added.
The reaction mixture was stirred at the temperature and for the
time indicated in the tables. The reaction mixture was diluted with
Et2O (2 mL) and filtered. The precipitate was collected to give the
cyclohexanone product as a white solid. The enantiomeric excess
(ee) was determined by HPLC analysis with an IA column (methyl
tert-butyl ether/EtOH 98/2, 1.0 mL min-1, l = 210 nm).

Theoretical computations

Geometrical parameters and energy differences were determined
from full geometry optimizations at the B3LYP/6-31G(d) level.
For the (both cis and trans) iminium derivatives a conformational
exploration was performed around the rotatable N–C bond in
order to determine the minimum energy conformation. Regarding
the products (with both R and S configuration) formed upon
attack of the benzyl benzoylacetate to trans-im2, a systematic
exploration was performed to explore different hydrogen bonding
patterns as well as the orientation of the benzyl and benzoyl
moieties. The minimum energy nature of the stationary points
was verified by inspection of the vibrational frequencies, which
were positive in all cases with the exception of the transition
states, which were characterized by a single imaginary frequency.
Calculations were performed using Gaussian-03.22
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