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The origins of the stereoselectivities in the axially chiral amino sulfonamide-catalyzed direct anti-
Mannich and syn-aldol reactions have been studied with the aid of density functional theory method.
Transition states of the stereochemistry-determining C–C bond-forming step with the enamine interme-
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HLYP/6-31G** calculations provide a good explanation for the diastereoselectivities in the chiral amino
sulfonamide-catalyzed anti-Mannich and syn-aldol reactions. Calculated and observed diastereomeric
ratio and enantiomeric excess values are in good agreement.
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mino sulfonamide
ransition structure

. Introduction

The direct asymmetric aldol and Mannich reactions are among
he most important C–C bond-forming reactions in the construction
f chiral building blocks for the synthesis of structurally complex
olecules, e.g. natural products or non-natural drug molecules

1]. As a result of their great usefulness in pharmaceutical chem-
stry and natural product syntheses, the development of catalytic
symmetric aldol and Mannich reactions has received increased
ttention in recent years [1–35]. In particular, since the pioneering
nding by List et al. and Barbas et al. [5–8] that proline could act
s a catalyst in the direct aldol and Mannich reactions, organocat-
lytic direct asymmetric aldol and Mannich reactions have been a
ighly active research area, and thus many metal-free chiral cat-
lysts [11–35], which include Brønsted acids [11–13], cinchona
lkaloids [14–15], proline derivatives and linear amino acid deriva-
ives [16–31], have been developed for those transformations, all
ttempting to reach high levels of efficiencies and to widen the
cope of substrates. Although great efforts have been made to the
evelopment of efficient asymmetric aldol and Mannich reactions

3–35], most highly stereoselective strategies have been limited
o the anti-selectivity in aldol reaction and syn-selectivity in the

annich reaction. New routes which allow high enantio- and
iastereo-syn-aldol and anti-Mannich reactions become to be an

∗ Corresponding author. Fax: +86 532 85950768.
E-mail address: faplhl@eyou.com (A. Fu).

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2009.08.026
appealing area. Recently, Barbas’ group has reported the first syn-
selective aldol reactions between �-hydroxyketones and aromatic
aldehydes catalyzed by the primary amine containing acyclic amino
acid (S)-threonine and its derivative OtBu-(S)-threonine [23]. In
their experiments, desired syn-diols were obtained with high dr
(up to 18:1) and ee (up to 98% ee). Later, Gong’s group has broad-
ened the scope of the aldol donor of the Barbas’ first syn-aldol
works, and developed a new type of organocatalysts [21], which
was derived from primary amino acids and �-amino alcohols, for
the catalytic syn-selective direct aldol reactions of aldehydes with
hydro-, fluoro-, and chloroacetone and 3-pentanone. They found
that organic molecules derived from l-leucine and (S)-�-amino
alcohols offered superior diastereo- and enantioselectivities. In
fact, Barbas et al. have also explored the primary amine containing
acyclic amino acid-catalyzed three-component Mannich reactions
between �-hydroxyketones, aromatic aldehydes and p-anisidine
[23]. In the experiment, the desired anti-Mannich products were
obtained in good yields with excellent dr (up to 15:1) and ee
(up to 98% ee) when primary amino acid l-tryptophan was used
as catalyst. Interestingly, with respect to the anti-Mannich reac-
tions [24–31], there are relatively more examples compared with
the syn-aldol reactions [21,23]. For example, in 2002, Córdova
and Barbas reported an (S)-2-methoxymethylpyrrolidine (SMP)-

catalyzed Mannich reaction between unmodified aldehydes and
N-PMP-protected �-imino ethyl glyoxylate which give the prod-
ucts in good yields (44–78%) with anti-selectivity ranging from 1:1
to >19:1 dr and good enantioselectivities (74–92% ee) [27]. Later,
Jorgensen et al. [31] and Córdova et al. [28] have also reported

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:faplhl@eyou.com
dx.doi.org/10.1016/j.molcata.2009.08.026
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he similar catalyst of �,�-diarylprolinol siyl ether in the same
irect catalytic Mannich-type reactions which afford the prod-
cts with highly anti- and enantioselectivities. The mechanism of
hose organo-catalyzed ani-Mannich process represents the con-
ept of the new asymmetric induction strategy and has proposed
o be controlled by the efficient steric shielding instead of the
ommonly used hydrogen bonding concept. Very recently, Barbas’s
roup has designed the new pyrrolidine derivatives of �-amino acid
atalysts, e.g. (3R, 5R)-5-methyl-3-pyrrolidinecarboxylic acid and
R)-3-pyrrolidinecarboxylic acid for the anti-selective Mannich-
ype reactions of aldehydes and ketone with imine [24–26]. The
nti-Mannich products were obtained with high stereoselectivities.

hereafter, Córdova and coworkers have also reported the primary
mine containing acyclic �3-amino acids-catalyzed direct asym-
etric anti-selective Mannich-type reactions between ketones and
-imino ester with high diastereo- and enantioselectivity (up to
19:1 dr, 88–99% ee) [29]. Above two experimental results indicate
hat the position of the carboxylic acid functionality, e.g. � or � in
he amino acids catalysts directs the stereoselection of the reaction.

Besides all above important anti-Mannich and syn-aldol reac-
ions, Maruoka and coworkers have designed a new type of axially
hiral catalysts [32–34], which has a rigid and readily derivatizable
inaphthyl backbone ((S)-1 and (S)-2 in Scheme 1). A highly anti-
elective asymmetric Mannich reaction between different aldehy-
es and N-PMP-protected �-imino glyoxylates using a novel axially
hiral amino trifluoromethanesulfonamide ((S)-2 in Scheme 1) as
he catalyst proceeded smoothly and gave �-amino aldehydes with
high anti/syn ratio and enantioselectivity (Eq. (1)) [32].

Lately, they also reported the successful application of this novel
xially chiral amino sulfonamide catalyst to the highly syn-selective
nd enantioselective direct cross-aldol reaction between two dif-
erent aldehydes [33]. Using only 5 mol% (S)-2, syn-aldol adducts
ere obtained in good yields and in most cases, along with up to

20:1 diastereoselectivity and excellent enantioselectivity (92–99%
e) in all cases (Eq. (2)). This organocatalytic process represents
rare example of syn-selective direct cross-aldol reaction via an

namine intermediate and was complementary to the proline-
atalyzed reactions with respect to the syn/anti selectivity.
(2)
sis A: Chemical 314 (2009) 1–9

(1)

Despite the above exciting results for catalyst (S)-2 with amino
sulfonamide functionality, an interesting change of the diastere-
oselectivity was also observed when switching the catalyst from
(S)-2 to (S)-1, a certain artificial amino acid catalyst with the same
binaphthyl backbone. As shown in Eq. (1), the direct Mannich reac-
tion between iso-valeraldehyde and �-imino ester catalyzed by
(S)-1 afforded the �-amino aldehyde with non-diastereoselectivity
(syn/anti = 1.1/1) [32]. Moreover, (S)-1-catalyzed direct asymmetric
aldol reaction between cyclohexanone and 4-nitrobenzaldehyde
gave the anti-aldol adduct with excellent diastereoselectivity
(anti/syn = 95:5) and good enantioselectivity (98% ee) (Eq. (3)) [34].
These intriguing phenomena call for mechanistic and theoretical
investigations.

(3)

Furthermore, although recent years have witnessed an explo-
sive growth in the field of asymmetric organocatalysis, especially
the asymmetric enamine catalysis, most of the catalysts described
above relay on the same catalyst design concept, namely the
replacement of the carboxylic acid group of proline with another
functionality and without any modification of the “backbone”
of the five-membered pyrrolidine ring [10]. Maruoka’s chiral
binaphthyl-based catalysts have provided a new strategy that
may be utilized in the design and development of organocat-
alysts other than proline derivatives. Hence, the mechanism
of this new type of catalyst-involved anti-Mannich and syn-
aldol reactions needs theoretical investigations. It is well known
that quantum mechanical calculations are an important tool
in elucidating the reaction mechanism and the stereoselec-
tivity, especially for the organo-catalyzed aldol, Mannich and
other related transformations involving enamine intermediate.

In most cases, the diastereo- and enantioselectivity have been suc-
cessfully rationalized and predicted [36–48]. To the best of our
knowledge, although great effort has been made to the general
understanding of the mechanism of enamine catalytic reactions
[36–48], there are no other theoretical investigations concerning
the anti-Mannich and syn-aldol processes involving the type of
axially chiral amino sulfonamide catalyst. Hence, to extend our
understanding in the mechanism and stereoselectivity of the enam-
ine catalytic reactions, the present theoretical study is performed to
explain the origin of the chiral amino sulfonamide-catalyzed syn-
selectivity in the aldol reaction and anti-selectivity in the Mannich
reaction.

2. Computational methods
All ground state and transition state (TS) geometries were
located using density functional theory (DFT) and the BH and HLYP
hybrid functional [49–50] since this functional has satisfactorily
reproducing the experimental results in several organo-catalyzed
Mannich reactions [51–52]. The standard 6-31G** basis sets [16]
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ere employed throughout. All TS geometries were fully optimized
nd characterized by frequency analysis. The bulk effects of the sol-
ent (DMSO for the aldol reaction and THF for the Mannich reaction)
n the enamine mechanism have been taken into account by means
f a dielectric continuum represented by the polarizable conductor
alculation model (CPCM) [53–54], with united-atom Kohn-Sham
UAKS) radii. The single-point continuum calculations were done
pon the optimized gas phase geometries with a dielectric constant
= 7.58 for THF and ε = 46.7 for DMSO. All calculations were carried
ut using the Gaussian03 program [55].

. Results and discussion

To investigate the axially chiral amino sulfonamide ((S)-2)-
atalyzed asymmetric direct aldol and Mannich reactions which
ave different diastereoselectivities to those of the axially chiral
mino acid ((S)-1)-catalyzed processes, we have used (S)-1 and (S)-
as the prototype catalysts, and Eqs. (1)–(3) as the model reactions

for simplicity, propionaldehyde was chosen as the prototype donor
n Eqs. (1) and (2)). Scheme 1 shows these catalysts and the nota-
ion used for the enamine intermediate, imine intermediate, and
Ss.

Analogous to the previous investigations of the enamine-
atalyzed aldol and Mannich reactions [36–48], we have focused
n the TSs for the enamine attack to the imine or aldehyde. This is
xpected to be the stereochemistry-controlling step of the reac-
ion and thus was studied in order to understand the observed
iastereo- and enantioselectivities. Although (Z)-imine is com-

uted to be more than 20 kJ/mol higher in energy than (E)-imine,
nd (Z)-enamines are also more than 20 kJ/mol higher in energy
han their counterparts of (E)-enamines both for catalysts (S)-1
nd (S)-2, for the sake of the full confidence to safely exclude
he reactive channels involving the (Z)-imine and (Z)-enamine in
.

the discussion of the stereoselectivities in the direct Mannich and
aldol reactions, transition states for each combination of enamine
and imine (Z/E, E/Z, Z/Z in addition to the most stable E/E) have
been considered. As expected, those TSs involving (Z)-enamine
and (Z)-imine are computed to be much higher in energy than
their corresponding E/E combinations (Figs. S1–S4 in the supple-
mentary information), and therefore, only four reactive channels
corresponding to the syn-E and anti-E arrangement of the enamine
double bond relative to the sulfonamide group (or carboxylic acid
group), and the two diastereoisomeric approach modes to the re
and si faces of (E)-imine or aldehyde acceptor have been further
discussed in each reaction.

3.1. Anti-selective direct asymmetric Mannich reactions

Eq. (1) illustrated the anti-selectivity of the chiral amino sulfon-
amide ((S)-2)–catalyzed Mannich reactions involving the aldehyde
and the �-imino esters, in which excellent diastereo- and enantios-
electivity were obtained. In contrast, the promising axially chiral
amino acid (S)-1 did not yield the desired major anti-isomer and
only gave the low syn/anti selectivity (1.1/1). For the comparison
purpose, we have also considered the (S)-1-catalyzed process.

Actually, Maruoka’s anti-Mannich studies are based on their
original hypothesis (Scheme 2): with l-proline as the catalyst, anti-
(E)-enamine intermediate A predominates because of the steric
repulsion between the enamine and acid moieties in syn-(E)-
enamine. Thus, the observed syn-selectivity of the product can
be explained by the TS involving the anti-(E)-enamine A attack-

ing the si face of imine, which has been proposed and confirmed
by Barbas [7,8], List [6], and Houk et al. [40,41] for the catalytic
enantioselective Mannich reactions. While for the Maruoka’s chi-
ral organocatalyst (S)-1 and (S)-2, the authors proposed that the key
for the formation of the anti-Mannich product is that the syn-(E)-
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Scheme 2. A schematic representation of the proline-catalyze

namine B should predominate over the anti-(E)-enamine with the
onger spatial distance between the amino and acid moieties in (S)-
and (S)-2 than in the l-proline catalyst, and the imine activated by

he more remote acidic proton is expected to react preferentially
ith the syn-(E)-enamine intermediate B to generate the desired

nti-isomer.
On the basis of their design considerations, we then performed

he DFT calculations on the (S)-1- and (S)-2-catalyzed Mannich
eactions with propionaldehyde as the donor. The different isomers
f the enamine intermediate formed between propionaldehyde and
S)-1 or (S)-2 were first explored and the relative energies between
he two more stable ones (anti-(E) and syn-(E)) were small. For
S)-1, syn-(E)-enamine is 4.2 kJ/mol higher in energy than anti-(E)-
namine while for (S)-2, the former is only 1.0 kJ/mol higher than
he latter. Although anti-(E) isomers are slightly more stable than
he syn-(E) ones whether in the gas phase or in solution phase, there
s no evidence that one isomer should be significantly preferred
ver the others especially for the (S)-2-catalyzed process.

The lowest energy TSs leading to the four stereoisomers that are
yn- and anti-diastereomeric pairs of enantiomers for the stereo-
ontrolling step of the (S)-1-catalyzed process have been illustrated
n Fig. 1 and the corresponding TSs of the (S)-2-catalyzed process
re shown in Fig. 2. Among the four TSs for (S)-1-catalyzed process,
he most stable one 1a involves the attack of the anti-(E)-enamine
o the si face of imine, which leads to the experimentally observed

ajor (2S, 3S)-syn-product. The (2S, 3R)-diastereoisomer is mainly
ormed through TS 1c corresponding to the syn-(E)-enamine attack-
ng the si face of imine, which lies 3.1 kJ/mol higher in energy
han the most stable one 1a in the gas phase. This energy differ-
nce decreases to 2.0 kJ/mol when the solvent effect is taken into
ccount. Thus the observed low syn/anti ratio can be explained.
he (2R, 3R)-enantiomer generated from the attack of the syn-(E)-
namine to the re face of imine also requires a higher energy barrier
5.9 kJ/mol in the gas phase, 7.7 kJ/mol in THF), which is in good
greement with the experimental results (86% ee). When switch-
ng the catalyst from (S)-1 to (S)-2, TS 2c which corresponds to

he addition of the syn-(E)-enamine to the si face of imine, changes
o be the most stable one and gives the anti-product of (2S, 3R).
he (2S, 3S)-diastereoisomer formed through TS 2a is disfavored
y 4.4 kJ/mol in the gas phase and 9.3 kJ/mol in the solution phase.
hus the high anti-diastereoselectivity (dr = 13:1) can be satisfac-
selective and (S)-1-catalyzed anti-selective Mannich reaction.

torily explained. Furthermore, the (2R, 3S)-enantiomer generated
from TS 2b requires a much higher energy barrier (26.0 kJ/mol in
gas phase and 23.9 kJ/mol in THF), which is consistent with the
experimental results (99% ee) [32].

Furthermore, the calculated activation energies for the C–C bond
formation step relative to the imine and enamine intermediate are
also given in Figs. 1 and 2. The barrier for the more favorable chan-
nel of the more acidic (S)-2-catalyzed process is computed to be
about 26 kJ/mol smaller than those of the (S)-1-catalyzed process.
This is in qualitative agreement with the experimentally observed
increased reactivity of catalyst (S)-2 over (S)-1.

Figs. 1 and 2 also provide numerical values for several geometric
parameters that are relevant for the relative stability of different
TSs. These include the lengths of the forming C–C bond and the
hydrogen bond, the dihedral angles ω1–4 that are commonly used
to measure the deviation of the developing iminium bond from
planarity (ideally 0◦, 0◦, 180◦, and 180◦, see Scheme 1), and the
dihedral angles ω5–8 that represent the different arrangements of
imine and enamine along the forming C–C bond (ideally ±60◦ and
180◦ for staggering conformation). As shown in Figs. 1 and 2, all of
the transition states have the acidic proton completely transferred
to the imine, with the forming C–C single bond having lengths of
2.20–2.35 Å. This substantial ionic interaction between an iminium
and the COO− or TfN−- is the common feature of the proline-
catalyzed Mannich reactions proposed by Houk’s group [40,41].
The C–C lengths at the (S)-2-catalyzed process are slightly longer
than those associated with the (S)-1-catlyzed one. In addition, the
hydrogen bond lengths of NH· · ·N at the (S)-2-catalyzed process
are much longer than those of the NH· · ·O involved in the (S)-1-
catalyzed one. As has been pointed out in the previous proline
and its derivatives-catalyzed aldol and Mannich process [36–48],
the following factors may contribute to the enantioselectivity and
diastereoselectivity. First, the stereoselectivity partially arises from
the different degrees to which each diastereomeric transition states
satisfies iminium planarity. Generally, the more stable TS is always
associated with a “more planar” iminum moiety. Comparing the

dihedral angles ω1–4 of TS 2a–2c illustrated in Fig. 2 with their
counterparts of 1a–1c in Fig. 1, we can see that there is more out-
of-plane deformation of iminium in 2a and 2b than those in 1a
and 1b. This may ultimately determine the relative energies of the
various TSs and make 2c being preferred over 2a, which then sub-
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Fig. 1. Transition structures and relative energies at BH and HLYP/6-31G** level for the C–C bond formation step of the (S)-1-catalyzed Mannich reaction between propi-
o es incl
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naldehyde and N-PMP-protected �-imino methyl glyoxylate. Values in parenthes
nergy relative to the imine and anti-enamine. Different TS arrangements of imine
hown. For clarity, some of the hydrogen atoms at the periphery are omitted.

equently switch the diastereoselectivity from low syn/anti ratio
n the (S)-1 catalyzed process to high anti-selectivity in the (S)-2-
atalyzed one. The second factor that regulates the stereoselectivity
s the different arrangements of imine and enamine along the form-
ng C–C bond. Of course, intermolecular hydrogen bonding and
teric repulsion may change the ideal arrangement from the stag-
ering to the more eclipsed ones (ω5–8 shown in Scheme 1 and
igs. 1 and 2). However, TSs with the more staggering orientation
t the reaction center should be preferred over the other ones.
hese factors combine to affect the relative energies of the vari-
us TSs and subsequently the stereoselectivity. In summary, the
rigin of the different diastereoselectivities in the direct Mannich
eactions when the flexible carboxylic acid functionality of (S)-1
as replaced by the rigid and distant trifluoromethanesulfonamide

roup can be explained as the direct consequence of the different

patial distance between amino and the acid group of the two cat-
lysts leading to two different TSs. In the (S)-1 catalyzed process,
he flexibility of the carboxylic acid group allows the imine to react
ia both the anti-(E)-enamine and syn-(E)-enamine, giving rise to
oughly equal amounts of both anti- and syn-isomers. In contrast,
uding solvation energies in THF using the CPCM/UAKS model. Eact is the activation
enamine along the forming C–C bond that generate the four diastereoisomers are

the rigid and more remote acidic proton in (S)-2 results in the large
distortions of the developing iminium from planarity in the reac-
tion of the imine approaching the anti-(E)-enamine to achieve the
proton transfer, directs the reaction mainly involving the syn-(E)-
enamine attacking the si face of imine and makes the anti-isomer to
be favored. Our calculated results satisfactorily support Maruoka’s
design considerations.

3.2. Syn-selective direct asymmetric aldol reactions

As shown in Eq. (2), Maruoka et al. have reported the highly syn-
selective and enantioselective direct cross-aldol reactions between
two different aldehydes using chiral amino sulfonamide (S)-2
as the catalyst [33]. Furthermore, in their previous work, they

have also reported the successful application of axially chiral
amino acid catalyst (S)-1 to the direct asymmetric aldol reaction
between cyclohexanone and 4-nitrobenzaldehyde which provide
anti-products in good yields and excellent enantioselectivities (as
shown in Eq. (3)).
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ig. 2. Transition structures and relative energies at BH and HLYP/6-31G** level fo
naldehyde and N-PMP-protected �-imino methyl glyoxylate. Values in parenthes
nergy relative to the imine and anti-enamine. For clarity, some of the hydrogen at

Based on the observation of the direct anti-Mannich reactions,
he authors explained the observed (S)-2-catalyzed syn-selectivity
ith the help of Scheme 3, where the hydrogen bonding activa-

ion of the acceptor aldehyde by the acidic proton of triflamide
irects the reaction to proceed via the syn-(E)-enamine interme-
iate. In consequence, chiral amino sulfonamide catalyst (S)-2
ill give the syn-product predominantly, which is a minor
iastereomer in the proline-catalyzed reaction. By contrast, the
nti-selective reaction shown in Eq. (3) between aldehyde and

yclohexanone in the presence of axially chiral amino acid cata-
yst (S)-1 mainly proceeds via the re face of aldehyde attacking the
nti-(E)-enamine, similar to the TS in the proline-catalyzed reac-
ion.

cheme 3. A schematic representation of the (S)-2-catalyzed syn-selective aldol
eaction.
C–C bond formation step of the (S)-2-catalyzed Mannich reaction between propi-
uding solvation energies in THF using the CPCM/UAKS model. Eact is the activation
t the periphery are omitted.

Based on their design considerations, we also performed the
DFT calculations on TSs for the enamine attack to the aldehyde in
the C–C bond formation step of the (S)-1 and (S)-2 catalyzed aldol
reactions shown in Eqs. (2) and (3). In order to evaluate the different
effect of catalysts (S)-2 and (S)-1 in the same reaction, we have
also considered the aldol reaction between propionaldehyde and
4-nitrobenzaldehyde in the presence of (S)-1.

Fig. 3 shows the four lower energy TSs that generate the four
different stereoisomers for the direct aldol reaction between pro-
pionaldehyde and 4-nitrobenzaldehyde catalyzed by (S)-2. The
corresponding four TSs for the (S)-1 catalyzed process are illus-
trated in Fig. 4. In addition, four TSs for the reaction between
cyclohexanone and 4-nitrobenzaldehyde catalyzed by (S)-1 are
presented in Fig. 5.

Among the four TSs shown in Fig. 3, as expected, 3c involv-
ing the re face of aldehyde attacking syn-(E)-enamine, requires the
lowest activation energy and leads to the experimentally observed
major (2R, 3R)-syn-product, which is the minor diastereomer in
the proline-catalyzed reaction. The (2R, 3S)-diastereomer is formed
through TS 3d corresponding to the syn-(E)-enamine attacking
the si face of aldehyde, which lies 7.0 kJ/mol higher in energy
than the most stable one 3c in the gas phase. This energy dif-
ference decreases to 5.5 kJ/mol when the solvent effect is taken
into account. Thus the high syn-diastereoselectivity (dr = 12:1) can
be explained. The (2S, 3S)-enantiomer generated from the attack
of anti-(E)-enamine to the si face of aldehyde also requires a
higher energy barrier (20.8 kJ/mol in the gas phase, 20.7 kJ/mol
in DMSO), which is in good agreement with the experimental
results (98% ee) [33]. For the (S)-1-catalyzed process as shown
in Figs. 4 and 5, whether for the reaction using propionalde-
hyde or cyclohexanone as the aldol donor, the most favorable
TS involves the anti-(E)-enamine approaching the re face of alde-

hyde (TS 4a and 5a), which leads to the experimentally observed
major product of anti-selectivity. The syn-diastereoisomer requires
a higher energy barrier (8.4(4.4) kJ/mol for propionaldehyde donor
and 18.4(13.4) kJ/mol for cyclohexanone donor), thus reasonably
explaining the high anti/syn diastereoselectivity observed in Eq. (3)
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Fig. 3. Transition structures and relative energies at BH and HLYP/6-31G** level for the C–C bond formation step of the (S)-2-catalyzed aldol reaction between propionaldehyde
and 4-nitrobenzyaldehyde. Values in parentheses including solvation energies in DMSO using the CPCM/UAKS model. Eact is the activation energy relative to the aldehyde
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sing cyclohexanone as the aldol donor. The (2S, 3S)-enantiomer is
ormed through TS 5d for the reaction of Eq. (3), which lies about
1 kJ/mol higher in energy than that of 5a. This is in qualitative
greement with the experimental ee value (98% ee) [34].

Moreover, the calculated activation energies for the C–C bond
ormation step relative to the aldehyde and enamine intermediate
re also shown in Figs. 3 and 4. As expected, the barrier for the more
avorable channel is lowered when switching the catalyst from (S)-

to (S)-2. This also suggests the increased reactivity of the more
cidic (S)-2 over (S)-1 in the direct aldol reaction.

The origin of the opposite syn versus anti diastereoselectivi-
ies in the (S)-2 and (S)-1-catalyzed aldol reactions can also be
xplained by scrutiny of the geometrical arrangements of the TSs
shown in Figs. 3–5). As has been pointed out in the previous proline
nd its derivatives-catalyzed aldol and Mannich process [36–48],
he different degrees to which each diastereomeric transition state
atisfies iminium planarity (ω1–4), and the different arrangements

dopted by enamine and aldehyde along the forming C–C bond
ω5–8) combine to affect the enantioselectivity and diastereose-
ectivity. Comparing Fig. 3 with Figs. 4 and 5, we can see that
here is large distortion of the iminium moiety of the TSs involv-
ng syn-(E)-enamine (TS 4c, 4d, 5c, and 5d) in the (S)-1-catalyzed
C–C bond that generate the four diastereoisomers are shown. For clarity, some of

processes than the (S)-2-catalyzed one (TS 3c and 3d). This distor-
tion determines the relative energies of different TSs and switch
the diastereoselectivity from anti in the (S)-1-catlyzed process to
syn in the (S)-2-catalyzed one.

In summary, whether in the axially chiral amino acid (S)-1 and
axially chiral amino sulfonamide (S)-2-catalyzed direct Mannich
reactions, or the (S)-1 and (S)-2 catalyzed direct aldol reactions, the
change of the diastereoselectivity was both observed when the car-
boxylic acid functionality of (S)-1 was replaced by the sulfonamide
group in (S)-2. These results indicate that the tuning of the proper
distance between the amino group and the acid moiety in the
catalyst makes a significant effect in directing the stereochemical
outcome of the reaction. The key for the syn-aldol and anti-Mannich
product is that the TS involving syn-(E)-enamine predominates over
those involving anti-(E)-enamine in the C–C bond-forming step
since the nucleophilic carbon of enamine is properly positioned
to react with the aldehyde or imine when the more remote pro-

ton transfer occurs from the sulfonamide group to the oxygen or
nitrogen atom of the electrophile. While in the (S)-1-catalyzed aldol
and Mannich reaction, the major products generate from the TS
involving anti-(E)-enamine, similar to the proline-catalyzed pro-
cesses.
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Fig. 4. Transition structures and relative energies at BH and HLYP/6-31G** level for the C–C bond formation step of the (S)-1-catalyzed aldol reaction between propionaldehyde
and 4-nitrobenzyaldehyde. Values in parentheses including solvation energies in DMSO using the CPCM/UAKS model. Eact is the activation energy relative to the aldehyde
and anti-enamine. For clarity, some of the hydrogen atoms at the periphery are omitted.

F he C–
a MSO
a itted.

4

t
a
t
b
o
t
i
i
s

ig. 5. Transition structures and relative energies at BH and HLYP/6-31G** level for t
nd 4-nitrobenzyaldehyde. Values in parentheses including solvation energies in D
nd anti-enamine. For clarity, some of the hydrogen atoms at the periphery are om

. Conclusions

The transition structures associated with the C–C bond forma-
ion step of the axially chiral amino acid (S)-1 and axially chiral
mino sulfonamide (S)-2-catalyzed direct aldol and Mannich reac-
ions have been studied using BH and HLYP method at the 6-31G**
asis set level. Our calculations confirm that the different diastere-

selectivities found with the catalysts (S)-1 and the (S)-2 arise from
he different structures of the TSs. The flexible carboxylic acid group
n (S)-1 directs the reaction proceed through anti-(E)-enamine
ntermediate, which yield the anti-aldol and syn-Mannich products
imilar to the proline-catalyzed process, while the more remote
C bond formation step of the (S)-1-catalyzed aldol reaction between cyclohexanone
using the CPCM/UAKS model. Eact is the activation energy relative to the aldehyde

and rigid trifluoromethanesulfonamide group in (S)-2 makes the
reaction occur through syn-(E)-enamine intermediate and alters
the diastereoselectivities. Our calculations confirm the idea that
tuning the proper distance between the amino group and the acid
moiety in the catalyst can control the main reaction channels and
subsequently the stereoselectivities. This is a very useful strategy
to achieve different isomers in the asymmetric synthesis process.
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