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Abstract. Transition structures associated with the C—C
bond-formation step of the proline-catalyzed intermo-
lecular aldol reaction between acetone and isobutyral-
dehyde have been studies using density functional theory
methods at the B3LYP/6-31G** computational level. A
continuum model has been selected to represent solvent
effects. For this step, which is the stereocontrolling and
rate-determining step, four reactive channels corre-
sponding to the syn and anti arrangement of the active
methylene of the enamine relative to the carboxylic acid
group of L-proline and the re and si attack modes to
both faces of the aldehyde carbonyl group have been
analyzed. The B3LYP/6-31G** energies are in good
agreement with experiment, allowing us to explain the
origin of the catalysis and sterecoselectivity for these
proline-catalyzed aldol reactions.
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Mechanisms — Transition structures

1 Introduction

The aldol reaction is widely regarded to be one of the
most important C—C bond-formation reactions utilized
in organic chemistry [1, 2, 3, 4, 5]. As a result of its
utility, extensive efforts have been applied to the
development of catalytic enatioselective variants of this
reaction. Catalytic asymmetric aldol reactions are typ-
ically accomplished with enolates and chiral transition-
metal catalysts [6, 7, 8, 9, 10] or with natural aldolase
enzymes [11, 12, 13]. Catalytic antibodies that employ
enamine intermediates for aldol reactions have recently
been discovered [14, 15, 16, 17, 18, 19].

The capability of a simple organic molecule from the
““chiral pool” to act like an enzyme has been shown re-
cently by List et al. [20]. They found that L-proline (3)
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can act as a catalyst for the asymmetric aldol reaction
between acetone (1) and a wide variety of aldehydes.
Yields and enantioselectivities are found to be moderate
to good (Scheme 1). This amine-catalyzed asymmetric
reaction is conceptually novel and may ultimately lead to
new catalysts with higher enantioselectivities [21, 22].
Consequently, the knowledge of the molecular mecha-
nism of these proline-catalyzed aldol reactions is fun-
damental to understanding the origin of the large
catalytic effect and the enantioselectivity in order to
select appropriates “‘micro-aldolases”.

The rate-determining step for the antibody aldolases
has recently been studied by us in order to characterize the
transition-state (TS) analogue for the antibody aldolases.
For this step, two channels corresponding to the syn and
anti arrangement of the amine hydrogen atom relative to
the active methylene group of the enamine have been
characterized (Scheme 2). The barrier for the more
favorable syn reactive channel via TS-syn is 14.8 kcal/
mol (MP2/6-31G** calculations). In addition, the syn
arrangement is preferred over the anti one, TS-anti, by
18.6 kcal/mol, because of the hydrogen-bond formation
between the amine hydrogen and the carbonyl oxygen
atoms (Scheme 2). This hydrogen-bond increases the
electrophilicity of the carbonyl group through a stabili-
zation of the negative charge that is developing at the
carbonyl oxygen atom, and favors the formation of the
neutral aldol product in one concerted process. Similar
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results have been reported recently by Bahmanyar and
Houk [23] for the amine-catalyzed aldol reaction involv-
ing enamine intermediates. The activation barrier found
for the catalyzed process at the B3LYP/6-31G* level,
14 kcal/mol, is similar to that found by us at the MP2/6-
31G** level. While primary enamines give directly the
aldol adduct in a concerted fashion, secondary enamine-
mediated aldol reactions give zwitterionic intermediates,
since there is not a NH group or other proton source to
transfer to the developing alkoxide. In consequence, the
barrier rises to 33.5 kcal/mol [23].

These studies denote that the hydrogen-bond plays a
significant role in stabilizing the developing charges in
the TS corresponding with the C—C bond-formation
step, decreasing the activation energy of the primary
enamine-catalyzed aldol reactions. These results are in
agreement with the experimental observation made by
Reymond and Chen [24, 25] that primary amines react
faster than secondary ones.

For the proline-catalyzed aldol reaction [20] a
mechanism closer to that for class I aldolases [14] has
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been proposed (Scheme 3) [26]. In both cases the for-
mation of enamines Ia and Ib, respectively, represents
the initial step. The addition of these enamine interme-
diates to an aldehyde and the subsequent release of the
catalyst furnishes the aldol product. However, a differ-
ence between both catalytic cycles can be seen in the
reaction sequence for the formation of the enamines,
which are key intermediates of these aldol reactions. In
the case of the class I aldolases, a primary amino func-
tion of the enzyme is used for the formation of a neutral
imine (Ila), while the enamine synthesis proceeds
through a positive iminium system (IIb) when starting
from L-proline (Scheme 3). In addition, while the en-
amine NH hydrogen atom favors the aldol addition in
class I aldolases, List et al. [20] have shown that for the
catalytic activity of L-proline the carboxylic acid group is
required.

In the course of preparing the present manuscript,
Bahmanyar and Houk [27] have reported a density
functional theory (DFT) study for the origin of the
stereoselectivity in the proline-catalyzed intramolecular
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aldol reaction (Scheme 4). This study denotes that the
presence of an intramolecular hydrogen-bond between
the carboxylic hydrogen atom and the alkoxide oxygen
atom provides charge stabilization along the C—C bond-
formation, it being responsible for the catalysis of these
enamine-mediated aldol reactions [23, 27, 28]. For
the proline-catalyzed intramolecular aldol reaction of
the diketone III, the B3LYP/6-31G* energies for the
diastereoisomeric TSs show that TS-(R,S) is preferred by
1 kcal/mol relative to TS-(S,R), in reasonable agreement
with experiment. The geometry of the proton transfer in
the TSs determines the stereochemistry of this intramo-
lecular process [27].

Our interest in the enzymatic-type catalyzed aldol
reactions [28] has prompted us to carry out a theoretical
investigation about the mechanism of the proline-
catalyzed intermolecular aldol reaction using DFT [29,
30] with the well-established B3LYP/6-31G** method.
We have investigated the mechanism and stereose-
lectivity for the C—C bond-formation step of the
proline-catalyzed aldol reaction between acetone and
isobutyraldehyde (2) in the presence of L-proline [20], as
a model for these catalyzed reactions (Schemes 5, 6).
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2 Computational methods

DFT calculations were carried out using the B3LYP [31, 32] ex-
change-correlation functional, together with the standard 6-31G**
basis set [33]. An exhaustive exploration of the potential-energy
surfaces (PESs) was carried out to ensure that all relevant sta-
tionary points were located and properly characterized. The
optimizations were carried out using the Berny analytical gradient
optimization method [34]. The stationary points were characterized
by frequency calculations in order to verify that minima and
transition structures have zero and one imaginary frequency, re-
spectively [35]. The intrinsic reaction coordinate (IRC) [36] paths
were traced in order to check the energy profiles connecting each
transition structure to the two associated minima of the proposed
mechanism by using the second-order Gonzalez—Schlegel integra-
tion method [37, 38]. The electronic structures of the stationary
points were analyzed by the natural bond orbital method [39, 40].
All the calculations were carried out with the Gaussian 98 suite
of programs [41]. The optimized geometries of all the stationary
points on the PES are available from the authors.

These aldol reactions were carried out in polar solvents, and
as solvents can modify both the gas-phase activation energy and
stereoselectivity their effects were studied. The solvent effects were
considered by optimizing the B3LYP/6-31G** gas-phase stationary
points using a relatively simple self-consistent reaction field (SCRF)
method [42, 43, 44] based on the polarizable continuum model of
Tomasi’s group [45, 46, 47]. The solvent used in the experimental
was dimethyl sulfoxide (DMSO); therefore, we used its dielectric
constant of 46.7.

3 Results and discussion

L-Proline-catalyzed aldol reactions involve enamine
intermediates formed by condensation of carbonyl
compounds with r-proline [19, 25, 48, 49, 50], and the
rate-determining step of the reaction is the C—C bond-
formation [25]. L-Proline can exist as two species in
equilibrium (Scheme 5); the zwitterionic structure 3-z
is 0.6 kcal/mol less energetic than form 3. With the
inclusion of solvent effects (DMSO, & =46.7) this
difference rises to 2.6 kcal/mol because of a large
stabilization of the zwitterionic form. However, only
structure 3 can yield the corresponding enamine by the
nucleophilic attack of the N5 nitrogen atom of 3 to the
carbonyl C2 carbon atom of acetone. For the enamine
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two conformational structures, 5-s and 5-a, are possible
owing to the restricted rotation around the C4—NS single
bond (Fig. 1). These conformers are related to the syn
and anti arrangement of the active methylene group
relative to the carboxylic acid group of L-proline. The
conformer 5-s is 1.0 kcal/mol (1.3 kcal/mol, & = 46.7)
less energetic that 5-a; however, the easy C4-N5 bond-
rotation, 8.0 kcal/mol (8.0 kcal/mol, € = 46.7), allows
the equilibration between these conformers. Unlike 3-z,
the zwitterionic forms of 5-s and 5-a are not stationary
points in the gas phase; full optimization of the
corresponding zwitterionic structures gives directly 5-s
and 5-a without any appreciable barrier. Inclusion of
solvent effects, DMSO, allows us to find the zwitterionic
form of 5-s, but it is 9.4 kcal/mol higher in energy. This
behavior can be understood as a consequence of the
large sp> character of the N5 nitrogen atom belonging to
the vinylamine framework present in 5-a and 5-s that
causes this nitrogen atom to be less basic. At L-proline
this nitrogen atom has sp® hybridization.

The C—C bond-formation step also corresponds with
the stereocontrol step for the proline-catalyzed reaction.
For this step, four reactive channels have been studied.
They are related to the nucleophilic attack of the C3
carbon atom of the active methylene group of the en-
amines 5-s and 5-a to the re and si faces of the carbonyl
group of isobutyraldehyde, to give the zwitterionic
iminium intermediates 6-9 (Scheme 6). After the hy-
drolysis, the iminium intermediates 6 and 8, and 7 and 9
give (R)-cetol (4) and its enantiomer (S)-cetol, respec-
tively. Thus, four TSs, TS-sr, TS-ss, TS-ar and TS-as,
have been localized and characterized. They are related
to the attack of active methylene of the enamines 5-s and
5-a, named as s and a, to the re and si faces of the
carbonyl group of isobutyraldehyde, named as r and s.
Associated with these TSs four zwitterionic iminium
intermediates, 6-9, have also been characterized. The
geometries of four TSs are shown in Fig. 2, while the
total and relative energies in vacuo and in DMSO are
given in Table 1.

An IRC analysis from these TSs to reactants allows us
to find several molecular complexes (MC) associated with
an early stage of the C—C bond-formation process. At

235

C3-C4-N5-C6 = 150°

C3-C4-N5-C6 = 2°
5-5 5-a

Fig. 1. Structures of the conformer enamines S-s and 5-a

these species the O1 oxygen atom of isobutyraldehyde is
hydrogen bonded to the acidic hydrogen atom of the
carboxyl acid group of the L-proline residue. The easy
bond rotation around the hydrogen-bond allows the
equilibration between the MCs associated with each ste-
reoisomeric reactive channel; the barrier for the bond
rotation is 6.9 kcal/mol (6.1 kcal/mol, € = 46.7). So, we
considered only the MC associated with the attack of 5-a
to the re face of isobutyraldehyde, MC. This MC is about
5 kcal/mol more stable that the separated reactants.

In the gas phase, the B3LYP/6-31G** barriers for the
C—C bond-formation process, via TS-sr, TS-ss, TS-ar
and TS-as, relative to MC are 14.4, 139, 9.6 and
11.0 kcal/mol, respectively. These barriers indicate that
the reactive channels associated with the anti arrange-
ment of the enamine are more favorable than those for
the syn arrangement. In addition, for the anti channels
the attack of the active methylene group of the enamine
on the re face of the carbonyl group of isobutyraldehyde
via TS-ar is 1.4 kcal/mol lower in energy than the attack
on the si face via TS-as. This energetic result is
in reasonable agreement with experiments where the
(R)-cetol is isolated in 96% of enantiomeric excess, ee,
(Scheme 1) [20]. Along the syn reactive channels TS-ss
is 0.5 kcal/mol less energetic than TS-sr. Therefore, if
the C—C bond-formation takes place along the syn
arrangement of the enamine, 5-s, the major stereoisomer
will be the (S)-cetol in disagreement with experiment.

Table 1. Total energies (au) and
relative energies (relative to
MC) (kcal/mol, in parentheses)

B3LYP/6-31G**

B3LYP/6-31G** SCRF B3LYP/6-31 + G** SCRF//

B3LYP/6-31G** SCRF

of the stationary points for the

proline-catalyzed intermolecular 2 —232.470515

aldol reaction between acetone 3 —401.172153
(1) and isobutyraldehyde (2), in ~ 3-Z —401.173071
vacuo and in dimethyl sulfoxide 5-s —-517.889673
(self-consistent reaction field, 5-a —517.888148
SCRF, ¢ = 46.7) TS-rot —517.876920
MC —750.368861
TS-sr —750.345996 (14.4)
TS-ss —750.346762 (13.9)
TS-ar —750.353611 (9.6)
TS-as —750.351393 (11.0)
6 —750.363566 (3.3)
7 —750.365832 (1.9)
8 =750.371907 (-1.9)
9 —-750.368723 (0.1)

—232.473903 —232.484754
—401.180309 —-401.203214
—401.184453 —401.206757
—-517.897203 —-517.918893
—517.895140 —-517.917184
—517.884406 —-517.905629
—=750.377941 —750.406974

~750.357597 (12.8)
~750.358618 (12.1)
~750.366863 (7.0)

~750.365481 (7.8)

~750.386443 (=5.3)
~750.390417 (~7.8)
~750.393223 (=9.6)
~750.389692 (-7.4)

~750.384880 (13.9)
~750.387022 (12.5)
~750.395828 (7.0)
~750.393620 (8.4)
~750.418193 (=7.0)
~750.424310 (~10.9)
~750.424718 (~11.1)
~750.420887 (=8.7)
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These energetic results open the possibility that the
Curtin—Hammett principle [51, 52] can be operative in
this proline-catalyzed aldol reaction and, in consequence,
the C—C bond-formation takes place via the more un-
favorable anti arrangement, enamine S-a. These barriers
are lower than that found for the C—C bond-formation
step associated with the primary-amine-catalyzed aldol
reaction (see TS-syn in the Introduction).

Inclusion of solvent effects, DMSO, stabilizes the
MC, TSs and intermediates between 6—-15 kcal/mol. The
barriers for the C—C bond-formation along the more
favorable anti channels decrease by about 3 kcal/mol
owing to a larger solvatation of TSs than the MC
(Table 1). The inclusion of solvent effects does not mod-
ify substantially the stereoselectivity found in the gas
phase. In DMSO, TS-as is 0.8 kcal/mol more energetic
than TS-ar. Finally, in DMSO the C—C bond-formation
step is exothermic as a consequence of the large stabili-
zation of the zwitterionic iminium intermediates.

Since some negative charge is located at all the sta-
tionary points, diffuse functions were used because of
their superior ability to accommodate negative charges.
The effects of the diffuse functions on the activation
barriers and stereoselectivity were studied by single-point
calculations at the B3LYP/6-31 + G** SCRF//B3LYP/
6-31G** SCRF computational level. These calculations
give the same enantioselectivity as found for the gas-
phase B3LYP/6-31G** ones (Table 1); TS-as is 1.4 kcal/
mol higher in energy than TS-ar. In addition, inclusion of
diffuse functions does not modify the barriers obtained at
the B3LYP/6-31G** SCRF level (Table 1). Therefore,
for these hydrogen-bonded TSs the inclusion of diffuse
functions does not modify the previous analysis.

The C—C bond-formation can also take place along
the approach of isobutyraldehyde to the methylene
C3 carbon atom of the enamines 5-a and 5-s through the
opposite face of the molecular plane of L-proline
containing the carboxylic acid group; however, these
approach modes are very unfavorable owing to the
nonstabilization of the negative charge that is develop-
ing at the carbonyl Ol oxygen atom along the C—C
bond-formation. Thus, all attempts to locate the tran-
sition structure corresponding to the attack of the
methylene of the enamine 5-a to the si face of isobu-
tyraldehyde to give the alkoxide—iminium intermediate
(8’) were unsuccessful (Scheme 7). Restricted optimiza-
tion freezing the C2-C3 distance to 1.8 A leads to a
structure that is about 18 kcal/mol more energetic than
TS-ar (Fig. 3). In addition, the corresponding alkoxide
intermediate 8’ cannot be obtained as a stationary point
[28]. A similar result is found for the primary-amine-
catalyzed aldol reaction where the TS-anti is about
16 kcal/mol more energetic than the TS-syn.
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Fig. 2. Transition structures corresponding to the C—C bond-
formation process for the proline-catalyzed intermolecular aldol
reaction between 1 and 2. The values of the lengths of the bonds
directly involved in the reaction obtained at the B3LYP/6-31G**.
and B3LYP/6-31G** in dimethyl sulfoxide (in brackets) levels are
given in angstroms

Therefore, the intermolecular hydrogen-bond in the
proline-catalyzed process is responsible for the large
catalytic effect observed for this kind of catalyzed aldol
reaction. In addition, the barrier for the C—C bond-
formation in this rL-proline-catalyzed process is lower
than that found in the primary-amine-catalyzed process
as a consequence of the more acidic character of the
COOH hydrogen atom of rL-proline than the NH hy-
drogen atom of the enamine. This large acidic character
stabilizes more effectively the negative charge that is
developing at the carbonyl Ol oxygen atom along the
nucleophilic attack.

Analysis of the geometrical parameters for enamines 5-
s and 5-a shows that the N5 nitrogen atom has nearly sp”
hybridization. The C4-N5-C6 bond angles for 5-s and 5-a
are about 122°. This sp” hybridization that allows a fa-
vorable interaction between the N5 lone pair and the
neighboring C3—C4 double bond allows us to explain the
lower basic character of the N5 nitrogen atom for these
enamines relative to the pyramidalized N5 nitrogen atom
in L-proline. The C3—-C4-N5-C6 dihedral angle for 5-a,
150°, shows a large deviation of the plane of the C3—-C4
double bond relative to the sp* plane of the N5 nitrogen
atom as a consequence of steric hindrance between the
C11 methyl group and the carboxylic acid group present
on L-proline (Fig. 1). Therefore, this hindrance is re-
sponsible for the larger energy of 5-a relative to 5-s.
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Fig. 3. Approximation to the transition structure corresponding to
the C—C bond-formation process along the opposite face of the
acid carboxylic group

Along the C—C bond-formation the lengths of the C2—
C3 forming bond at TS-sr, TS-ss, TS-ar and TS-as are
2.005, 2.031, 1.960 and 1.920 A, respectively. The lengths
at the more favorable anti TSs are similar to that found for
the more favorable syn reactive channel for the primary-
amine-catalyzed aldol reaction (1.944 A at TS-syn in
Scheme 2). The O1-H9 and O8-H9 lengths at these TSs
are 1.403 and 1.059 A at TS-sr, 1.408 and 1.060 A at
TS-ss, 1.385and 1.080 A at TS-ar and 1.339 and 1.081 A
at TS-as, respectively. At MC these values are 1.807 and
0.987 A, respectively. These lengths indicate that the
O8-H9 bond breaking is much delayed at these TSs [28].

Inclusion of solvent effects on the optimization does
not modify substantially the gas-phase geometries
(Fig. 2). The lengths of the C2—-C3 forming bond are
slightly larger than those obtained in the gas phase.
Therefore, with the inclusion of solvent effects the C—C
bond-formation process is slightly earlier.

A conformational analysis of the C2-C3 forming
bond at the more favorable anti TSs shows that while TS-
ar presents a gauche arrangement between the carbonyl
oxygen atom and the enamine framework, the O1-C2—
C3-C4 dihedral angle is 46°, the more unfavorable TS-as
presents two gauche arrangements, the O1-C2-C3-C4
and C10-C2-C3—C4 dihedral angles are 46° and —83°,
respectively (Fig. 4). Therefore, the steric hindrance that
appear between the isopropyl group belonging to isobu-
tyraldehyde and the methyl group of enamine 5-a at
TS-as is responsible for the larger energy of the latter
relative to TS-ar and, in consequence, for the enanti-
oselectivity shown for this proline-catalyzed intermolec-
ular aldol reaction. The C10—C2-C3—C4 dihedral angle
at the more favorable TS-ar is 170°.

01-C2-C3-C4 = 46°
C10-C2-C3-C4 = -83"
TS-as

01-C2-C3-C4 = 46°
C10-C2-C3-C4 = 170"
TS-ar

Fig. 4. Anti and gauche arrangement of the isopropyl group, C10—
C2-C3-C4 dihedral angles, along the C—C bond-formation at the
more favorable TS-ar and TS-as, respectively
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The values of the unique imaginary frequency asso-
ciated with TS-sr, TS-ss, TS-ar and TS-as are 3264, 313,
326i and 430i cm™', respectively. Analysis of the atomic
movement associated with these imaginary frequency
indicates that these TSs are associated mainly with the
movement of the C2 and C3 carbon atoms along the C2—
C3 bond-formation and the coupled movement of the
acidic H9 hydrogen atom along the proton-transfer
process; therefore, the C2—-C3 bond-formation and the
proton transfer are concerted processes at these TSs.

The Wiberg bond order (BO) [53] values of the C2—
C3 forming bond at TS-sr, TS-ss, TS-ar and TS-as are
0.49, 0.47, 0.52 and 0.56, respectively. The more favor-
able anti TSs are slightly more advanced than the syn
ones. These BOs are similar to those found for the C—C
bond-formation for the primary-amine-catalyzed aldol
reaction. The BO values of the O1-H9 and O8-H9
bonds at these TSs are 0.23 and 0.51 at TS-sr, 0.21 and
0.50 at TS-ss, 0.23 and 0.48 at TS-ar and 0.27 and 0.44
at TS-as, respectively. The O8-H9 BO value at the TSs
is slightly lower than that at MC, 0.64. Therefore, the
proton-transfer process is more delayed than the C—C
bond-formation one [28]. Finally, the BO value of the
C4-N5 bond at these TSs, about 1.35, indicates a large =
character for the C4-N5 single bond as a consequence of
the large participation of the NS5 lone pair in the C—C
bond-formation process; at MC the C4-N5 BO is 1.11.

Finally, the natural population analysis [39] allows us
to evaluate the charge transfer along the C—C bond-
formation process. An analysis of the natural charges at
the atoms belonging to the carbonyl group, O1 and C2,
at the corresponding MC and the TSs allows us to
evaluate the charge transfer at the TSs along the nucle-
ophilic attack of enamines 5-s and 5-a to isobutyralde-
hyde (Table 2). The charges transferred to the carbonyl
group at the TSs are 0.32¢ at TS-sr, 0.31¢ at TS-ss, 0.38¢
at TS-ar and 0.40e at TS-as; therefore, there is a larger
charge transfer at the more favorable anti TSs than at
the syn ones. These results agree with the larger C—C
bond-formation found at the anti TSs than at the syn
ones (see bond lengths and BO analysis). In addition the
C2-C3 bond-formation process at TS-as is slightly more
advanced than that at TS-ar. However, the steric hin-
drance that appears between the isopropyl group of
isobutyraldehyde and the methyl group of enamine 5-a
at TS-as is responsible for the larger energy of the latter

Table 2. Natural charges and charge transfer (au) to the carbonyl
group in the proline-catalyzed aldol reaction between 1 and 2

MC TS-sr TS-ss TS-ar TS-as
Natural charges
0Ol —-0.57 -0.73 -0.73 —-0.76 -0.77
C2 0.45 0.29 0.29 0.26 0.25
C3 —-0.59 —-0.62 —-0.62 —-0.59 —-0.58
C4 0.20 0.33 0.33 0.36 0.36
N5 —-0.48 —-0.38 —-0.38 —-0.38 —-0.38
Charges on groups
C=0 -0.12 -0.44 -0.43 —-0.50 -0.52
N—C=C —-0.88 -0.67 -0.67 —-0.62 —-0.60
Charge transfer to the carbonyl group
-0.32 -0.31 -0.38 —-0.40
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relative to TS-ar and, in consequence, for the observed
enantioselectivity.

4 Conclusions

The transition structures associated with the C—C bond-
formation step of the proline-catalyzed intermolecular
aldol reaction between acetone and isobutyraldehyde
have been studies using DFT methods at the B3LYP/6-
31G** computational level. Reaction of acetone with
L-proline affords an enamine that is in equilibrium
between two planar conformations. The subsequent
nucleophilic attack of the active methylene of the
enamine to the carbonyl group of isobutyraldehyde
yields an iminium-alcohol intermediate along the C—C
bond-formation. For this step, which is the stereo-
controlling and rate-determining step, four reactive
channels corresponding to the syn and anti arrangement
of the active methylene of the enamine relative to the
carboxylic acid group of L-proline and the two diaste-
reoisomeric approach modes to the re and si faces of the
carbonyl group of the aldehyde were studied. Formation
of an intermolecular hydrogen-bond between the acidic
hydrogen of L-proline and the carbonyl oxygen atom of
the aldehyde in an early stage of the process catalyzes
very effectively the C—C bond-formation by a large
stabilization of the negative charge that is developing at
the carbonyl oxygen atom along the nucleophilic attack.
As a consequence of the hydrogen-bond formation, the
reactive channels associated with the anti arrangement
of the enamine are favored over the channels associated
with the syn arrangement. In addition, along the anti
channels the attack of the active methylene on the re face
of the aldehyde is favored over the attack on the si face,
in agreement with experiment. Inclusion of solvent
effects, DMSO, reduces the barrier heights by the larger
solvation of the TSs than the reactants. This DFT study
is in complete agreement with experiments, allowing us
to explain the origin of the catalysis and stereoselectivity
in these L-proline-catalyzed aldol reactions.
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