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ABSTRACT: The transition states of aldol reactions
catalyzed by vicinal diamines are characterized with density
functional calculations. It was found that a cyclic transition
state involving a nine-membered hydrogen-bonded ring is
preferred. The crown (chair−chair) conformations of the
transition state account for the observed stereoselectivity
of these reactions.

Vicinal diamines such as 1−5 are effective organocatalysts for
aldol reactions.1−4 The pioneering work by Yamamoto with

catalyst 1was one of the first examples of chiral diamines in direct
aldol reactions.5 Luo followed this with the first effective chiral
primary-tertiary diamine catalyst 2.6 Zhang computationally
investigated the stereoselectivity of aldol reactions with diamine
2.7 The origins of stereoselectivities in these reactions were
explained by ad hoc models with steric clashes between the
substrate and the catalyst moieties. The nature of the transition
states in these reactions and their role in determining
stereocontrol have received little attention.

We recently studied the origins of enantiocontrol in the
organocatalyzed fluorination8,9 and an intramolecular aldol
condensation,10,11 both catalyzed by cinchona alkaloid-derived
primary amines that contain a chiral vicinal diamine. We showed
that these reactions proceed through cyclic transition states with
well-defined conformations. We have now investigated the
origins of stereoselectivity in intermolecular aldol reactions
catalyzed by vicinal diamines. Here, we propose cyclic transition
structures for these reactions and show how their conformational
preferences underlie the high levels of stereoselectivity in a
manner that is reminiscent of the seminal Zimmerman−Traxler
model.12

The model by Zimmerman and Traxler was a breakthrough in
the understanding of stereocontrol in aldol additions. The
stereochemical outcomes of metal-catalyzed aldol reactions are

governed by the conformation of a six-membered cyclic
transition state (Figure 1A).12,13 The conformational preference

of cyclic transition states has since then been the basis of
stereocontrol in a wide variety of asymmetric reactions. In the
Houk−List model for proline-catalyzed aldol reactions, the
stereochemistry-determining C−C bond-forming step involves a
partial Zimmerman−Traxler-like transition state acquiring a
chair configuration of the enamine and the electrophilic carbonyl
group (Figure 1B).14 The intramolecular fluorine transfer in
Figure 1C acquires a chair conformation of the seven-membered
stereocontrolling cyclic transition state.8 The transition state
models summarized in Figure 1 highlight the chair transition
states of these asymmetric reactions.
We first explored the simplest possible example of aldol

transition states for the aldol reaction acetaldehyde and
formaldehyde catalyzed by ethylenediamine, the parent vicinal
diamine (Scheme 1). We also studied the experimental system of
acetone and p-nitrobenzaldehyde catalyzed by diamine 1.
Conformational searches were performed with OPLS-2005

force-fields in Maestro/Macromodel.15 Quantum chemical
calculations were performed using Gaussian 09.16 Geometry
optimizations and frequency calculations were performed at the
B3LYP/6-31G(d) level of theory.17 Single-point energies of the
aldol transition structures were also calculated using B3LYP,17

ωB97X-D,18 and M06-2X19 with the def2-TZVPP20 basis set in
conjunction with the IEF-PCM21 solvation model for the
experimental system. The M06-2X/def2-TZVPP//B3LYP/6-

Received: November 18, 2015
Published: January 4, 2016

Figure 1. Example of the Zimmerman−Traxler model (A), the Houk−
List model with L-proline (B), and the Lam−Houk model with cinchona
alkaloid-primary amine (C).
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31G(d) level of theory, including IEF-PCM (acetone) for the
experimentally used solvent, has been shown to efficiently yield
accurate energies for stereoisomeric transition states in organo-
catalytic systems,22 and the results using this method are
presented in the main text. All other DFT methods (see Table
S1) yielded the same trends and magnitudes in the relative free
energies of activation (ΔΔG⧧) of the stereoisomeric transition
structures.
The four lowest-energy transition structures for the aldol

reaction of formaldehyde and acetaldehyde catalyzed by
protonated ethylenediamine are shown in Figure 2. These four
are (+)-gauche diamines. There are four enantiomeric structures
with (−)-gauche diamine conformers as well.

The cyclic transition structures are highlighted in yellow. As in
the intramolecular aldol study,10 the eight heavy atoms of the
aldol transition state resemble low-energy conformers of
cyclooctane.23 TS-1a is the crown conformation (chair−chair)
and is the lowest-energy transition structure. TS-1b is the chair−
boat and is higher in energy thanTS-1a by only 0.6 kcal/mol.TS-

1a and TS-1b both acquire Zimmerman−Traxler chair
conformations,12 but TS-1b is a boat on the catalyst side. The
dihedral angle of the N−C3−C4−N bond is 58° for TS-1a and
55° for TS-1b, corresponding to a favorable conformation of the
catalyst. The minor difference in energy between the two
transition structures arises from an eclipsed H−H interaction in
TS-1b between the N−H of the enamine and the axial C−H of
C3. Both TS-1a and TS-1b have s-trans configurations of the
enamine and staggered approaches along the forming C−C
bond.
TS-1c is in a boat−chair conformation and is 2.6 kcal/mol

higher in energy than TS-1a. TS-1d is in a boat−boat
conformation and is 3.3 kcal/mol higher in energy compared
to TS-1a. Both transition structures have s-cis configurations of
the enamine and are higher in energy than the s-trans transition
structures, in agreement with the Houk−List model.14 The
destabilization of bothTS-1c andTS-1d is due to eclipsing about
the forming C−C bond, a type of torsional steering.24 The
presence of 1,2-allylic strain of the enamine NH and vinyl
hydrogen of C2 also contributes to their higher energies.
Additionally, the dihedral angle of the N−C3−C4−N bond is
75° for TS-1c and 46° for TS-1d. Both transition structures have
boat conformations at the forming C−C bond and are higher in
energy compared to the chairs (TS-1a and TS-1b), as in the
Zimmerman−Traxler model.12 In addition to these four
transition structures, four higher-energy conformations were
located (see Figure S1).
These results show that there are strongly preferred crown

(chair−chair) and chair−boat conformations. For the exper-
imental catalysts 1−5, the (+)- or (−)-gauche preference is
determined by the chirality of the catalyst, which excludes the
possibility of enantiomeric conformations. We explored if the
conformational preferences observed in the model system are
maintained in more substituted systems with catalyst 1.
We studied the Yamamoto catalyst 1 that attained reasonable

stereoselectivity in an intermolecular aldol addition of p-
nitrobenzaldehyde and acetone (Scheme 1). Enantioselectivity
in this reaction is 88% ee, which corresponds to a difference in
activation free energies (ΔΔG⧧) of 1.6 kcal/mol. The two
lowest-energy transition structures leading to the major (TS-2a)
and minor (TS-2b) products are illustrated in Figure 3. TS-2a
andTS-2b have (+)-gauche conformations of the catalyst and are
both crown conformations. They differ in the facial selectivity of

Scheme 1. Model Aldol Reaction and Yamamoto’s Reported
Aldol Addition Catalyzed by L-Proline Derived Catalyst

Figure 2. Lowest-energy transition structures TS-1a−d for the aldol
addition of formaldehyde and the enamine formed by (+)-gauche
ethylenediamine and acetaldehyde (M06-2X/def2-TZVPP//B3LYP/6-
31G(d)). The free energies of activation (ΔΔG⧧), relative to TS-1a, are
reported in kcal/mol.

Figure 3. Lowest-energy transition structures TS-2a and TS-2b for the
aldol addition of p-nitrobenzaldehyde and the enamine formed by
catalyst 1 and acetone (M06-2X/def2-TZVPP−IEF-PCM(acetone)//
B3LYP/6-31G(d)−IEF-PCM(acetone)). The free energies of activa-
tion (ΔΔG⧧), relative to TS-2a, are reported in kcal/mol.
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the aldehyde: TS-2a has an equatorial aryl group, and TS-2b has
an axial aryl group. The geometry of the enamine catalyst is very
similar in both transition structures. Thus, the enantioselectivity
arises from the equatorial versus axial position of the aldehyde
substituent on a cyclic transition state in the crown
conformation.
In addition to TS-2a and TS-2b, 7 stereoisomeric transition

structures TS-2c−i were located (Figure 4). TS-2c, TS-2e, and

TS-2g lead to the major (R) enantiomer, while TS-2d, TS-2f,
TS-2h, and TS-2i lead to the minor (S) enantiomer. TS-2c, TS-
2f, and TS-2g have (−)-gauche conformations at the NCCN
bond of the diamine, and the pyrrolidine rings are axial relative to
the cyclic aldol transition state. TS-2d, TS-2f, TS-2g, and TS-2h
are destabilized due to eclipsed forming C−C bonds. TS-2e is
higher in energy than TS-2a by 2.1 kcal/mol and is in the boat-
chair conformation that is destabilized by a slightly eclipsed
forming C−C bond and a wide 79°NCCN dihedral angle of the

catalyst. TS-2i, a chair−boat but with a highly distorted
pyrrolidine ring, is 10.4 kcal/mol higher in energy.
We have found that the lowest-energy transition structures, i.e.

the crown (chair−chair) conformations, acquire matching
(+)-gauche conformations at both the forming C−C bond and
the NCCN bond of the catalyst. The catalyst is able to occupy
both (+)- and (−)-gauche conformations at the NCCN bond,
however the (+)-gauche conformations were found to be more
stable in this case because the (−)-gauche conformer has an axial
pyrrolidine ring. The transition structures with mismatching (+)-
and (−)-gauche conformations are higher in energy. The model
system is quite transferable to the experimental system. The
RMSD between the skeleton of the crown in the model and
experimental system was 0.13 Å.
The stereoselectivity of intermolecular aldol additions

catalyzed by vicinal diamines can be explained by the model in
Scheme 2. The hydrogen-bonded transition state prefers a crown

conformation, although the chair−boat is only slightly higher in
energy. Both the crown and the chair−boat contain a chair
arrangement of the enamine and carbonyl atoms that is
consistent with the Zimmerman−Traxler model. These
preferences are found in the model system and are amplified in
substituted systems with additional steric interactions. In the
intramolecular aldol condensation,10 we found that the stereo-
controlling transition structure was the boat−chair. In that case,
the presence of a tether between the enamine and carbonyl
affected the approaching C−C bond configurations, which led to
the boat-chair acquiring a more favorable staggered conforma-
tion. The bimolecular aldol additions with more complex
diamine catalysts such as 2, 4, and 5 are currently under
investigation.
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