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ABSTRACT: The sources of asymmetric induction in aldol reactions
catalyzed by cinchona alkaloid-derived amines, and chiral vicinal diamines
in general, have been determined by density functional theory calculations.
Four vicinal diamine-catalyzed aldol reactions were examined. The cyclic
transition states of these reactions involve nine-membered hydrogen-
bonded rings in distinct conformations. Using nomenclature from eight-
membered cycloalkanes, the heavy atoms of the low-energy transition
states are in crown (chair−chair) and chair-boat conformations. The
factors that control which of these are favored have been identified.

■ INTRODUCTION

The functionalization of carbonyl compounds by asymmetric
aminocatalysis has proven to have considerable synthetic
utility.1 Proline and its derivatives are widely used chiral
amines for enantioselective reactions.2 The collaborations of
experimentalists and computational chemists have revealed the
mechanistic intricacies of asymmetric aldol reactions catalyzed
by proline.3 Vicinal diamines are another general class of related
catalysts and are alternatives to proline.4

Both vicinal diamines and proline rely on enamine and
iminium chemistry. Proline has a carboxylic acid while one of
the amines of a diamine can be protonated and function as a
general acid. These catalysts vary from simple 1,2-diaminocy-
clohexanes (3) to more complex cinchona alkaloid-derived
amines 1 and 2 (Scheme 1). The vicinal diamines, 3 and 4, are
important catalysts for aldol reactions. A summary of aldol
reactions involving chiral vicinal diamine catalysts is shown in
Scheme 2. Yamamoto, using diamine 4, reported one of the first
examples of vicinal diamine-catalyzed aldol reactions (Scheme
2, eq 1).4 They used acetone, as well as cyclic ketones, with p-
nitrobenzaldehyde as the aldol acceptor and reported good to
excellent enantioselectivity. Luo reported a successful and
robust series of aldol reactions catalyzed by 3 (Scheme 2, eq
2).5 Catalyst 3 works with linear aliphatic ketone donors with
excellent stereocontrol, and gives unprecedented syn diaster-
eoselectivity for ethyl ketones.5

The cinchona alkaloid-derived primary amine catalysts 1 and
2 are pseudoenantiomers because the important stereogenic
centers at C8 and C9 are inverted. These cinchona alkaloid-
derived primary amines have been studied spectroscopically
and computationally.6−8 While 1 and 2 are conformationally
flexible, both the ground state and transition states of the

reactions that they catalyze have a common conformational
preference.7−9

The use of cinchona-derived amine catalysts both com-
plemented and expanded the synthetic utility of chiral
pyrrolidine-based secondary amines in aldol chemistry.10−13

Cinchona alkaloid-derived primary amines are advantageous
over secondary amine catalysts for reactions involving sterically
demanding functional groups.14 The first example of asym-
metric intermolecular aldol reactions catalyzed by cinchonine-
and cinchonidine-based primary amines (1 and 2a) was
reported in 2007 (Scheme 2, eq 3).10 Later, these catalysts,
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including quinine-derived primary amines (2b), were shown to
perform well with more complex substrates, which sometimes
reacted overly slow with secondary amine-based catalysts
(Scheme 2, eq 4−5).12,13
The sources of asymmetric induction in the reactions by

Liu,10 Chimni,13 and Zhao12 (Scheme 2, eq 3−5) are not well-
known, and they have mostly been explained by ad hoc models
in the original reports. The origins of asymmetric induction of
vicinal diamine-catalyzed aldol reactions were only recently
explored by our group9,15 and the Zhang group.16 Our efforts
have shown that the stereoselectivities of intra- and
intermolecular aldol reactions are determined by favored
conformations of cyclic transition states.9,15

We now present quantum chemical calculations of transition
states for the more complex examples of these reactions
reported by Liu,10 Chimni,13 and Zhao12 in Scheme 2. The
privileged cinchona alkaloid-derived primary amines are
examined with classical substrates, i.e., cyclohexanone and p-

nitrobenzaldehyde, and pharmaceutically relevant isatin-based
substrates. Additionally, we revisit computations by the Zhang
group16 for the sources of stereoselectivity in the aldol reactions
reported by Luo (Scheme 2, eq 2).5 A general method to
explain the source of asymmetric induction in vicinal diamine-
catalyzed reactions is proposed.

■ COMPUTATIONAL METHODS
All quantum chemical calculations were performed with Gaussian 09.17

Geometry optimizations and frequencies were calculated with the
B3LYP18 density functional with the 6-31G(d) basis set in conjunction
with the IEF-PCM implicit solvation model.19 Optimized geometries
were verified by frequency calculations as minima (zero imaginary
frequencies) or transition structures (a single imaginary frequency).
Free energy corrections were calculated using Truhlar’s quasiharmonic
approximation.20 Single point energy calculations were performed on
optimized geometries with the M06-2X21 density functional and def2-
TZVPP22 basis set with the IEF-PCM model for the experimental
solvent reported. The thermal corrections evaluated from the unscaled
vibrational frequencies at the B3LYP/6-31G(d)-IEF-PCM level on the
optimized geometries were then added to the M06-2X/def2-TZVPP−
IEF-PCM electronic energies to obtain the free energies. We
previously tested how several density functionals perform with the
model system15 and found that the M06-2X/def2-TZVPP-IEF-PCM//
B3LYP/6-31G(d)-IEF-PCM provided accurate energies while being
relatively efficient in terms of computational times.23 B3LYP/6-
31G(d) provides appropriate geometry structures, but dispersion-
inclusive methods with larger basis sets are required for accurate
energies.9a

Monte Carlo conformational searches were performed on the
enamines formed by the protonated catalysts and aldol donors in the
presence of the aldol acceptors to identify reactive conformations with
the OPLS_2005 force field24 in Maestro/Macromodel.25 Reactive
conformations with the distance between the bond-forming atoms
shorter than 4.0 Å were used as input geometries for transition
structure optimizations. Structure graphics were generated using
CYLView.26

■ RESULTS AND DISCUSSION

We previously studied the origins of stereoselectivity in
intramolecular aldol condensations catalyzed by cinchona
alkaloid-derived primary amine 2b.9a,11,27 The stereochemis-
try-determining transition structures by Lam and Houk are
shown in Scheme 3. These reactions proceed through a nine-
membered hydrogen bonded cyclic transition state, where the
eight heavy atoms adopt conformations that resemble low-
energy conformations of cyclooctane.28 The lowest-energy
transition structure adopts the boat-chair conformation, and
leads to the major enantiomer. The minor product was
predicted to form via the cyclic transition structure in the
crown conformation.
The transition states of intermolecular aldol reactions

catalyzed by the parent vicinal diamine were also reported in
an earlier communication.15 The prototypical vicinal diamine-
catalyzed aldol transition structures (Scheme 4) display well-
defined conformations, with a preference for the crown
conformation. Chair conformations about the forming C−C
bonds were found in the low-energy crown and chair-boat
conformations. The s-trans enamines (crown and chair-boat)
were found to be preferred over s-cis enamines (boat-chair and
boat−boat). We also explained Yamamoto’s vicinal diamine-
catalyzed aldol reaction shown in Scheme 5.4 The crown with
an equatorial aryl substituent formed the observed major
product, while the crown with an axial aryl substituent formed

Scheme 2. Examples of Aldol Reactions Catalyzed by Chiral
Vicinal Diamines
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the minor enantiomeric product, reminiscent of the Zimmer-
man−Traxler model.29

In 2007, Liu reported that the aldol reactions of cyclo-
hexanones and substituted benzaldehydes were effectively
catalyzed by the cinchona alkaloid-derived vicinal diamine 1
(Scheme 6).10 They observed 99% ee, with a diastereomeric
ratio of 9.2:1 for the example in Scheme 6. This corresponds to
a difference in free energies of activation (ΔΔG‡) of ≥2.9 kcal/
mol for enantioselectivity and 1.2 kcal/mol for diastereose-
lectivity.
Four transition structures for the aldol reaction of p-

nitrobenzaldehyde and the enamine formed by 1 and
cyclohexanone were located (Figure 1). As reported earlier,15

the transition structures are nine-membered hydrogen-bonded
rings that have heavy atoms resembling conformations of
cyclooctane.28 The quinoline ring is equatorial in the favored

transition structures. Additional higher-energy stereoisomeric
transition structures are shown in Figure S3 and S4.
TS-1a leads to the major (R,S) anti-product and is the

lowest-energy transition structure. The (R,R) syn-diastereomer
is formed from TS-1b and is higher in energy by 1.6 kcal/mol
compared with TS-1a. Both TS-1a and TS-1b are crown
conformations, have staggered conformations about the
forming C−C bond, and have s-trans enamine conformations
of the catalyst. These two transition structures differ by the
equatorial and axial nature of the p-nitrobenzaldehyde group.
TS-1c also leads to a syn-diastereomer, but with the (S,S)
absolute configuration. This transition structure is higher in
energy by 2.8 kcal/mol. TS-1c is in a boat-chair conformation,
and contains a steric interaction between the s-cis enamine and
the quinoline ring of the catalyst. The proximal H···H
interaction is at 2.73 Å. The forming C−C bond is rather
eclipsed with a dihedral angle of 36° at the OC−CC bond. The
absolute configuration of the minor diastereomer has not been
reported,10 but we predict that the (R,R) syn-product is
preferred via TS-1b, in close agreement with experimental
diastereoselectivity.
The minor (S,R) enantiomer is formed by TS-1d, which is

higher in energy than TS-1a by 2.8 kcal/mol, also in close
agreement with experimental enantioselectivity. TS-1d is in the
chair-boat conformation, which has a staggered arrangement at
the forming C−C bond between the s-trans enamine and
electrophilic carbonyl carbon. TS-1d contains steric inter-
actions between the axial alkyl group of the enamine and the
quinoline ring of the catalyst. These H···H interactions in the
chair-boat are 2.44 and 2.53 Å. Thus, the destabilization of the

Scheme 3. Stereo-Determining Transition Structures by Lam
and Houk9a

Scheme 4. Prototypical Vicinal-Diamine Catalyzed Aldol
Transition Structures15

Scheme 5. Stereo-Determining Transition Structures for
Yamamoto’s Aldol Reaction15

Scheme 6. Example Aldol Reaction Reported by Liu
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chair-boat results from steric repulsions between the axial
methylene of the cyclohexanone and the quinoline ring of the
catalyst.
We also studied the aldol reactions reported by Chimni13

and Zhao12 to explore how complex substrates affected the
conformational preferences of the aldol transition state
(Scheme 7). Catalysts 2a and 2b possess the same absolute
configuration at C8 and C9, yet the senses of stereoselectivity
of the two reactions are opposite. The (R) product reported by
Chimni is formed from the addition to the Si face of isatin by
the enamine derived from 2a and pyruvic aldehyde dimethyl
acetal in 92% ee (ΔΔG‡ = 1.9 kcal/mol). The reaction reported
by Zhao, however, yields the (S) product requiring Re
selectivity at the isatin by the enamine derived from 2b and
acetaldehyde also in 92% ee (ΔΔG‡ = 1.8 kcal/mol).
For Chimni’s aldol reaction (Scheme 7, eq 1), the two

lowest-energy stereocontrolling transition structures are shown
in Figure 2. Higher-energy stereoisomeric transition structures
are shown in Figure S5. TS-2a leads to the major (R) product
and is the lowest-energy transition structure. The minor (S)
enantiomer forms from TS-2b. The difference in free energy of
activation (ΔΔG‡) between TS-2a and TS-2b is 3.6 kcal/mol,
which overestimates the reported enantioselectivity.
TS-2a and TS-2b have similar conformations at the cinchona

alkaloid-derived primary amine catalyst. Both enamines are s-
trans and the quinoline rings are equatorial. The chair-boat is
destabilized by a steric clash between the axial dimethox-

ymethyl group of the enamine and quinoline ring of the
catalyst. The major H···H interactions are 2.50 and 2.40 Å
between the axial CH of the enamine, quinoline ring, and C8−
H of the catalyst.
The two lowest-energy transition structures for Zhao’s aldol

reaction (Scheme 7, eq 2) are shown in Figure 3.

Figure 1. Lowest-energy transition structures TS-1a−d for the aldol addition of p-nitrobenzaldehyde and the enamine formed by 1 and
cyclohexanone (M06-2X/def2-TZVPP-IEF-PCM//B3LYP/6-31G(d)-IEF-PCM (cyclohexanone)). The free energies of activation (ΔΔG‡), relative
to TS-1a, are reported in kcal/mol.

Scheme 7. Aldol Reactions Reported by Chimni and Zhao
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Higher-energy stereoisomeric transition structures are
displayed in Figure S7. TS-3a, the favored transition structure,
is in the chair-boat conformation, with an s-trans enamine and
equatorial quinoline ring. With an aldehyde aldol donor, there
is no steric interaction between the axial substituent of the
enamine and quinoline ring in the chair-boat. TS-3b is in the
crown conformation with both an s-trans enamine and
equatorial quinoline ring. We found that the distances between

the amide carbonyl oxygen and the polarized CH’s adjacent to
the protonated quinuclidinium nitrogen are quite close in both
TS-3a and TS-3b.
In TS-3a there are two +NCH···Oδ− interactions at 2.57 and

2.32 Å. In the crown, TS-3b, these are further apart at 2.74 and
2.67 Å. Thus, there are hydrogen-bonding interactions between
the amide carbonyl oxygen and the polarized alkyl groups
adjacent to the quinuclidinium nitrogen, which are stronger in
the chair-boat conformation. Electrostatic +NCH···Oδ− inter-
actions are also present in the Houk-List model for proline-
catalyzed aldol additions.3a

To test the importance of this electrostatic interaction, we
computed a model of the reaction, where the amide functional
group in the aldol transition structures TS-4a and TS-4b is
replaced with methylene groups. The crown and chair-boat
conformations with the model reactant are shown in Figure 4.

TS-4a, the chair-boat, is higher in energy than TS-4b, the
crown, by 1.1 kcal/mol. Thus, hydrogen bonding between the
amide carbonyl oxygen and polarized alkyl groups overcome
the intrinsic conformational preferences of the aldol transition
state in Zhao’s aldol reaction with aldehyde aldol donors. These
results explain the difference in facial selectivities of the
enamine additions to isatin in the reactions reported by
Chimni13 and Zhao.12

Luo reported a robust methodology for bimolecular aldol
reactions catalyzed by the vicinal diamine 3.5a One example,
similar to the reaction reported by Liu10 in the same year, is the
aldol addition of p-nitrobenzaldehyde and cyclohexanone
catalyzed by 3 (Scheme 8). The reaction achieved 98% ee
with 9:1 dr, corresponding to difference in free energies of
activation of 2.7 and 1.2 kcal/mol, respectively.

Figure 2. Lowest-energy transition structures TS-2a and TS-2b for the
aldol addition of isatin and the enamine formed by 2a and pyruvic
aldehyde dimethyl acetal (M06-2X/def2-TZVPP-IEF-PCM//B3LYP/
6-31G(d)-IEF-PCM (1,4-dioxane)). The free energies of activation
(ΔΔG‡), relative to TS-2a, are reported in kcal/mol.

Figure 3. Lowest-energy transition structures TS-3a and TS-3b for the
aldol addition of isatin and the enamine formed by 2b and
acetaldehyde (M06-2X/def2-TZVPP-IEF-PCM//B3LYP/6-31G(d)-
IEF-PCM (THF)). The free energies of activation (ΔΔG‡), relative
to TS-3a, are reported in kcal/mol.

Figure 4. Model aldol system where the amide functional group of
isatin was replaced with methylenes. The transition structures TS-4a
and TS-4b are modified structures from TS-3a and TS-3b, which were
calculated at the M06-2X/def2-TZVPP-IEF-PCM//B3LYP/6-
31G(d)-IEF-PCM (THF) level of theory. The free energies of
activation (ΔΔG‡), relative to TS-4b, are reported in kcal/mol.
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In 2012, the Zhang group reported computational studies of
three aldol reactions reported by Luo, including the reaction in
Scheme 8.16 They calculated the transition structures for the
reactions at the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d)
level of theory and explained the reported enantioselectivities
and diastereoselectivities. Their chemical analysis involves the
conformations of the enamines and using Newman projections
down the forming C−C bond, reminiscent of the Houk-List
model. The differences in energy between the stereoisomeric
transition structures were rationalized by the degree of planarity
of the enamine and dihedral angle of the forming C−C bonds.
The model proposed by the Zhang group illustrates the
conformations of the enamine and aldol acceptor, but ignores
conformations of the catalyst.
We recalculated their transition structures at the M06-2X/

def2-TZVPP-IEF-PCM//B3LYP-6-31G(d)-IEF-PCM (cyclo-
hexanone) level of theory. The four lowest-energy transition

structures are shown in Figure 5. TS-5a, TS-5c, and TS-5d are
consistent with the transition structures reported by Zhang.
However, we located a new low-energy stereoisomer, TS-5b.
TS-5a leads to the major (R,S) anti-product and is the lowest-
energy transition structure. TS-5b leads to the (R,R) syn-
diastereomer and is higher in energy by 1.5 kcal/mol compared
with TS-5a, in close agreement with the experimental
diastereoselectivity. TS-5c leads to the (S,S) syn-diastereomer
and is higher in energy by 3.6 kcal/mol. TS-5d, which forms
the minor (S,R) stereoisomer, is higher in energy by 4.2 kcal/
mol. The energy difference between TS-5a and TS-5d
reproduces the enantioselectivity found by Zhang.
We found that the transition structures again have heavy

atoms arranged in conformations resembling those of cyclo-
octane,28 and are analogous to the results of the cinchona
alkaloid-catalyzed reaction of cyclohexanone and p-nitro-
benzaldehyde in their relative trend of energies (Figure 1).
The lowest-energy transition structure, TS-5a, is in the crown
conformation. TS-5b is also in a crown conformation but has
an axial aryl group of the aldehyde. TS-5c is in the boat-chair
conformation, and is destabilized due to an eclipsed forming
C−C bond and steric interactions between the enamine and
catalyst. TS-5d is in the chair-boat conformation. Both TS-5a
and TS-5d contain staggered chair conformations at the
forming C−C bond and have enamines in s-trans conforma-
tions. The source of destabilization of TS-5d is due to the steric
H···H interactions between the axial methylene of cyclo-
hexanone and the catalyst. Shown in Figure 5, the H···H

Scheme 8. Example Aldol Reaction Reported by Luo

Figure 5. Lowest-energy transition structures TS-5a−d for the aldol addition of p-nitrobenzaldehyde and the enamine formed by 3 and
cyclohexanone (M06-2X/def2-TZVPP-IEF-PCM//B3LYP/6-31G(d)-IEF-PCM (cyclohexanone)). The free energies of activation (ΔΔG‡), relative
to TS-5a, are reported in kcal/mol.
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distances are 1.95 and 2.38 Å, which are not present in TS-5a
because the axial methylene is distant from the cyclohexyl
portion of the catalyst.
In the studies of Yamamoto’s catalyst,15 we found that the

lowest-energy transition structure, i.e., the crown, acquired
(+)-gauche conformations about both the forming C−C bond
and the NCCN dihedral of the catalyst. In contrast, the higher-
energy transition structures were in various combinations of
(+)- and (−)-gauche conformations about these two bonds.
The lowest-energy transition structures for the Chimni, Liu,

and Luo reactions either have matching (+)- or (−)-gauche
conformations at both the forming C−C bonds and NCCN
dihedrals. In these systems, the NCCN dihedral of the catalyst
is fixed either due to rigidity (1,2-diaminocyclohexane) or
conformational preference (cinchona alkaloid-derived primary
amines). When the diamine is (+)-gauche, then the major
product has a (+)-gauche arrangement about the forming bond.
These results are summarized in Scheme 9. The NCCN
dihedral of the vicinal diamines is a predictable measure for the
gauche conformation about the forming C−C bond in the
crown conformation.

■ CONCLUSIONS

Cyclic transition structures are preferred for vicinal-diamine
catalyzed aldol reactions. The crown conformer is consistently
the lowest-energy transition structure in bimolecular systems,
unless secondary interactions destabilize the crown or stabilize
the chair-boat (e.g., Figure 3). The crown has trans-enamine
and staggered chair arrangements of both the forming bond and
catalyst. The gauche conformations about the NCCN bond and
forming C−C bond of the catalyst are both (+) or (−) for the
crown conformations. We have found this to be the case in five
examples (Scheme 9). In addition, we have predicted the
preferences of the minor enantiomer, being either a chair-boat
or crown with an axial substituent depending on the system.
Diastereoselectivity relies on the difference in energy between
the two crown conformations, analogous to the Zimmerman−
Traxler model.29 In intramolecular aldol reactions, the boat-
chair conformation is preferred (Scheme 9).9a

The model proposed here explains the source of asymmetric
induction for aldol reactions catalyzed by both simple and
complex vicinal diamines. The general features of this system
have been invoked to explain other vicinal diamine-catalyzed
reactions.30 The predictability and reliability of these
mechanistic insights should assist in the rational design of
vicinal diamine-catalyzed reactions of aldol, Mannich, and other
carbonyl functionalizing reactions.
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