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The origins of the stereoselection of the dipeptide-catalyzed intermolecular aldol reaction are explored by
means of hybrid density functional theory. Transition states were located for the (S)-ala-(S)-ala-catalyzed
aldol reaction with cyclohexanone as the donor and benzaldehyde as the acceptor. The calculations
reproduce the experimental trends very satisfactorily. It is demonstrated that the main source of
stereoselectivity is the interaction of the N-terminal amino acid side chain of the dipeptide with the
cyclohexene ring.
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1. Introduction

The asymmetric aldol reaction is an important C–C bond-forming
reaction in synthetic chemistry1 and in Nature.2 The enzyme-
catalyzed stereoselective aldol reaction involves enamine inter-
mediates (Type I aldolases) or zinc enolates (Type II aldolases) as
the reactive nucleophile.2 The catalytic residue of Type I aldolases
is the primary amino group of a lysine residue, which forms enamine
intermediates with the help of a proton relay system by neighboring
amino acids.2c Amino acids and small peptides have also been
suggested as ancient catalysts for the asymmetric aldol reaction.3

In the 1970s, Hajos and Parrish and Eder et al.,4,5 discovered
that amino acids are able to catalyze the asymmetric aldol reaction
via a catalytic enamine mechanism. Their stereoselective Robinson
annulations have been utilized numerous times in natural product
synthesis.6 For example, Danishefsky and Cain utilized phenylala-
nine (1.2 equiv of amino acid) for the synthesis of optically active
estrone and 19-norsteroids.6a However, it was not until 2000 when
List et al. demonstrated that proline and its derivatives are highly
enantioselective catalysts for the intermolecular asymmetric aldol
reaction between ketones and aldehydes that asymmetric enamine
catalysis received increased attention.7,8 The generally accepted
mechanism is that both the proline-catalyzed intramolecular and
intermolecular aldol reactions involve an enamine mechanism
where one proline molecule takes part in the transition state as
suggested by Houk and List.9 Seebach and Eschenmoser et al. have
recently proposed an alternative view of the role of oxazolidinones
for the mechanism of this reaction.10

Most of the work on the organocatalytic intermolecular aldol
reaction involved the use of proline and its derivatives. In 2005,
ll rights reserved.
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Córdova et al. showed that amino acids with a primary amino func-
tionality are able to catalyze the asymmetric intermolecular aldol
reaction with high stereoselectivity.3b,11 The origins of the stereo-
selectivity for this reaction were investigated using density func-
tional theory (DFT) calculations.12 Since these findings, linear
amino acids are used more often as catalysts for highly enantio-
selective intermolecular aldol reactions.13 Córdova et al. subse-
quently found that small di- to tetra-peptides with a primary
amine functionality also catalyzed the asymmetric intermolecular
aldol reaction with excellent enantioselectivity.14 In addition, the
small peptides can catalyze the aldol reaction in water and aque-
ous media with high asymmetric induction (Eq. 1).14b In stark con-
trast, the parent amino acids are less efficient and furnished nearly
racemic products (Eq. 2). These results are of synthetic importance
and may have implications for the evolution of homochirality.14,15
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Scheme 1. Proposed reaction mechanism of the dipeptide-catalyzed aldol reaction.

Scheme 2. Arrangements of modes of attack that generate different stereoisomers
in the dipeptide-catalyzed aldol reaction between cyclohexanone and benzalde-
hyde. Left anti-enamine and right syn-enamine.
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Notably, it was found in vitro that small peptides isolated from
living cells can catalyze the asymmetric aldol reaction, demon-
strating that non-enzymatic enantioselective catalysis can occur
in living cells and be of biological relevance.14b For example, the
aldol products from these reactions can subsequently undergo
Amadori rearrangement that leads to non-enzymatic glycation of
amino acids, peptides and proteins (the Maillard reaction).16,14b

In fact, the Maillard reaction has been implicated in a number of
pathologies, such as diabetes mellitus, neurodegenerative amyloid
diseases, and normal processes of aging.16,17

The suggested acid-mediated enamine mechanism of the dipep-
tide-catalyzed asymmetric intermolecular aldol reaction is shown
in Scheme 1. The ketone donor reacts with the dipeptide via an
iminium species to form an enamine intermediate. Next, the
acceptor aldehyde reacts with the chiral enamine to give, after
hydrolysis, the enantiomerically enriched aldol product; the cata-
lytic cycle can be repeated.

The beneficial effect of water in the small peptide-catalyzed
asymmetric aldol reaction has been reported to be due to the
improved catalyst turnover via faster hydrolysis of the intermedi-
ates of the enamine catalytic cycle, as well as the suppression of
catalyst inhibition by non-productive imidazolidinone formation.14

Herein, we report the origins of the stereoselectivity of the
intermolecular aldol reaction catalyzed by a dipeptide. Density
functional theory calculations are used to optimize the transition
states of the C–C bond formation step. The calculations accurately
predict the stereochemistry of the observed product and provide
key insights into the factors governing the enantioselection.

2. Computational details

All the calculations were performed using the hybrid density
functional theory method B3LYP18 as implemented in the GAUSS-

IAN03 software package.19 The geometries were optimized using
the standard double zeta plus polarization basis set 6-31G(d,p).
Based on these geometries, more accurate energies were obtained
by performing single point calculations using the much larger
6-311+G(2d,2p) basis set.
Frequency calculations were performed at the same theory level
as the optimizations to obtain zero-point energies (ZPE) and to
confirm the nature of the stationary points. The latter implies no
negative eigenvalues for minima and only one negative eigenvalue
for transition states.

Solvation effects were calculated using the CPCM polarizable
conductor calculation model (e = 36.6).20 The radii derived from
the UFF force field were employed to build the cavity.

3. Results and discussion

To investigate the stereochemistry of the dipeptide-catalyzed
intermolecular aldol reaction, we chose as a model to study the
(S)-ala-(S)-ala-catalyzed aldol reaction with cyclohexanone 1 as
the donor and benzaldehyde 2 as the acceptor which gives the cor-
responding aldol product 3 (Eq. 3). More specifically, we focused
our attention on the nucleophilic attack of the chiral enamine at
the carbonyl group, since the stereochemistry of the product is
controlled in this step.
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The reaction of cyclohexanone and benzaldehyde leads to the
formation of two stereogenic centers, resulting in four possible
stereoisomers (Scheme 2). The enamine can be in either syn- or
anti-conformations, while the enamine can attack from its Si or
Re face on the Si or Re face of the aldehyde, giving rise to eight dif-
ferent transition states. In addition, for each of these transition
states, the enamine and the aldehyde can approach each other in
Figure 1. Optimized transition states leading to the (S,R)-product. Distances are given in
solvation are in parentheses).
three different staggered fashions, resulting in three rotameric
transition states. On top of that, the conformational flexibility of
the peptide dramatically increases the number of possible transi-
tion state geometries. In total, there are hence a large number of
transition states to be considered computationally.

We first focused on the transition states that led to the major
product observed experimentally, namely the (2S,3R)-b-hydroxy
ketone 3. A large number of transition state structures were opti-
mized for this product (10 of them are shown in Figure 1).

The energetically most accessible transition state, TS-(S,R)-1,
has several features that make it to have lower energy than all
other ones. The conformation of the peptide is optimal in order
to form a hydrogen bond between the peptide amide and the
Å. Below each figure are the gas phase relative energies in kcal/mol (values including



Figure 2. Optimized lowest-energy transition states leading to the minor products.
Energies are given relative to TS-(S,R)-1 (see Fig. 1). Values including solvation are
in parentheses.

Figure 3. Optimized transition states for the gly-(S)-ala catalyst. Relative energies
are indicated (values including solvation are in parentheses).
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alkoxide anion that is developing on the aldehyde. The carboxylic
moiety is also in an optimal position to donate its proton. In addi-
tion, the developing anion of the aldehyde interacts favorably with
the NH moiety of the enamine. These three interactions stabilize
the alkoxide anion to a very high degree, making the concerted car-
bon–carbon bond formation and proton transfer from the carboxyl
group very asynchronous, with the proton transfer being much
later than the C–C bond formation. Furthermore, the two methyl
substituents of the ala-ala dipeptide are pointing away from the
substrates and at the same time avoiding steric repulsion from
the peptide backbone.

The stabilization of the transition state provided by the three
hydrogen bonding interactions is likely one of the main reasons
that enable the small peptide to catalyze the intermolecular aldol
reaction with high enantioselectivity under aqueous conditions,
while the parent amino acid, for which the transition state lacks
the hydrogen bonding to the peptide bond, catalyzes the formation
of the nearly racemic compounds under the same conditions.14,15

Taken together, the features discussed above jointly make the
TS-(S,R)-1 the most stable one. In all the other transition states,
one or several of these features are disturbed (a number of TS
structures that lead to the same product are shown in Figure 1).

Any rotation of the peptide chain leading to the loss of hydrogen
bonds results in higher barriers. For example, in TS-(S,R)-2, TS-
(S,R)-3, and TS-(S,R)-4, the peptide bond is rotated away from the
aldehyde, which results in barriers that are 4.8, 6.2, and
10.9 kcal/mol higher than TS-(S,R)-1, respectively. In TS-(S,R)-5,
the carboxylic group is pointing away from the aldehyde and
instead a hydrogen bond to the carbonyl oxygen of the peptide
bond is formed. This results in a barrier that is 1.8 kcal/mol higher
than TS-(S,R)-1. In fact, the gas phase energy of TS-(S,R)-5 is
1.3 kcal/mol lower than that of TS-(S,R)-1, which is a consequence
of the gas phase overestimation of the energy contribution of the
hydrogen bond between the carboxyl and the peptide carbonyl.

The TS in which all three interactions are conserved, but where
the peptide is rotated such that there is a steric repulsion between
the methyl side chain of the alanine and the carbonyl of the pep-
tide bond, TS-(S,R)-6, is 4.8 kcal/mol higher than TS-(S,R)-1. The
transition state in which the cyclohexene ring adopts a boat con-
formation TS-(S,R)-7 is higher by 1.0 kcal/mol.

When the enamine is in the syn-conformation, the transition
states leading to the (S,R) product are all lacking the interaction
between the enamine NH and the alkoxide of the aldehyde, result-
ing in higher energies, see TS-(S,R)-8, TS-(S,R)-9, and TS-(S,R)-10 in
Figure 1. In these transition states, other effects that contribute to
the higher energy are seen. For example, the hydrogen bonds to the
peptide NH and the carboxyl are not optimal, and steric repulsion
between the methyl group of alanine and the cyclohexene ring, and
ring–ring repulsion are seen. These effects lead to energies that are
considerably higher than those for TS-(S,R)-1.

In summary, a number of steric and hydrogen bonding interac-
tions make TS-(S,R)-1 the optimal transition state, having a lower
energy than the other transition states leading to the same
product.

We have conducted similar analyses for the transition states
leading to the other product isomers. In Figure 2, we present the
optimized lowest-energy transition states for each category.
Indeed, in agreement with the experimental findings, all other
TSs have higher energies compared to TS-(S,R)-1.

For the transition states leading to the (R,S) product, two transi-
tion states were found to have very similar energies [TS-(R,S)-1 and
TS-(R,S)-2, see Fig. 2], both lying at 3.5 kcal/mol higher energy than
TS-(S,R)-1. In TS-(R,S)-1, the three favorable interactions of the
developing alkoxide with the carboxylic acid, the peptide bond
NH group, and the enamine NH are very similar to the ones found
for (S,R)-1. However, to accommodate these interactions in an
optimal way, the peptide backbone is rotated such that the methyl
substituent of the alanine experiences steric repulsion from
both the cyclohexene ring and the carbonyl of the peptide
bond. This causes the higher energy and is thus the source of
enantioselectivity.

In the syn-enamine version of this transition state, TS-(R,S)-2, it
is possible to avoid this steric repulsion, but this comes at the price
of losing the interaction to the enamine proton, which results in a
very similar energy.

The lowest transition state leading to the (S,S)-enantiomer of
product (TS-(S,S)-1, Fig. 2) has an energy of 1.7 kcal/mol higher
than (R,S)-1. The three favorable interactions of the alkoxide are
conserved. However, changing the face of the aldehyde causes a
ring–ring repulsion that raises the energy.

Finally, in the lowest transition state leading to the (R,R)-prod-
uct TS-(R,R)-1 (Fig. 2), two effects are responsible for raising the en-
ergy by 3.8 kcal/mol compared to TS-(S,R)-1. These are the lack of
interaction with the enamine NH and the ring–ring repulsion.

The relative energies of the lowest-energy transition states
leading to the four different stereoisomers are 0.0, 3.5, 1.7, and
3.8 kcal/mol for (S,R), (R,S), (S,S), and (R,R) enantiomers, respec-
tively. Experimentally, the (S,R)-product was found to be the major
product, with an enantiomeric excess of 91%, which translates
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approximately to an energy difference of 1.8 kcal/mol between the
(S,R) and (R,S) transition states. Our calculated value of 3.5 kcal/
mol is thus consistent with the experiment, but somewhat overes-
timated. Similar overestimation was previously observed for the
amino acid-catalyzed aldol reaction.9h,12

The experimentally determined diastereomeric ratio (dr) of 8:1
can similarly be converted to an energy difference of about
1.3 kcal/mol. Our calculated energy difference of 1.7 kcal/mol
between the (S,R) and (S,S) transition states is in good agreement
with the experimental value, although also slightly overestimated.

As discussed above, the main source of stereoselectivity is
found to be the interaction of the amino acid side chain with the
cyclohexene ring. To test this, we changed the methyl group into
a hydrogen [effectively changing the catalyst to gly-(S)-ala] and
reoptimized the TS-(S,R)-1 and TS-(R,S)-1 transition states (see
Fig. 3). The energy difference drops from 3.5 to �0.6 kcal/mol
[i.e., TS-(R,S)-1 is 0.6 kcal/mol lower than TS-(S,R)-1], making the
two transition states almost degenerate. This is in line with the
very small ee found experimentally for the gly-(S)-ala catalyst
(11%).15a

4. Conclusion

In the present contribution, we have studied the C–C bond-
forming transition state in the (S)-ala-(S)-ala-catalyzed intermole-
cular aldol reaction. By calculating a large number of transition
states, we were able to analyze, in detail, the factors governing
the stereoselectivity. The calculations reproduce very satisfactorily
the experimentally determined diastereo- and enantioselectivities.

It is shown that the methyl substituent of the N-terminal ala-
nine causes the transition state leading to the (R,S)-enantiomer of
the aldol product to be higher in energy, mainly by steric repulsion
to the cyclohexene ring and the peptide bond. The stabilization of
the most favored transition state by three hydrogen bonding inter-
actions is the most likely cause for the ability of the small peptide
to catalyze the intermolecular aldol reaction with high enantio-
selectivity in aqueous conditions, while the parent amino acid
catalyzes the formation of nearly racemic compounds under the
same conditions.
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