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Density functional theory study of the
mechanism in dipeptide-catalyzed
intermolecular aldol reaction---the effects of
steric repulsion interactions on stereoselectivity

Xiaofei Zhang®®, Min Pu’?

The mechanism of the dipeptide (S)-pro-(S)-asp catalyzed intermolecular aldol reaction with
acetone as the donor and three aromatic aldehydes (benzaldehyde, p-methyl benzaldehyde and
p-nitrobenzaldehyde) as the acceptors was studied by means of density functional theory (DFT)
at the level of B3LYP/6-31G(d,p). The calculated results showed that there were four steps in the
reaction path: i. the nucleophilic attack of amino group on carbonyl for the formation of
intermediate A, which was the rate-determining step due to the largest energy barrier of 44.33
kcal/mol; ii. the dehydration process to form s-cis- or s-trans-enamine through imine-generating
step; iii. the electrophilic addition of aldehyde, which decided the stereoselectivity of product
because of the steric repulsion interactions between enamine and aldehyde; iv. the removal of
dipeptide to the final products. According to the results analysis, it was found that the dipeptide-
catalyzed aldol reaction via s-trans-enamine was more energy favorable to obtain R-product
(with an ee value > 99%). The energy variations in the reaction path were verified by using CAM-
B3LYP and M06-2X methods in the same basis set. The solvation effects were explored based
on B3LYP/6-31G(d,p) combined with a polarizable continuum model (PCM), the substituent
effects of aromatic aldehydes were also considered. The computed results provided a reference
for experiment that DMSO and H.O as the solvents could decrease the energy barriers in
reaction path and the impact of substituent effects might be small. The feasibility of dipeptide
provided a possibility for the protein as the catalyst which was green and nontoxic.

functionality were able to catalyze this kind of reaction with
high stereoselectivity.

A series of peptides and amino acids used as catalysts for the
asymmetric intermolecular aldol reaction which was an
important C-C bond-forming reaction in synthesis of organic
products and pharmaceuticals had been studied and attracted
much more attention.''* L-proline-based small peptides were
developed as efficient catalysts for the asymmetric direct aldol
reactions of acetone with aldehydes, and high yield and
stereoselectivity of up to 96% ee obtained in aqueous media.'*
The subsequently research approved that small di- to tetra-
peptides with a primary amine functionality also catalyzed the
asymmetric intermolecular aldol reaction with excellent
enantioselectivity.'>'® In addition, the small peptides could
catalyze the aldol reaction in water and non-aqueous media
with high yield asymmetric product.'” Cérdova er al.
investigated the origins of the stereoselectivity for asymmetric
intermolecular aldol reaction by using DFT calculations.'®!"

The results showed that amino acids with a primary amino

This journal is © The Royal Society of Chemistry 2013

Heine and Wong er al.**?! researched the enzymatic-
catalyzed asymmetric aldol reaction and concluded that the
reaction involved two classes intermediates, Type I aldolases
(enamine intermediates) and Type II aldolases (Zinc enolates
intermediates). In Type I aldolases, the primary amino group of
amino acids residue had a large effect to the reaction process, in
which formed enamine intermediates with the help of proton
transfer by neighboring amino acids. In Type II aldolases,
chiral enolates, chiral aldehydes, or chiral auxiliaries were used
to control the stereoselectivity of aldol reactions.

In 1974, Hajos er al.** found that amino acids were able to
catalyze the asymmetric aldol reaction via an enamine
intermediate path. Nevertheless, it was not rapidly developed
until List er al.*>** demonstrated that proline and its derivatives
were highly enantioselective catalysts for the intermolecular
asymmetric aldol reaction between ketones and aldehydes in
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2000. From then on, amino acids were used more often as
highly selective catalysts for intermolecular aldol reaction.”>%¢
Generally speaking, this kind of proline-catalyzed reaction
involved an enamine-forming process where one proline
molecule took part in the transition state as suggested by Houk
and List?™® A lot of work to get high efficient and
stereoselective asymmetric catalysts had been carried out since
that time, in which the catalysis of proline derivatives and the
expansion of scope of substrates were widely researched. '3
The high dr (up to 18:1) and ee value (up to 98%) of the
targeted product were obtained by using primary amine-
containing amino acids as catalysts, such as L-threonine and O-
tBu-L-tyrosine.>*

Recently, small peptides were also suggested as effective
catalysts for the asymmetric aldol reaction.®® That isolated from
living cells in vitro could catalyze the asymmetric aldol
reaction, demonstrating that non-enzymatic enantioselective
catalysis could occur in living cells and be of biological
relevance.!” The beneficial effect of small peptide catalyzed
asymmetric aldol reaction was due to the faster hydrolysis of
the intermediates in the enamine catalytic cycle, as well as the
suppression of non-productive imidazolidinone formation.'’
the

intermolecular aldol reaction was not distinct for the moment.

However, mechanism of small peptide catalyzed

Proline typically gave superior results of yield and
enantioselectivity in the above mentioned catalytic studies,
even promoted the finding of several other catalysts. To the
best of our knowledge, there were few theoretical investigations
concerning the detailed variation of the dipeptide-catalyzed
aldol reactions between ketones and aromatic aldehydes,
the

stereoselectivity of reactions. Accordingly, the mechanism and

although great efforts had been made to explain
stereoselectivity of intermolecular aldol reaction catalyzed by
dipeptide were researched and the transition states of C-C bond
formation step were found by using density functional theory
methods in this paper. The calculations successfully predicted
the stereoselectivity of the observed product and provided the

key insights into the detailed reaction paths.

2. Computational Methods

All the calculations were performed using the gradient-

corrected function B3LYP of Density Functional Theory (DFT).

The traditional hybrid Becke, three-parameter, Lee-Yang-Parr
(B3LYP) exchange correlation functions, the long-range-
(CAM-
B3LYP) and hybrid meta-generalized gradient approximation
functional (M06-2X) of DFT were applied. The geometries

were optimized using the standard double zeta plus polarization

corrected coulomb-attenuating method functional

basis set 6-31G(d,p). Meanwhile, the single point energies of
species in gas were tested and verified at the level of B3LYP/6-
3114++G(d,p) which listed in ESI. Frequency calculations were
performed at the same theory level as the optimizations to
obtain zero-point energies (ZPEs) and to confirm the nature of
the stationary points. To investigate the transition states to the
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two desired minima of the proposed mechanism, the potential
energy profile was generated by using the intrinsic reaction
coordinate (IRC) calculations. The solvent effects on the
mechanism were discussed based on the polarizable continuum
model (PCM) of self-consistent reaction field (SCRF) theory.
All of the quantum chemical calculations were applied by using

: 3
Gaussian 09 programs.*

3. Results and Discussion

3.1 Dipeptide structure

Dipeptide, perhaps, functioned as a “micro-aldolase” that
provided both the nucleophilic amino group and electrophilic
carbonyl cocatalyst in the form of the carboxylate. To
the
intermolecular aldol reaction, a model with acetone as the

investigate mechanism of dipeptide-catalyzed
donor and benzaldehyde as the acceptor was chosen to study
(S)-pro-(S)-asp-catalyzed aldol reaction. The catalyst (S)-pro-
(S)-asp was formed by the dehydration of (S)-proline and (S)-
aspartic acid. As shown in Fig.1, the four atoms of peptide bond
and its attached C atoms of both ends were in the same plane.
The peptide bond was stable covalent bond because the
bonding of C-N was sp? hybrid in which the conjugation
structure was subsistent.

€

9

1.220—|| 1.401

ﬁ—].ﬂ]-’l

peptide bond

Fig.1 Optimized structure of dipeptide (S)-pro-(S)-asp

3.2 Reaction mechanism

The most possible mechanism of the dipeptide-catalyzed
intermolecular aldol reaction was depicted in Fig.2. The
proposed mechanism contained four steps: i. the nucleophilic
attack on carbonyl by amino group for the formation of
intermediate A; ii. the dehydration process to form s-cis- or s-
trans-enamine; iii. the electrophilic addition of aldehyde; iv. the
deprivation of catalyst-dipeptide to the final products. The
discussions will be carried out in detailed step by step in the
following parts. Pioneering theoretical studies had determined
that the aldol reactions proceed via enamine intermediates,
while the transition states for the crucial C-C bond-forming step
(nucleophilic addition of the enamine intermediate to an
electrophilically activate aldehyde) showed that an arrangement
of the reacting atoms was stabilized by a hydrogen-bonding
interaction between the proton of the amino-group moiety in

This journal is © The Royal Society of Chemistry 2012
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peptide bond and the oxygen atom of the electrophile.’’*

However, the stereoselectivity of products was subjected by the
spatial orientation and steric repulsion of groups in transition
states.
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Fig.2 Reaction mechanism of the dipeptide-catalyzed aldol reaction

3.2.1 FORMATION OF INTERMEDIATE A. The mechanism of
first step involved the attack of dipeptide on the C atom of
carbonyl group to form intermediate A that acted as the
nucleophile in the subsequent C-C bond formation with
concomitant N-H -+ O hydrogen transfer. Initially, dipeptide
reacted with acetone by nucleophilic addition via transition
state TS1 (Fig.3) to form the intermediate A with the energy
barrier of 44.33 kcal/mol. With the approaching of dipeptide to
acetone, the electrostatic attraction between N(1) and C(2)
atoms led to the formation of the intermediate A and was
associated with the proton H(6) transferred from N(1) to the
carbonyl O(3) atom. Due to the formation of N(1)-C(2) bond, it
has also a charge transfer in the first step. The energy barrier of
this step was 44.33 kcal/mol, which was not a low energy
barrier at the room temperature. As discussed above, the first
step was considered to be the rate-determining step, so full
mixing of catalyst and reactants even operated at the elevated
temperatures were essential under the experimental condition.

Fig.3 Optimized structure of transition state TS1
3.2.2 DIFFERENT PATHS OF ENAMINES FORMING. The second

step was dehydration process of intermediate A to form s-cis-
or s-trans-enamine. At the beginning, we assumed that the

This journal is © The Royal Society of Chemistry 2012
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dehydration was hydroxyl reacted with the hydrogen atom of
either methyl to form enamine (C-path in Fig4). The
calculated energy barriers of this path were 65.54 (s-cis-
enamine) and 64.06 kcal/mol (s-frans-enamine), respectively,
which were not low energy barriers for the room temperature.
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)
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opn_ [ NH W tranfer N N 2
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OH__A, L / s trans-enamine
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Fig.4 Formation of two enamines by three paths

The another probable path (N-path) was the hydroxyl firstly
reacted with the H(7) atom on amino group of peptide bond to
remove the H,O molecular (transition state of dehydration in N-
path in Fig.5 (a)) and form imine simultaneously, then
hydrogen atom of either methyl transferred to N(4) atom to
form s-cis- or s-trans-isomer. The corresponding first energy
barrier of imine forming was 13.35 kcal/mol, and the next
energy barriers were 8.26 and 19.35 kcal/mol for s-cis- and s-
trans-enamines, respectively, which revealed that the s-cis-
enamine was more energy favorable and occurred easily. The
calculated conversion energy barrier of two enamines was 5.06
kcal/mol indicated the s-cis-enamine was achieved mostly in
proton transfer process, and then the s-frans-enamine was
obtained through configuration conversion from s-cis-enamine
in N-path. This path was a facile process and attained easily
under the experimental condition. Besides, there was a potential
path (O-path) that hydroxyl firstly reacted with the H(8) atom
on terminal carboxylic acid group of dipeptide to remove the
H,0 molecular (transition state of dehydration in O-path in
Fig.5 (b)) and form imine simultaneously, then hydrogen atom
of either methyl transferred to O(5) atom to form s-cis- or s-
trans-isomer. The corresponding first energy barrier of imine
forming was 13.36 kcal/mol, and the next energy barriers were
1.86 and 1.69 kcal/mol for
respectively, which demonstrated that the two isomers were

s-cis- and s-frans-enamines,

almost achieved halves and performed easily at room
temperature. The energy variations in three paths to form two
enamines were shown in Fig.6.

The energy barriers of proton transfer forming enamine in O-
path were smaller than that of N-path, it might because proton
transferred from imine to the carboxylic group was easier to
overcome steric repulsion and bone torsion force. In summary,
the O-path was preferential to generate half-to-half s-cis- and s-
trans-enamines in second step in the perspective of energy.
Therefore, the subsequent discussion of mechanism, energy
variation and solvent effects was carried around the favorable

O-path.

J. Name., 2012, 00, 1-3 | 3
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denoted the “ s-trans-enamine ” and “ R ” denoted the “ R-
'* products .
A The aldol reaction was proposed involving an enamine
intermediate, and the stereo-controlling step was the formation

@ of C-C bond between enamine intermediate and benzaldehyde.
) s @ The computed energies of transition structures associated with
31‘}1054 ’—r C-C bond—.fc?rmatlf)n step could reasonz}bly explain the
203 T © stereoselectivity of intermolecular aldol reaction.
(a) TS2-N (b) TS2-0 The energetically most accessible transition state, TS3-zR,

had several features that made it to have lower energy than all
other ones in gas phase. The configuration of dipeptide was
optimal to form a hydrogen bond (N-H-:-O) between dipeptide

Fig.5 Transition states of dehydration process in N-path and O-path

Relative Energy (kcal/mo) amide and carbonyl that was developing on benzaldehyde. The
== = C-path amide moiety was also in an optimum position to donate its

“r = N-path proton and prevent steric repulsion from framework. In addition,
wf =—  O-path the developing anion of the benzaldehyde interacted favorably

with the C=C moiety of the s-frans-enamine. These interactions

stabilized the TS3-tR to a very high degree, making the
Reaction Coordinate concerted C-C bond formation and proton transfer from amide
group very synchronous. Furthermore, the aspartic acid
substituent of dipeptide was pointing away from benzaldehyde
and at the same time avoiding steric repulsion from dipeptide
backbone.

20 -

0 —

intermediate A

—
imine

—_5.06" -
TS2:
s-cis-enamine  s-frans-enamine

Fig.6 The energy variations in three paths to form enamines

The structures of two enamines were shown in Fig.7 (The
detailed geometric parameters of enamines were listed in ESI).

7
1.171

1336 @

TS3-tR

(@) 5-cis-enamine

\A00) dihedral
N(1) edral angle N(1) dihedral angle
| CIO.NLC2=C?: §° | CI.NLC2=C?: -163°
<o » *‘
Fig.7 Structural models of two enamines ’
9
3.2.3 STEREOSELECTIVITY OF PRODUCTS. The discussion of
stereoselectivity-determining step took benzaldehyde as TS3-c5

example that the aldol reaction of acetone and benzaldehyde led
to the formation of one stereoselective center, resulting in two
possible stereoisomers. The enamine could be in either s-cis- or

s-trans-conformation, while the enamine could attack from its
different faces (Re or Si) of the benzaldehyde to form R- or S-§-
hydroxyketone, giving rise to four different transition states
(Fig.8). The notation used for the TS3, for example, “ ¢ ” and
“ R in TS3-tR was consistent with previous conventions, “ ¢~

Fig.8 Transition states in third step

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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It should be worth noting that there were two possible
stereoselective channels including the cis-isomer and trans-
isomer reaction channels. When the enamine was in the s-cis-
conformation, the transition states leading to the products were
all existed the distortion of s-cis-enamine framework, resulting
in higher energies. In these transition states, other effects that
contributed to the higher energy were seen, such as steric
repulsion between methyl group of s-cis-enamine and
benzaldehyde, distortion of the aspartic acid substituent of s-
cis-enamine. In TS3-cR, the favorable interactions of the
aspartic acid substituent with benzaldehyde, the hydrogen bond
of NH group with carbonyl were very similar to the one found
for TS3-tR. However, to accommodate these interactions in an
optimal way, the peptide backbone was rotated such that the
methyl substitute of enamine experiences steric repulsion from
both five-membered ring and peptide bond. In the s-cis-
enamine version of this transition state, it was possible to avoid
this steric repulsion, but this came at the price of losing the
interaction to the enamine proton, which resulted in a very
similar energy. These effects led to energies that were
considerably higher than those transition states obtained via s-
trans-enamine reaction channel. This caused the higher energy
and was thus the source of enantioselectivity.

For the final S-B-hydroxyketone product, two transition states
were found to have energies both lying at 6.65 and 7.58
kcal/mol higher than TS3-zR. The lowest transition state leading
to the S-B-hydroxyketone enantiomer of product TS3-£S had an
energy of 6.65 kcal/mol higher than TS3-7R. However,
changing the face of the benzaldehyde caused a ring-ring steric
repulsion that raised the energy. Finally, in the highest
transition state leading to S-B-hydroxyketone-product TS3-cS,
two effects were responsible for raising the energy by 7.58
kcal/mol compared to TS3-7R. Previous theoretical studies
showed that proton transfer from the amide group of dipeptide
to the forming of intermediate was essential for charge
stabilization and to facilitate C-C bond formation in the
transition states.*

The relative energies of transition states in stereoselectivity-
determining step leading to the two different stereoisomers
were 0, 4.02, 6.65, and 7.58 kcal/mol for TS3-tR, TS3-cR, TS3-
tS and TS3-c¢S, respectively. Theoretically, the R-product was
found to be the major product, with an enantiomeric excess >
99%, which translated approximately to an energy difference of
6.65 kcal/mol between the TS3-tfR and TS3-£S transition
states.*! This was due to the steric repulsion interaction between
the carbonyl of benzyl substituent and enamine terminus in the
S-face attack. This also explained why the R-face transition
state was preferred over the S-face for electrophilic attack.

In summary, C-C bond and hydrogen bonding interactions
made TS3-7R the optimal transition state, having a lower energy
barrier than the other transition states leading to the final
product. Taken together, the features of steric repulsion
interactions in other transition states discussed above jointly
made the TS3-tR the most stable transition state. The
stabilization of transition states provided by hydrogen bonding
interactions was likely one of the main reasons that enable

This journal is © The Royal Society of Chemistry 2012
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dipeptide to catalyze intermolecular aldol reaction with high
enantioselectivity.

As discussed above, the main source of stereoselectivity was
found to be the steric repulsion interactions of enamines with
benzaldehyde. The origin of enantioselectivity was arised from
the distortion of attack face of benzaldehyde and the distortion
of enamine backbone in transition state geometries. B3ALYP/6-
31G(d,p) calculations matched the general experimental trends
and provided useful insights into the origins of the variations in
stereoselectivity.

3.2.4 PRODUCTS STRUCTURE. The last step of reaction was
the deprivation of catalyst-dipeptide to obtain the final chiral
products in which the transition states-TS4 was formed by the
intermediate B and water. At this moment, the discussion of
this step was seldom because the stereoselectivity of products
was determined in stereoselectivity determining step (TS3)
even the energy barrier was smaller than that of rate-
determining step (TS1). The structural models of final products
were shown in Fig.9, the R-product was found to be the major
product and the ee value calculated from the energy barriers
difference between R-product and S-product was > 99%.
Theoretically, the dipeptide (S)-pro-(S)-asp was excellent
catalyst for the intermolecular aldol reaction.

(a) R-product

(b) S-product

Fig.9 Structural models of final products

3.3 The energy variation in reaction path

It should be worth noting that there were two possible
stereoselective channels including the form of cis- and trans-
isomerization in aldol reaction. The energy variations via O-
path including the s-cis- and s-trans-enamine channels were
shown in Fig.10 and Fig.11, respectively. The energies of
acetone and dipeptide were set as 0.00 kcal/mol as reference in
the energy profile. According to the energy variation in reaction
path, the energy barrier of first step was the maximum (44.33
kcal/mol), so the first step was the rate-determining step. In the
second step, there were three possible channels (C-path, N-path,
O-path) that O-path was the preferential channel in aldol
reaction from previous analysis. The corresponding former

J. Name., 2012, 00, 1-3 | 5
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energy barrier of imine forming (dehydration) was 13.36
kcal/mol, and the next energy barriers of proton transfer were
1.86 and 1.69 kcal/mol for s-cis-
respectively. The energy barrier of proton transfer of imine in
O-path were 1.86 (s-cis-enamine) and 1.69 (s-trans-enamine)
kcal/mol (Table 1). It was too small to neglected in the course
of energy variation in Fig.10 and Fig.11. Subsequently, the
activation energy barrier in TS3-7R path was 6.65 kcal/mol
lower than that in TS3-zS path and the energy barrier in TS3-cR
path was 3.56 kcal/mol lower than that in TS3-¢S path of two
channels which demonstrated R-product was the major product.
Thus, the high ee value (> 99%) could be explained by the
larger energy difference (6.65 kcal/mol) between TS3-tS and
TS3-tR transition states. Therefore, the O-path was
thermodynamically more favorable, supporting the preference
of reaction through the conformation of s-trans-enamine path
leading to R-product.

and s-trans-enamines

proton

ISt scis-enamine
RS wo  transfer

e T2, “®

Idipeptide  intern
J+acetone

Relative Energy/(kcal/mol)

intermediate B

420 product

Fig.10 The energy variation via s-cis-enamine channel in O-path

More the
nucleophilic attack of the chiral enamine at the carbonyl group

specifically, we focused our attention on
of benzaldehyde, since the stereochemistry of the product

controlled in the step. In the equilibrium between the
benzaldehyde and the enamine, an intermediate B was formed.
However, to achieve this N-H---O hydrogen transfer, there was
a significant loss in conjugation between the nitrogen lone pair
and the C=C double bond. Mechanism involved attack of an
enamine intermediate accompanied by proton transfer from

amide moiety to the developing benzaldehyde.
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Fig.11 The energy variation via s-trans-enamine channel in O-path
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Furthermore, two other methods (CAM-B3LYP and M06-2X)
were used to calculate the energy variations in reaction path at
the same basis set level of 6-31G(d,p). CAM-B3LYP combined
the hybrid qualities of B3LYP and the long-range correction,
while performed well for charge transfer in dipeptide model.**
MO06-2X, a hybrid meta-GGA functional, had excellent
performance for main group thermochemistry and noncovalent
interactions, predicted accurate valence energies. A benchmark
paper by Truhlar showed the good performances of the M06-
2X functional for thermodynamic and kinetic properties,*
which agreed with their evaluation showing that M06-2X
outperformed the B3LYP functional.**¢ M06-2X was chosen
for the increased accuracy with main group atom energies and
reaction kinetics, as well as for its ability to describe these
medium-range electron correlations and Van der Waals
interactions much more effectively than B3LYP.*” Previous
studies indicated that the MO06-2X functional could properly
describe the thermodynamic stability within a series of
transition states, hence, this was the functional chosen for this
paper. 8!

The geometries of dipeptide, reactants, transition states,
intermediates and products were calculated with M06-2X and
CAM-B3LYP methods via O-path. The energy barriers in O-
path calculated at CAM-B3LYP/6-31G(d,p) and MO06-2X/6-
31G(d,p) levels in gas phase were listed in Table 1. The M06-
2X method aimed to improve the thermodynamic data for the
aldol reaction using a functional that was expected to overcome
known deficiencies of the B3LYP functional when considering
medium-range electron correlation effects. The past researches
showed that CAM-B3LYP and M06-2X calculations were in
closer agreement with the available experimental data than the
B3LYP calculations.”> We considered that due to the
prevalence of hydrogen systems, the good
reproduction of the total atomic energies, hydrogen in particular,
was more important than the slight loss in quality of the
atomization and ionization energies.

As shown in Table 1, the energy variation tendency was
practically analogical by using such methods. For the energy
variation in reaction path by using two correction functionals,
the energy barrier of first step was also the maximum (45.23
and 41.65 kcal/mol, respectively), so the first step was the rate-
determining step. In second step, O-path was the preferential
channel in aldol reaction from previous analysis. The energy
barrier of dehydration of intermediate A calculated by CAM-
B3LYP was increased, while it decreased by M06-2X method.
The disparities of energy barriers to form two enamines were
enlarged used by two correction functionals which proved the
energy favorable. Additionally, the
activation energy of TS3-tR was lower than the other three
transition states which demonstrated R-product was the major
product calculated by three different functionals. Accordingly,
the conformation of s-trans-enamine was thermodynamically
more favorable, supporting the preference of reaction leading to
R-product.

in chemical

s-trans-enamine was

This journal is © The Royal Society of Chemistry 2012
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Table 1 The energy barriers in O-path calculated by using different methods
in gas phase

AE(B3LYP)/ AE(CAM- AE(M06-2X)/
(kcal/mol) B3LYP)/ (kcal/mol)
(kcal/mol)
TS1 44.33 45.23 41.65
TS2-1 13.36 16.09 17.20
TS2-2 (cis-) 1.86 3.11 4.07
TS2-2 (trans-) 1.69 2.53 2.60
TS3-tR 14.94 14.94 11.83
TS3-cR 18.96 18.66 15.24
TS3-£S 21.59 21.90 21.37
TS3-cS 22.52 22.83 19.86
TS4-tR 42.74 39.97 38.46
TS4-cR 42.07 39.04 36.38
TS4-£S 42.58 39.54 36.90
TS4-cS 41.74 38.72 34.66

3.4 Solvation effects

According to the mechanism, this reaction occurred under
solvent-free condition at room temperature. Generally, the aldol
reaction was operated in solvent, and therefore, the solvent
effects considered being crucial. In order to investigate the
possible solvent effects, DMSO (g pmso = 46.8) and H,O (& o
= 78.4) were chosen as solvents using PCM model in our
calculations.

Table 2 displayed the energy barriers in O-path calculated at
B3LYP/6-31G(d,p) level in gas phase and in H,O and DMSO
using PCM model. Inclusion of the solvent DMSO and H,O
reduced the activation energy barriers for stereoselective
intermediates formation significantly, and yielded a greater
exothermic reaction and stable R-product. the
activation energy barriers of two conformations of enamines via

However,

proton transfer process were increased. In order to illustrate this
phenomenon, the proton transfer process of forming s-trans-
enamine in gas and DMSO via O-path was presented in Fig.12
for instance.

Table 2 The energy barriers in O-path calculated at B3LYP/6-31G(d,p) level
in gas phase and in water, DMSO using PCM model

AE(gas)/(kcal/l AE(H,O)/(kcal/mo  AE(DMSO)/(kcal/mo
mol) 1) 1)

TS1 44.33 37.61 40.60
TS2-1 13.36 10.77 8.15
TS2-2 1.86 5.16 7.84

(cis-)

TS2-2 1.69 5.93 9.19
(trans-)
TS3-tR 14.94 11.98 12.04
TS3-cR 18.96 15.32 15.55
TS3-1S 21.59 15.14 17.14
TS3-cS 22.52 15.43 17.06
TS4-tR 42.74 40.46 5.07
TS4-cR 42.07 40.00 11.42
TS4-1S 42.58 40.10 5.63
TS4-¢S 41.74 41.46 8.86

As shown in Fig.12, proton transferred to O(5) atom forming
the s-trans-enamine, in the meantime, the hydrogen bond
between dipeptide amide N(4) and carbonyl existed. In gas

This journal is © The Royal Society of Chemistry 2012
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phase, the hydrogen bond (N-H---O) distance was 1.992 A,
while it was 2.416 A in DMSO which almost dissociated. The
higher activation energy barrier was due to the hinder of
hydrogen bond in solvent. The close similarity of the barriers
for the dipeptide-catalyzed aldol reaction in H,O and DMSO in
contrast to the catalytic effect highlights once more the
importance of explicit solute-solvent interactions.

transition state to form s-trans-emanine
5)

dehydrated intermediate A

& 1. Nh o
B 1.285 -
Y d
gas 0 . o
proton transfer 1018,
OH
27 (5)
1.2 4 .0
1.375, -
DMSO \/ 41‘~
» N
proton transfer 14)

OH

Fig.12 Proton transfer to form s-trans-enamine in gas and DMSO via O-path

The geometries of transition state TS3-fR in gas and DMSO
were given in Fig.13. In DMSO, the activation energy (12.04
kcal/mol) needed for the formation of transition state TS3-fR
was smaller than that (14.94 kcal/mol) calculated in gas phase.
The effect of solvent (DMSO) was predicted to further favor R-
product formation, and thus a stereoselective reaction, even
more.

gas phase

Fig.13 Structural model of TS3-tR in gas and DMSO

Overall, whether in the gas phase or in DMSO and H,O,
there was obviously excellent agreement between the predicted
and observed stereoselectivities for the dipeptide-catalyzed
intermolecular aldol reaction. The relative energies of TS4 were
decreased acutely in DMSO which demonstrated DMSO was

J. Name., 2012, 00, 1-3 | 7
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an advantageous solvent for the dipeptide catalyzed asymmetric
aldol reaction in experiment.

3.5 Substituent effects of aromatic aldehydes

As shown in Table 3, the energy variations in reaction path of
aldol reaction between acetone and three aromatic aldehydes
calculated at B3LYP/6-31G(d,p) level in gas. All calculations
of frequency with these transition states geometries yielded one
and only one imaginary frequency and all real for the local
minima. The data in Table 3 showed that the change of
substituent from H atom to methyl-(electron donating group)
and nitro-(electron withdrawing group) only had slight
influences on formation of the transition states. Similar to
benzaldehyde, the lowest energy transition state was predicted

to be TS3-rR in stereoselectivity determining step,

results proved the different substituents in the p-position of
benzene ring initiated the inductive effects; however p-position
was relatively distant to have slight influence in the energy
barriers and no influence in stereoselectivity of major product.
From the comparison of energy barriers, the value of the same
transition state of methyl-substituent increased and that of nitro-
substituent decreased as the result of introduction of substituent
in p-position of benzaldehyde. The electronic density contours
of the frontier orbitals (HOMO and LUMO orbitals) of
transition states in stereoselectivity determining step were
plotted in ESI.

Table 4 HOMO and LUMO orbital energies and HOMO-LUMO gap
for transition states of three aromatic aldehydes calculated at B3LYP/6-
31G(d,p) level in gas

corresponding to generate the final product, R-B-hydroxyketone, HOMO(eV) LUMO(eV) Gap(eV)
. . . . . benzaldehyde TS3-tR -0.229 -0.076 0.153
which was in agreement with the experimental observations. TS3-cR 20.235 20.075 0.160
The formation of dominating R-product was nearly unaffected TS3-1S -0.228 -0.080 0.148
by the change of substituent of aldehydes due to the faint TS3-cS -0.223 -0.079 0.144
inductive effects of p-position in benzene ring and hence
similar values for enantiomeric access (>99%) were observed
for the aldol reactions. These results suggested that the b p-m]?jth}?ld ”}:5833-[112 '852? '8821 gig ;
. . . .. enzaldenyae -C. -0.22 -0. .
1ntrod}10t10n of su.bstltuent at the . p-position of ben.ZZ}Idehyde TS3-1S 0225 0.078 0147
effectively provided the desired stereoselectivity for TS3-¢S -0.219 -0.077 0.142
asymmetric intermolecular aldol reaction.
- - p-nitro TS3-tR -0.241 -0.096 0.145
Table 3 The energy barrlgrs of three aromatic aldehydes calculated at benzaldehyde TS3-cR -0.246 -0.098 0.148
B3LYP/6-31G(d,p) level in gas TS3-1S -0.238 -0.098 0.140
TS3-cS -0.233 -0.096 0.137
AE(benzaldehy AE(p-methyl AE(p-
de)/ benzaldehyde)/ nitrobenzaldehyde)/
(kcal/mol) (kcal/mol) (kcal/mol)
TS3-cR 18.96 19.42 16.66
TS3-tS 21.59 22.14 18.80
TS3-cS 22.52 23.08 19.12 . . . .
TS 4-5R 4274 42.32 42.58 The mechanism of dipeptide-catalyzed intermolecular aldol
TS4-cR 42.07 42.16 41.59 reaction was investigated by using different DFT methods.
TS4-18 42.58 42.56 42.61 There were four steps in the reaction path that the first step was
TS4-cS 41.74 41.61 42.23

It was useful to confirm the HOMO and the LUMO of
transition step. The
relative ordering of the occupied and virtual orbital provided a

states in stereoselectivity-determined
reasonable qualitative indication of the excitation properties.
The HOMO and LUMO energies of these transition states in
the stereoselectivity determining step were listed in Table 4.
Table 4 displayed that the order of transition states for HOMO
orbital energies used three aromatic aldehydes was E, ey
benzaldehyde)™ E (benzaldenyde)>E (p-nitrobenzaidenyde)» indicating that the
introduction of methyl- in p-position of benzaldehyde enhanced
the HOMO orbital energy, while the nitro- substituent reduced
the HOMO orbital energy. The faint inductive effects in
benzene ring due to the p-position substituent that methyl-
group could enhanced the electronic density as the electron
donating group, on the contrary, nitro- group could reduced the
electronic density as the electron withdrawing group. The

8 | J. Name., 2012, 00, 1-3

the rate-determining step due to the largest energy barrier of
44.33kcal/mol, but the third step decided the stereoselectivity of
the product because steric repulsions of functional groups
governed the stereoselectivity of products severely. The effects
of leading R-product through s-trans-isomer path were the
steric repulsion between aspartic acid substitute of enamine and
aldehyde; and the steric repulsion between attack face of
aldehyde and enamine. It was found that the dipeptide-
catalyzed aldol reaction via s-frans-enamine showed more
energy favorable to obtain R-product (with an ee value > 99%).
Additionally, the computed results provided reference for
experiment that full mixing of catalyst and reactants or operated
at the elevated temperatures was essential and DMSO or H,O
as the solvent could decrease the energy barriers in reaction
path. We displayed that the CAM-B3LYP and M06-2X density
functionals performed as well as and better than the B3LYP
functional for charge transfer transition states with steric effects

This journal is © The Royal Society of Chemistry 2012
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but had better performance for bond energies, noncovalent
interactions, heights
representative systems. The introduction of substituent at the p-

and chemical reaction barrier for
position of benzaldehyde had slight influence in the energy
barriers and no influence in stereoselectivity of major product
for asymmetric intermolecular aldol reaction. Owing to few
researches were concerned with the detailed variations in entire
path, we concluded that dipeptide should be preferred for
studies requiring the exploration of potential green synthesis as
well as nontoxic catalysts, provided that the dipeptide of this

sort even protein included.
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Graphical Abstract

The mechanism of dipeptide-catalyzed intermolecular aldol reaction was investigated by using
different calculated methods of DFT that few researches were concerned with the detailed
variations in entire path.
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