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ABSTRACT: The origin of the stereoselectivity of the
tetrapeptide-catalyzed kinetic resolution of trans-2-N-acetami-
docyclohexanol is investigated by means of density functional
theory calculations. Transition states for the functionalization
of both (RR) and (S,S) substrates were optimized considering
all possible conformers. Due to the flexibility of the peptidic
catalyst, a large number of transition states had to be located,
and analysis of the geometries and energies allowed for the
identification of the main factors that control the stereo-
selectivity.
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1. INTRODUCTION

Enzymes have always been a source of inspiration for organic
chemists. In this context, one of the most interesting aspects of
enzymes is their ability to promote reactions with excellent
levels of selectivity, such as chemo-, regio-, and stereoselectivity,
which in many cases are difficult to achieve with classical
chemical methods." To this end, chemists have been pursuing
the synthesis of relatively small molecules that mimic the
catalytic properties of enzyme active sites, preferably with
increased stability and substrate scope compared to the
corresponding enzymes. From this point of view, oligopeptides
represent a privileged scaffold since they are made of the same
building blocks as enzymes. Moreover, they are easy to
synthesize, allowing for rapid catalyst screening through the use
of combinatorial techniques.” Although they are chemically
stable, peptides can be easily degraded and are thus
environmentally friendly, which is an additional advantage.
Over the past three decades, peptides have been successfully
employed to catalyze a wide range of reactions.” For example,
Miller and co-workers have investigated the use of peptides
made both of natural and nonproteinogenic amino acids to
catalyze enantioselective’ and site-selective® processes. One
elegant example concerns the kinetic resolution of trans-2-N-
acetamidocyclohexanol 1 through acylation of the alcohol
moiety (Scheme 1).*™° Several catalysts, all including an
alkylimidazole moiety as the active functional group, were
synthesized and tested for catalysis. Catalyst 3, incorporating an
L-proline-Aib sequence (Aib, @-aminoisobutyric acid) known to
favor f-turns,” catalyzed preferentially the acylation of (S,S)-1
with promising selectivity (k(ss)/kgr) = 17). Catalyst 4, lacking
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the secondary structure, exhibited no selectivity, showing thus
that the selectivity is determined by the secondary structure of
the peptide, rather than by the configuration of the a-carbon.
Interestingly, catalyst S, which incorporates the nonproteino-
genic D-proline in a D-Pro-Aib sequence, showed higher
selectivity than catalyst 3, favoring the acylation of the opposite
enantiomer (kggy/k(ss) = 28). It is also worth noting that
tetrapeptide 6, which is an epimer of catalyst S at the proline a-
carbon, proved to be much less selective, favoring the acylation
of the (S,S) enantiomer (k(s)/krr) = 3). The selectivity was
later improved further by increasing the catalyst size up to an
octapeptide, showing a remarkable k. of 51.° Although
significant experimental mechanistic studies have been perform-
ed®™” (vide infra), many details of the reaction mechanism, in
particular the origin of the observed enantioselectivity, still
remain unclear.

Herein, we present a detailed mechanistic investigation by
means of density functional theory (DFT) calculations.”” First,
the mechanism of the reaction catalyzed by the small and
nonchiral 1,5-dimethylimidazole will be discussed. This is
important both to establish the mechanism and to evaluate
possible model approximations. Then, the results regarding the
substrate acylation step using tetrapeptide S as the catalyst will
be presented, focusing on the factors governing the
enantioselectivity.
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Scheme 1. Kinetic Resolution of trans-2-N-Acetamidocyclohexanol 1°
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2. COMPUTATIONAL METHODS

All calculations were performed using density functional theory with
the B3LYP10 functional, as implemented in the Gaussian 09 program
package.'' The 6-31G(d,p) basis set was used for geometry
optimizations. Final energies for the fully optimized structures were
obtained with the larger 6-311+G(2d,2p) basis set. Analytical
frequency calculations were carried out at the B3LYP/6-31G(d,p)
level to obtain Gibbs free energy corrections at 298 K and to
characterize the nature of stationary points. Solvation free energies in
toluene (& = 2.3741) were calculated as single-point correctlons on the
optimized structures using the SMD solvation model Dispersion
corrections were added using the DFT-D2 method."® For comparison,
transition state energies were also calculated as single points using the
MO6 functional'* with the 6-311+G(2d,2p) basis set (see Supporting
Information). Inclusion of dispersion turned out to be critical in order
to reproduce the experimentally observed enantioselectivity (the
B3LYP energies without dispersion are reported in the Supporting
Information). Slmllar conclusions have been found previously for
other reactions.””> Three-dimensional structures in the figures were
generated using CYLview.' 16

3. RESULTS AND DISCUSSION

3.1. Acylation Catalyzed by 1,5-Dimethylimidazole.
First, we investigate the reaction mechanism using 1,5-
dimethylimidazole as a small nonchiral model of the catalyst.
The calculations confirm that the reaction follows the
commonly proposed mechanism, proceeding through two
sequential steps, as shown in Scheme 2. This mechanism is
very similar to the acylation reaction catalyzed by CF,—PIP”
and 4-(dimethylamino)pyridine.” In the first step, 1,5-
dimethylimidazole reacts with acetic anhydride, affording the
N-acetyl-1,5-dimethylimidazolium cation and acetate. In the
second step, the alcohol attacks the carbonyl of the N-acetyl-
1,5-dimethylimidazolium ion, concertedly with the acetate
abstracting the proton from the alcohol. The dissociation of
the acetyl group from the catalyst occurs also in the same step.
The calculated free energy profile is shown in Figure 1 and the
optimized structures in Figures 2 and 3.

It is interesting to note that the calculations indicate that the
first step can occur with or without the assistance of substrate 1
(through TS1’ and TSI, respectively). In the first case, the
reaction barrier is slightly lower (15.0 vs 18.2 kcal/mol), but
the resulting intermediate Int’ is slightly higher in energy
compared to the corresponding intermediate Int that does not
include the substrate (+9.5 vs +11.7 kcal/mol relative to the
reactants).

For the second step, several transition state geometries exist.
The main differences concern which face of the amidic carbonyl
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Scheme 2. General Reaction Mechanism for Alcohol
Acylation Catalyzed by Substituted Imidazole
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is attacked by the nucleophilic alcohol (Re or Si), which one of
the C—H moieties of the imidazole (C2 or C4) is interacting
with the acetate, and finally the relative orientation of the
substrate N—H relative to the adjacent endocyclic C—H (syn or
anti). This gives rise to eight possible transition states (see
optimized structures in Figure 3). The lowest energy TS is
TS2pe.co-ani (TS2 in Figure 1), and it is only 4.5 kcal/mol
higher than Int, i.e., 14.0 kcal/mol relative to the reactants.

An important finding here is that the transition states with an
anti orientation between adjacent N—H and C—H groups in
the substrate are always associated with lower energies (by at
least S kcal/mol) compared to the corresponding ones with a
syn orientation. One reason for this is that in the TSs with a syn
orientation, the amide has to deviate from planarity (by ca. 15°)
in order to form a hydrogen bond to the acetyl group, while
this is not necessary for TSs with an anti conformation. Indeed,
a distortion-interaction analysis of a syn—anti pair of transition
states confirms that the distortion energy of alcohol 1 is much
greater for the syn transition state compared to the anti
counterpart (see details in the Supporting Information).

3.2. Acylation Catalyzed by Tetrapeptide. The
calculations above for the reaction mechanism using 1,5-
dimethylimidazole as the catalyst suggest that the first step
could occur with or without the assistance of the substrate. The
calculated energy difference between the two transition states
(TS1 and TS1’), and also between the resulting intermediates
(Int and Int’), is quite small, and it is therefore not possible to
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Figure 1. Free energy profile for the acylation of (R,R)-1 catalyzed by 1,5-dimethylimidazole.

Int'

Figure 2. Optimized structures of transition states and intermediates
for the acyl transfer to 1,5-dimethylimidazole. Distances are given in
Angstroms.

rule out either of them, especially considering the potential
errors associated with the calculation of the entropic
contributions.

The situation is likely to be the same for the tetrapeptide
case, ie. that the first step can occur with or without the
involvement of the alcohol substrate. One possible complica-
tion for the investigation of the origins of the enantioselectivity
of the kinetic resolution might come from the presence of two
diastereomeric forms of TS1’, depending on which enantiomer
of the substrate is involved in the reaction, and that the first
step might therefore contribute to the enantioselectivity.
However, it is chemically reasonable to assume that Int and
Int’ are in rapid equilibrium, ie., that the alcohol moiety can
rapidly dissociate from the intermediate structure, and that TS2
therefore can be assumed to be the selectivity-determining step.
This assumption is supported by an important piece of
experimental information. Namely, Miller and co-workers
have synthesized an analogue of the tetrapeptide catalyst in
which the amide bond between proline and Aib is substituted
for an olefin.” The structure in solution was found to be very

1167

similar to that of the parent tetrapeptide. Very importantly,
however, when used as a catalyst for the same kinetic resolution
reaction, the modified catalyst showed no selectivity.” These
experiments demonstrate thus that this amide group plays an
important role in the selectivity-determining step. Since it is
located quite far from the imidazole ring, it is hard to imagine
how the amide group could affect the acylation step (TS1). It
is, on the other hand, directly involved in the transition state for
the second step (TS2), as can be seen from the optimized
transition state structures below.

For these reasons, we have in this section decided to model
only the second step of the reaction with tetrapeptide $ as the
catalyst. Moreover, the fact that large energy differences are
found in the small model between transition states with anti
and syn orientations suggests that it is sufficient to only
consider the transition states with anti orientations in the full
catalyst calculations.

NMR studies have established that in the reaction conditions
used in the experiments, tetrapeptide S assumes only one
conformation in which two hydrogen bonds are formed to give
a stable f-hairpin structure (see Figure 4).*" The existence of
these two hydrogen bonds restricts thus the conformational
space of the catalyst. However, the imidazole part is
unconstrained and can rotate to generate different conforma-
tions during the acylation. There are three main rotatable
bonds, marked with letters A, B, and C in Figure 4 (see the
Supporting Information for full details). Given that the rotation
around bond A generates three possibilities (A1, A2, and A3),
while the rotations around bonds B and C give rise to two
possibilities each (B1 and B2, C1 and C2), there are 12 possible
conformers of the acylated catalyst. It should moreover be
considered that the nucleophile can attack the N-acetyl group
on either Re or Si faces, which results thus in a total of 24 TSs
that have to be considered. Finally, all these possibilities have to
be studied for the two enantiomeric substrates, resulting in 48
transition states.'” We have optimized all these transition states
and evaluated their relative free energies. The results are listed
in Table 1.

Scrutiny of the optimized transition state geometries
indicates that they can be classified into three groups on the
basis of their interaction mode between the acylated catalyst,
the substrate, and the acetate (see Figure 4). In “Mode 1,” the
peptide donates a hydrogen bond from the amide bond
between proline and a-aminoisobutyric acid to the substrate
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Figure 3. Optimized structures of the eight possible transition states for the acyl transfer from 1,5-dimethylimidazole to (R,R)-1. Energies relative to
the isolated catalyst and reactants are given in kcal/mol. Energy values in parentheses are relative to TS2g, ¢ aniy Which corresponds to TS2 in Figure
1.
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Figure 4. Representation of the possible conformational variables in the full model N-acylated catalyst and of the three interaction modes between
catalyst, substrate, and acetate anion.

amide carbonyl oxygen. This interaction was previously The energy difference between the lowest energy transition
proposed by Miller and co-workers.” In “Mode 1II,” the same states leading to the acylation of the two enantiomers
amidic NH from the peptide is hydrogen-bonded to the acetate (A1B1C2Si and A1B2C2Re for the acylation of (R,R)-1 and
anion instead. Finally, in “Mode II,” no hydrogen bond is (S,S)-1, respectively) is 2.6 kcal/mol, favoring the acylation of
formed between the peptide and the reacting groups. The the (R,R)-enantiomer. Experimental studies showed that the
lowest energy transition states for the reaction occurring on the relative acylation rate of (R,R)-1 and (S,5)-1 is 28,>® which can
two enantiomers through the three interaction modes are be converted to a difference in energy barriers of 2.0 kcal/mol
presented in Figure 5. Figures of all other TSs are given in the using classical transition state theory. The calculations are thus
Supporting Information. in very good agreement with the experimental results.'®
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Table 1. Calculated Relative Free Energies (kcal/mol) of
Transition States for the Acylation of (R,R)-1 and (§,S)-1

(RR)-1 (S,S)-1
TS Mode AAGH Mode AAGH
A1B1C1Si 1T S.5 I 52
A2B1C1Si s 39 jiis 4.6
A3B1C1Si 1T 6.0 I 5.8
A1B2C1Si III 5.6 III 2.7
A2B2C1Si 1T 6.4 1T 4.8
A3B2C1Si I 14 I 9.2
A1B1C2Si I 0.0 I 3.0
A2B1C2Si III 5.6 III 8.6
A3B1C2Si 1 13 I 3.5
A1B2C2Si I 7.6 11 6.0
A2B2C2Si 11 6.8 1 6.9
A3B2C2Si I 7.1 I 6.9
A1B1Cl1Re III 4.5 III 7.7
A2B1CI1Re s 5.8 Jiss 4.0
A3B1CI1Re 1T 4.1 I 8.1
A1B2CI1Re 1 7.3 1 5.2
A2B2C1Re 1T 52 I 4.3
A3B2CI1Re III 39 III 4.7
A1BI1C2Re s 6.1 1 6.8
A2B1C2Re 1T 8.0 I 74
A3B1C2Re I 5.3 11 6.5
A1B2C2Re I 24 I 2.6
A2B2C2Re 111 7.4 converges to A1B2C2Re

A3B2C2Re I 10.3 I 8.5

By analysis of the interactions in the various transition state
structures, one can uncover the factors that govern the
stereoselectivity of the process. The lowest energy TS leading
to the acylation of the (R,R)-enantiomer (A1B1C2Si) adopts
interactions according to “Mode I, i.e., the catalyst donates one
hydrogen bond to the substrate amide carbonyl. The lowest
energy TS leading to the acylation of (S,S)-1 is A1B2C2Re,
which belongs to “Mode II” TSs (see Figure S). When
comparing the lowest energy “Mode I’-transition states leading
to the acylation of the two enantiomers (Figures S and 6), it is
clear that in the TS leading to (R,R)-1 acylation there is one
additional stabilizing interaction. The amidic N—H of the
substrate interacts with the imidazole-bound acetyl group. This
additional interaction exists also in other low-lying “Mode I”
(R,R)-1 acylation transition states (A3B2C1Si and A3B1C2Si),
where it can favor the acylation by stabilizing the developing
negative charge during the nucleophilic attack. It is noteworthy
that this interaction cannot be found in any of the TSs adopting
“Mode I"-interaction leading to the acylation of (S,S)-1. In the
lowest energy TS leading to the acylation of (S,S)-1
(A1B2C2Re, Figure S), which belongs to “Mode II” TSs, the
substrate amide can donate a hydrogen bond to the imidazole-
bound acetate, thus stabilizing the nucleophilic attack.
However, the substrate cannot accept any hydrogen bond
from the peptide. Instead, the amide bond between proline and
a-aminoisobutyric acid donates a hydrogen bond to the acetate
anion (as in all “Mode II"-transition states). These differences
in the interaction modes, in particular the existence of an
additional hydrogen bond in the lowest energy TSs leading to
the acylation of (R,R)-1, are suggested to govern the
stereoselectivity of the process. “Mode III’-transition states
do not have any hydrogen bonds between the peptide and the
reaction center and are generally associated with higher energy

(S,9)
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Mode Il
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Figure S. Lowest energy transition states for the three interaction
modes for the reaction occurring on the two enantiomers. All carbon-
bound hydrogen atoms, with the exception of those involved in
hydrogen bonds, are omitted for clarity. Relative energies (in kcal/
mol) are indicated.
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DOI: 10.1021/acscatal.5b02131
ACS Catal. 2016, 6, 1165—-1171


http://dx.doi.org/10.1021/acscatal.5b02131

ACS Catalysis

Research Article

barriers. There are, however, a few exceptions. The lowest
energy “Mode III"-TS leading to (S,S)-1 acylation (A1B2C1Si)
has very similar energy to the lowest “Mode II”-TS. Also in this
case, the substrate-amide N—H interacts with the electrophilic
acetyl group stabilizing the nucleophilic attack.

Finally, one technical detail should be mentioned here. For
comparison, we have performed single-point calculations using
the M06 functional'* on the B3LYP optimized geometries (see
Supporting Information). The results are very similar to those
obtained with the B3LYP-D2 method, with the (R,R)-1
acylation being favored over the (S,S)-1 acylation by 1.6
kcal/mol. Analysis of the interaction modes in the lowest
energy transition states leads to the same conclusions
concerning the factors governing the enantioselectivity.

4. CONCLUSIONS

In summary, the calculations presented here offer an important
basis for understanding the origins of the stereoselectivity in the
kinetic resolution of trans-2-N-acetamidocyclohexanol by a
tetrapeptide-catalyzed acylation. The calculations reproduce the
experimentally observed stereoselectivity, and by considering all
possible conformers and calculating a large number of
transition states, it is possible to elucidate the main factors
that govern the stereoselectivity. The tetrapeptide recognizes
the (RR) substrate by donating a hydrogen bond to the
substrate amide group, which at the same time is hydrogen
bonded to the N-acetyl group during the acylation. This kind of
interaction mode is only accessible for the (R,R) substrate. The
alternative interaction modes are associated with higher energy
barriers. These findings might aid the understanding of peptide-
catalyzed kinetic resolution of other substrates and also in the
design of new catalytic systems. However, due to the large
number of transition states that have to be considered, the
effect of possible catalyst modifications are not easy to predict
without detailed calculations, as a small change in one
parameter can influence other aspects of the catalyst-substrate
interactions and lead to large energy differences.
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