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Toward a Computational Tool Predicting the Stereochemical QOutcome
of Asymmetric Reactions: Development and Application of a Rapid
and Accurate Program Based on Organic Principles**

Christopher R. Corbeil, Sabine Thielges, Jeremy A. Schwartzentruber, and Nicolas Moitessier*

Asymmetric catalyst discovery as currently practiced often
relies on expensive, and sometimes serendipitous, stepwise
optimization and/or library screening.!! We believe that this
paradigm is poised to change, as computational predictive
methods have reached a level of accuracy that obviates many
steps now done manually. We report herein the early version
of a new program, ACE (asymmetric catalyst evaluation), its
underlying concepts, and the assessment of its applicability
and accuracy in distinguishing efficient asymmetric catalysts
or chiral auxiliaries from inferior ones.

Although much effort has been directed toward the
development of computer-aided drug design tools, there has
been little investigation into computational tools for asym-
metric catalyst design. Nowadays, the fields of quantum
mechanics (QM) and quantum mechanics/molecular mechan-
ics (QM/MM)? are highly developed and have yielded
accurate predictions of asymmetric reaction stereoselectivi-
ties.” ! However, QM methods would require months of
computation to screen a library of potential catalysts in the
search for new ones. To address this issue, other methods were
developed, which include reverse docking!”* and quantitative
structure-selectivity relationships®!!! and more specifically
the use of quantum mechanics interaction fields.'>" As
another alternative to QM techniques, molecular mechanics
applied to ground-state structures have been used.¥
Advanced MM-based transition-state (TS) techniques,
which accurately predict TS structures and their relative
potential energies, have also been reported.!'”) Although these
methods (e.g., Q2MM (QM-guided MM)," using TSFF
(transition-state force fields),'”” SEAM (seam of two poten-
tial-energy  functions),'®) EVB (empirical valence
bond),”"?) and MCMM (multiconfiguration MM)??) have
shown great potential in locating and investigating TSs, only a
very few studies were reported that attempted to predict the
stereochemical outcome of reactions,”®'“?2% with even
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fewer applications to the design of new asymmetric cata-
lysts.32*3% In fact, one major shortcoming of force fields is
the lack of accurate parameters for metal complexes, which
are necessary to model metal-catalyzed reactions and need to
be specifically developed.F!

ACE is a molecular-mechanics-based independent pro-
gram that has been developed from simple organic chemistry
principles. For example, the Hammond-Leffler postulate
states that the TS is most similar to the species (reactants or
products) which it is closest to in energy. Following this
principle, ACE constructs TSs from a linear combination of
reactants and products, including a factor A describing the
position of the TS on the potential-energy surface [Eq. (1),

TS = (1—A) reactant + A product 1)

0<A<1]. A similar approach is used to locate transition
states by the EVB method mentioned above, in which 4 is
changed stepwise from 0 to 1 to find the maximum energy
corresponding to the TS. EVB has indeed been used success-
fully in the study of several enzymatic mechanisms.!! Within
ACE, interactions between two atoms forming a bond are
described as both covalent-bond and nonbonded interactions
with weights (1-1) and A for each of these two types of
interactions. Angles, torsion angles, and nonbonded interac-
tions between atoms of the reacting center are also scaled by
either (1—A) if found in the reactants or A if found in the
products. As a comparison, 4 can be related to the Brgnsted
coefficient, which measures the role of the reacting partners
ina TS.

As stated by Curtin and Hammett, stereomeric excesses
can be derived from the difference in the diastereomeric TS
energies, in this case the MM3* force field potential energies.
This force field has already been used with the SEAM and
TSFF approaches to predict TS energy differences.

To assess the accuracy of our method, we investigated the
asymmetric Diels—Alder cycloaddition using chiral auxiliaries
(Scheme 1). For this purpose, 44 systems were selected from
the literature involving varying dienes and dienophiles.

For each of the diene—dienophile pairs, reactants and
products were built considering only an endo attack, known to
be favored in this type of reaction. Prior to running the
computation, A must be set. It is well known that Diels—Alder
reactions in the presence of strong Lewis acids have low
energies of activation and early TSs, a situation which
corresponds to low values of A. In order to evaluate the
impact of the selected 4 value, values were used ranging from
0.10 to 0.60 in steps of 0.10.
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Scheme 1. General synthetic scheme and representative dienophiles
1a—f and dienes 2a—c used in the validation study.

ACE creates the TSs from reactants and products
prepared using graphical interfaces and ESFF (extensible
and systematic force field) charges® and carries out a
conformational analysis using a genetic algorithm similar to
the one previously implemented in our docking program
FITTED 1.0.°% This algorithm samples the conformational
space of the transition structures. The potential energy was
computed for each of the TSs, and diastereomeric excesses
were derived and compared to the experimental data.
Initially, the difference in potential energy between the
diastereomeric TSs consistently overestimated the experi-
mentally observed difference in free energy. A correction
factor (0.5) was applied to the potential-energy difference to
better align predictions with observations. Although this
factor has no true physical meaning, it may reflect the
difference between force-field potential energy in vacuo and
experimental free energy in solvent as well as a steeper
modeled potential-energy surface at the TS. Plots of
AAG(predicted) versus AAG(experimental) are given in the
Supporting Information. Overall, the rank-ordered list was
not strongly affected by the value of A when in the range 0.1-
0.3. As the ranking is more important for virtual screening
than the predicted absolute values, the selection of 1 would
not have much impact on the success of a screening campaign.
However, increasing 4 led to slightly (1 = 0.4) or significantly
(A>0.5) reduced accuracies. These data demonstrate that 1
does not have to be fully optimized but should be selected
with care on the basis of the type of reaction analyzed. For this
class of reactions, A has to be lower than 0.5, suggesting an
early TS, which is seen in DFT studies.® In fact, when using
A=0.1 or 1=0.2, the lengths of the forming/breaking bond
(predicted to be in the range of 2.05-2.15 A) match well to
corresponding lengths computed using higher-level calcula-
tions (ranging from 2.05 to 2.55 A).** However, the two
forming bonds show the same distances with ACE, while the
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attack is usually asynchronous. Further development of the
method is needed to account for this effect.

Applied to the entire set, ACE accurately predicted the
correct isomer in 41 out of the 44 cases. The major failures (1-
4 in Figure 1) were observed with polycyclic auxiliaries
exemplified by 1e. This finding suggests that the force-field
description of complex molecules has to be refined.
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Figure 1. Predicted (light gray) versus observed (dark gray) diastereo-

meric excesses for 44 Diels—Alder reactions. Positive excess refers to
the R isomer while negative excess refers to the S isomer (1=0.20).

In practice, a tool like ACE would be of interest for its
ability to discriminate very good auxiliaries from a list of
potential auxiliaries. The predicted 20 best of the 44 systems
were first considered. Experimentally, 19 of these 20 systems
led to selectivities of over 80 %, with 15 over 90 % and 13 over
95% . On the other hand, the ten systems that were predicted
to provide the lowest selectivities were considered. Six out of
these ten systems had experimentally obtained diastereo-
meric excesses below 70 % and only one obtained an excess
over 95%. These data clearly show the potential of this
method to discriminate between efficient and inefficient
chiral auxiliaries.

The second reaction we investigated was the asymmetric
organocatalyzed aldol reaction (Scheme 2). Reported reac-
tions using various combinations of ketones, aldehydes, and
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Scheme 2. General synthetic scheme and representative catalysts (6a—
e) and aldehydes (5a—d) used in the validation study.

proline derivatives used as catalysts were selected, for a total
of 40 combinations.

According to extensive experimental and DFT studies,
this reaction involves the formation of a flexible macrocyclic
TSP and so required sampling the conformational space of
large rings. The corner-flapping approach®” was implemented
in ACE to carry out this conformational search. From DFT
studies, the key TS is found to be closer in energy to the
produced intermediate than to the starting reactants, implying
a A value greater than 0.5.°! Figure 2 summarizes the results
obtained with 1 =0.60, although A in the range 0.60-0.75 led
to similar results. As for the Diels—Alder reaction, ACE TSs
can be compared to TSs developed using higher-level
calculations. Figure 3 illustrates the superposition of the
most energetically favored aldol TS structures as proposed
by DFT and ACE. The lengths of the forming bond predicted
by these two methods are within 0.1 A.

In the asymmetric organocatalyzed aldol reaction, ACE
was again accurate, with the correct isomers predicted in 38
cases out of 40. Most of the cases investigated herein are
known to provide excesses below 80 %, equivalent to a small
difference in energies between diastereomeric TSs. This
condition makes this second validation study more challeng-
ing. Extensive investigations did not reveal the cause of these
two failures. Only one of the computed reactions experimen-
tally showed an enantiomeric excess higher than 90% (4 in
Figure 2) and was indeed predicted to lead to the highest
selectivity of the set (prediction: 99 % ). This finding demon-
strates that ACE could accurately guide the design of efficient
catalysts.

As another validation, it is of interest to compare high-
level calculation results, when available, with these results.
Houk and co-workers have reported an exhaustive study on
the proline-catalyzed aldol reaction of acetone with various
aldehydes, in an attempt to assess the predictive power of
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Figure 2. Predicted (gray) versus observed (black) diastereomeric
excesses for 17 selected cases. Positive excess refers to the R isomer
while negative excess refers to the S isomer (1=0.6). The complete
data (40 cases) is given as Supporting Information.
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Figure 3. Predicted TS structure for the reaction involving 4, 5¢, and
6a. Gray: DFT prediction, black: ACE predictions.

DFT. As shown in Figures 3 and 4, ACE shows accuracy
close to DFT but within a much shorter period of time. This
unexpectedly high accuracy might be attributable to the
exhaustive conformational search of the macrocyclic TSs
carried out by ACE but not by DFT techniques. In fact, ACE
could be used as a conformational search engine providing
high-quality starting structures for further DFT studies.
Moreover, this software provides good-quality transition
structures that can be used for rationalizations of data in
place of CPK (Corey-Pauling—Koltun) models, as additional
pairwise interaction energies can be generated as output.
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Figure 4. ACE predictions (gray) and DFT predictions (white) versus
observed (black) diastereomeric excesses for four selected cases.

The trade-off between computing speed and accuracy of
predictions is well known. Herein, we have presented a
unique computational tool, ACE, which performs conforma-
tional sampling, TS potential-energy optimization, and TS
relative-energy evaluation within less than an hour on a
standard PC. Application of this tool to two well-established
reactions has revealed its good accuracy in predicting
enantiomeric and diastereomeric excesses. Future enhance-
ments, applications, and validations are ongoing to improve
and assess the predictive power and versatility of the software
as well as its transferability to other reactions. Metal-
catalyzed reactions are being investigated. However, the
early version of ACE shows considerable promise and we
believe should be transferable to any other reactions with
well-known mechanisms.
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