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ABSTRACT: The application of computational methods in enantioselective
catalysis has evolved from the rationalization of the observed stereochemical
outcome to their prediction and application to the design of chiral ligands. This
Perspective provides an overview of the current methods used, ranging from
atomistic modeling of the transition structures involved to correlation-based
methods with particular emphasis placed on the Q2MM/CatVS method. Using
three enantioselective palladium-catalyzed reactions, namely, the conjugate
addition of arylboronic acids to enones, the enantioselective redox relay Heck
reaction, and the Tsuji—Trost allylic amination as case studies, we argue that

?E.-Jv

R -,‘ fr(:

computational methods have become truly equal partners to experimental studies
in that, in some cases, they are able to correct published stereochemical assignments. Finally, the consequences of this approach to

data-driven methods are discussed.
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B INTRODUCTION

The interplay of experimental and computational chemistry
has been exceptionally fruitful in all aspects of organic
chemistry, including catalysis. Figure 1 shows that the
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Figure 1. Percentage of publications using computational methods,
relative to all publications in the area of catalysis.'

percentage of publications in the area of catalysis that use
computational methods as a percentage of a publications in the
field' continues to grow faster than linear over the last 30
years. This rapid increase, not just in absolute numbers but
also as a proportion of the field as a whole, remains close to
exponential and demonstrates the value that computational
methods bring to the field of catalysis. Although the focus of
this Perspective will be on homogeneous catalysis by small
molecules, specifically transition-metal complexes, the trend
shown in Figure 1 also holds true for the mechanisms of
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heterogeneous catalysis”® and biocatalysis®® that have been
studied extensively using computational methods.

The most common application of computational chemistry
to small molecule catalysis is to help understand the
mechanism of catalytic reactions and the reaction outcomes
at the conceptual and atomistic level.°™® This application has a
long history reaching back to the earliest days of computational
chemistry” becoming too large and fertile of a field of chemical
research to be covered in a single overview. Indeed, many
studies of catalytic reaction mechanisms are now partially or
completely computational (for some examples from our
groups, see, e.g., refs'"~'"), and computational methods have
become an indispensable tool in the study of catalytic
reactions.

Driven by the need to make cost- and time-intensive
experimental studies more efficient, the focus has increasingly
shifted from rationalization to the prediction of reaction
outcomes in the last two decades. A key demonstration of this
shift toward sometimes counterintuitive predictions that are
subsequently confirmed experimentally is the prediction of the
stereochemical outcome of electrocyclic ring openings of
cyclobutenes that led to the development of the concept of
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torquoselectivity.'> In the 35 years since this seminal
contribution, many other studies have shown the usefulness
of computational methods to predict reaction outcomes'® up
to the point where they are now a common tool in the design
and development of chiral ligands for enantioselective
synthesis.”'>~"” To be useful for such predictive applications,
computational methods must not only provide reliable and
verifiable predictions but also must be faster than experimental
approaches and would ideally also deliver new physical
insights. This is particularly important in the area of
enantioselective catalysis and the prediction of reaction
outcomes where the factors leading to the formation of one
stereoisomer over the other are often subtle.

The logical next step in establishing computational methods
as a truly equal and synergistic partner to experimental studies
is to go beyond rationalization and prediction to the correction
of experimental results where needed. Currently, the default
assumption in the field of catalysis is that, if there are
discrepancies between the experimental and computational
findings, the computational study is the less-reliable one. This
is in contrast to other areas such as the determination of the
structure and stereochemistry of complex molecules including
natural products where the use of computational methods,
supported by experiments, is widely used to correct proposed
structures. Despite significant progress in this area, the
assignment of the configuration of stereocenters and some-
times connectivity is still a difficult problem. As a result, there
is a large number of misassigned structures of natural products
that were often only resolved after extremely time-consuming
total synthesis projects that grovided an isomer of the
originally published structure.'”'? Computational methods,
especially the combination of DFT calculations with NMR
spectroscopy’’ > and chiroptical methods,”> have led to
reassignments of both the overall structure”® and stereo-
chemistry of natural products.””*® The prediction of the
stereochemical outcome of reactions is more demanding
because ideally both the configuration of the major product
and the selectivity should be predicted, which requires an
accurate calculation of the relative Gibbs free energy of
activation (AAGT).

In this Perspective, we argue that the computational
prediction of stereochemical outcomes in enantioselective
catalysis is approaching a truly synergistic relationship with
experiment whereby the calculations are fast enough to be
useful to guide experiments with comparable accuracy,
including the ability to correct experimental results where
needed. After an overview of the different approaches to the
prediction of stereochemistry in enantioselective catalysis, we
will discuss three case studies to highlight the potential and
challenges for computational predictions of enantioselectivity.

B METHODS FOR THE PREDICTION OF THE
STEREOCHEMICAL OUTCOME OF REACTIONS

Statistical and Linear Free-Energy Relationship
Methods. The prediction of reaction outcomes and rates by
linking thermodynamic and kinetic properties of a reaction
with the structure of the reactants using linear free-energy
relationships (LFERs) has a long history in chemistry.
Electronic and steric effects or inherent reaction barriers
were studied extensively using Hammett plots,”” Sterimol
parameters, Taft/Charton plots,”*™>" Marcus theory,”>* and
other LFERs.**™*® The pioneering work in these correlation
methods showed that the free-energy barrier for a given

reaction varied linearly (with some exceptions) with changing
substituents not directly involved in the reaction. The
application of LFERs to the prediction of the stereochemical
outcome of a reaction, which, in most cases, depends on the
difference in AAG¥ of the pathways leading to the stereo-
isomeric products, is therefore a logical extension of this
approach. Nevertheless, applications of these concepts have
been limited in their application to enantioselective reactions.
This is in part due to the intrinsic difficulty of striking the
correct balance of steric and electronic factors.>” Furthermore,
the difference in energy between diastereomeric transition
states (TS) is generally small, requiring a high degree of
accuracy that can be challenging for correlation methods.

An early example of this approach was inspired by
quantitative structure activity relationships (QSAR) and used
a combination of force field and QSAR techniques to evaluate
the relative importance of different steric influences on
regioselectivity and stereoselectivity in Pd-catalyzed allyla-
tions.”® A few years later, Kozlowski and co-workers published
a series of studies of the asymmetric addition of Et,Zn to
aldehydes.””*’ They created linear regression models that
correlate structures of chiral catalysts with their corresponding
enantioselectivities using three-dimensional (3D) property
grids. This method only takes minutes of computing time to
generate realistic predictions and was used to design novel
chiral amino alcohol ligands for asymmetric additions to aryl
aldehydes.”' Lipkowitz and Pradhan reported a similar
prediction strategy for the asymmetric Diels—Alder reaction
of N-2-alkenoyl-1,3-oxazolidine-2-one with cyclopentadiene
using catalysts containing seven bisoxazoline or phosphinoox-
azoline ligands.”” Their method is related to Comparative
Molecular Field Analysis (CoMFA) and was developed on a
set of 23 catalysts containing the aforementioned ligands.
Ultimately, they were able to quantitatively predict which
catalysts are the most effective at inducing high enantiose-
lectivities, and they furthermore showed that ~70% of the
model’s variance was due to the steric field while ~30% was
attributed to the electrostatic field. This allowed for the
quantitative definition of regions in space where steric bulk
would influence the selectivity, potentially allowing for the
design of novel chiral ligands. In related work, Denmark and
co-workers used quantitative structure—selectivity relation-
ships* to study the addition of thiols to enamides.**** Their
grid-based occupancy model of conformationally averaged
structures allowed them to obtain descriptors that they fed into
a machine learning (ML) algorithm.

Sigman and co-workers developed a 3D correlation method
of steric and electronic free-energy relationships to design and
optimize chiral ligands.'>***’ Initially shifting from linear to
polynomial fitting and selecting appropriate steric and
electronic descriptors allowed for the prediction of stereo-
selectivity and design of new chiral ligands for the Nozaki—
Hiyama—Kishi propargylation of ketones.*® Beyond the ability
to design new chiral ligands, this method also allows for the
quick exclusion of ligand classes that are unlikely to give high
enantiomeric excess (ee) values. As with other correlation-
based methods, this approach does not require an under-
standing of the mechanism or stereodetermining step to make
enantioselectivity predictions.*® Building on this work, the
Sigman group expanded their use of multivariate regression
models to include a range of electronic and steric descriptors,
typically derived from density functional theory (DFT)
calculations,” to predict not only enantioselectivity’® but a
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range of other aspects of reaction development.”' (See Figure
2.) For example, application of multivariate regression to the
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Figure 2. Multivariate regression correlation reveals that enantiose-
lectivity is dependent on catalyst and substrate steric profiles, as
represented by various catalyst/product terms. [Reproduced from ref
52. Copyright 2019, American Chemical Society, Washington, DC.]

Minisci reaction of N-acyl, @-amino radicals to pyridines and
quinolones allowed for the guided optimization of pyrimidine
substrates.>”

A database of steric and electronic descriptors derived from
DFT calculations was developed by Fey and co-workers to
explore organometallic ligand properties.”> > Several ligand
knowledge bases (LKBs) have been constructed to describe
many types of common ligand classes, including monodentate
phosphine ligands,”” bidentate P,P- and P,N-ligands,”® other
bidentate ligands,59 and carbenes.”” The LKBs have been
explored with multivariate statistical methods, including
principal component analysis, which allows for the mapping
of chemical space based on steric and electronic descriptors. A
ligand’s steric and electronic descriptors can then be set against
measurable reaction outcomes (yield, rates, selectivity), which
allows for statistical models to guide the discovery,
optimization, and design of catalysts. However, this strategy
is, in most cases, unable to make reliable stereoselectivity
predictions due to the limited treatment of conformational
space and the lack of ground truth inherent to chemical space
approaches.”® The lack of data to validate these predictions
against renders LKBs, and other chemical space approaches,
unreliable in their stereoselectivity predictions. Additionally,
LKBs do not take into consideration substrate—catalyst
matching, which could lead to erroneous predictions if the
catalyst winds up being nonreactive toward the substrate of
interest.

Applications of ML in its many variations to predicting
stereoselectivity represent a promising direction for the field, as
these algorithms can readily learn from datasets and potentially
make predictions without information about the mechanism of
the reaction. This field has experienced a rapid expansion in
recent years, including in the area of stereoselective enzymatic
reactions,”’ which are beyond the scope of this Perspective. In
the area of small-molecule catalysis, several groups have shown
the promise of applications of ML to stereoselectivity
predictions. Corminboeuf and co-workers used reaction-
based machine learning representations to predict the
enantioselectivity of various organocatalysts for the propargy-
lation and allylation of aromatic aldehydes.”” Their use of
dissimilarity plots allowed the authors to progressively improve
reaction-based representations that were mapped to the
activation energy of the stereodetermining TS. Additionally,
they identified a fundamental limitation of physics-based
molecular representations being that neither the ground-state
structure before or after the TS is a suitable fingerprint for the
TS itself. This limitation can be overcome using a reaction-
based representation derived from both structures. Chen and
co-workers used molecular field-based regression analysis to
perform asymmetric catalyst optimization for divergent control
of multiple stereocenters in the a-C-allylation of carboxylic
acids.”> Their method used Molecular Field Analysis (MFA),
which is a regression analysis between the reaction outcomes
and molecular fields calculated from 3D structures. Their
approach used intermediate structures in the enantiodetermin-
ing step to extract and visualize 3D-structural information,
similar to other MFA-based methods for predicting stereo-
selectivity.”**> The Hong group developed a composite
machine learning model that learned from existing stereo-
selective reactions and was able to accurately and quantitatively
predict the activation energies of new reactions.”® Their
composite model outperformed individual models (LASSO,
Overall RF, and nucleophile-focused RF) with a mean absolute
errors (MAEs) lower across all reaction types. When using the
composite model for 64 reactions not included in the training
set, the MAE was 0.39 with a correlation coefficient (r*) of
0.951, which is on par with other state of the art models.
Seeberger and co-workers demonstrated the application of
random forest models to the notoriously difficult quantitative
prediction of stereoselectivity in glycosylations, achieving a
root-mean-square (RMS) error of 6.8% in experimental
validations of the ML predictions.”” Despite the limited
interpretability of ML, which often does not provide insights
into the underlying physical reason for the observed effects as
well as 6problems such as data-set quality, scope, and
coverage, %69 these examples show that the use of ML
methods to stereoselectivity has significant potential for further
development and application.

Electronic Structure Calculation of the Transition
Structures. In irreversible reactions, the stereochemical
outcome of a reaction depends on AAGY for the pathway
leading to the stereoisomeric products. Consequently, knowl-
edge of the stereodetermining step of the reaction mechanism
is a prerequisite for studies of the stereoselectivity. Electronic
structure methods, namely, density functional theory (DFT),
have been used extensively to rationalize molecular properties,
reaction mechanisms, and the origin of stereoselectivity.”””%”"
Although the prediction of stereoselectivity using DFT has
been successful in many cases,”’>”* it must address several
challenges. The first is the accuracy of DFT calculations for the
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system of interest. Even if “chemical accuracy”, often
considered to be ~4 kJ/mol, is achieved, this is not sufficient
for the accurate prediction of the stereochemical outcome of
reactions as the AAGT values responsible are of the same
magnitude. The assumption of error cancellation between the
diastereomeric TS, which could lead to higher accuracies, is
not generally correct, especially because many enantioselective
reactions rely on differences in noncovalent and dispersion
interactions in the diastereomeric transition states. A detailed
analysis of the conformational space of the diastereomeric TS
for the Pd-catalyzed conjugate addition of arylboronic acids to
2-substituted chromones is shown in Figure 3, which

Fewer stabilizing

More stabilizing .
interactions

interactions

TS+(S) (major)

TS-(R) (minor,
AAG? = 0.0 A}i X )

Gt =5.1
Figure 3. Noncovalent interactions in the diastereomeric TSs of the
Pd-catalyzed conjugate addition of aryl boronic acids to 2-substituted
chromanones. [Adapted with permission from ref 74. Copyright 2022,
Royal Chemical Society, London.]

demonstrates the importance of differential noncovalent
interactions in the TS.”* To address the problem of short-
range noncovalent interactions, different dispersion correc-
tions”> and dispersion-aware functionals’® have been devel-
oped. Their importance in calculating ee values was studied by
Paton, who investigated the role of noncovalent interactions in
the oxazaborolidinium-catalyzed cycloaddition of malei-
mides.”” Only when including dispersion corrections could
the experimentally observed ee values be replicated, as
favorable dispersive forces bias the complexation to a specific
face of the catalyst. Dispersion corrections are unable to
account for medium- to long-range noncovalent interactions
due to the semilocal treatment of electron correlation that all
functionals use. Johnson et al. developed a method for
revealing noncovalent interactions,”® which was successfully
applied to predicting enantioselectivities by Arbour and co-
workers who studied the Ag-catalyzed addition of alcohols and
amines to allenes,”” where noncovalent interactions between

the substrate and ligand were shown to play a decisive role in
predicting stereoselectivity.

The second challenge is to properly account for the
conformational ensemble about the TS. The free-energy
differences between different conformations of the TS are
again of the same magnitude as the AAGT values of the
diastereomeric TS. Even if the lowest energy conformation of
the pathways leading to the stereoisomers is found, conforma-
tional sampling is desirable due to the Boltzmann-weighted
contribution of higher energy conformations to the overall
AAG?*. One approach to the conformational search problems
is the AARON toolkit,” developed by Wheeler and co-workers
that automates geometry optimizations and builds several
conformations of each diastereomeric TS. The toolkit then
performs a series of DFT optimizations of the conformations
giving a conformational ensemble of each pathway. The
applicability of this method was demonstrated in the study of a
Rh-catalyzed asymmetric hydrogenation of (E)-f-aryl-N-
acetylenamides®' and for design of organocatalysts for
asymmetric propargylations.gz’83

A third challenge is the significant computational resources
necessary due to the unfavorable scaling of DFT methods for
large ligands and the large number of conformations that need
to be calculated. The time needed for these calculations can
therefore limit the application to guide experiments in a
predictive manner. This is particularly true because the wider
availability of high-throughput experimentation (HTE) in
recent years, possibly in combination with ML methods such
as Bayesian optimization,”* greatly accelerated the traditional
“trial-and-error” approach to catalyst optimization. Compet-
itive computational methods for prediction therefore need to
be both fast and accurate. One approach to accelerate DFT
calculations is through hybrid QM/MM approaches where a
small subsection of the system, typically where bonds are
breaking/forming, is treated with QM methods while the rest
of the system is calculated with molecular mechanics (MM)
methods. These hybrid calculations are commonly used to
study biological systems; however, Goodman and co-workers
applied them to the study of the BINOL-derived phosphoric
acid-catalyzed asymmetric allylboration of aldehydes.*> Their
calculations led to the correction of the absolute stereo-
chemistry of a previously misassigned result,*® showcasing the
utility of the method as a means to proofread experimentally
assigned stereoselectivity.

The Q2MM/CatVS Approach. Over the last three
decades, we have developed the quantum-guided molecular
mechanics (Q2MM) method that combines speed and
accuracy with the insight into the physical origin of
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stereoselectivity that is typically provided by atomistic
modeling. Q2MM is a surrogate method for the prediction
of stereoselectivities by creating parametrized reaction-specific
model systems of stereodetermining TS. As outlined in more
detail below, Q2MM automates the process of the fitting of a
reaction specific force field (FF) of arbitrary functional form to
the results of appropriate electronic structure calculations by
minimizing an objective function . Although Q2MM can also
generate FFs for stable molecules,”’ it is most often used to
generate transition-state force fields (TSFFs).” The Q2MM
results are utilized in the Catalyst Virtual Screening (CatVS)
method® to generate stereoselectivity predictions (see Figure
4).

The use of potential energy functions of the reactants and
products such as FF to agoproximate the connecting TS has a
long history in chemistry,”””" Most commonly, this is done by
mixing the reactant and product potential energy surfaces
(PES) with different weights and corrections.””” > TSFFs
differ from these approaches in that the FF aims to describe
the TS directly, originally by manual fitting using empirical
steric parameters’® or toward suitable electronic structure
calculations.”””® With few exceptions,” the TS is modeled as
an energetic minimum through inversion of the PES and use of
the Hessian Matrix, which describes changes in energy with
respect to geometric distortions, the key difference in Q2MM,
which separates it from traditional FF fitting methods.'”'%!
Inverting the PES is done by decomposing the Hessian (H)
into

H=VsV" (1)

with corresponding eigenvectors (V) and eigenvalues (S) and
replacing the negative S with a large positive value or ignoring
the negative S eigenmodes and fitting directly to the
eigenmodes and eigenvectors.'”"

As a starting point, the stereoselecting TS of the reaction for
a training set needs to be calculated at an appropriate level of
theory. Typical training sets include 8—10 simplified model
systems that capture the key steric and electronic factors of the
TS in the smallest possible models to minimize convolution of
the effects. Next, the user needs to select the functional form of
the FF and the atoms to be reparametrized, typically within 3—
4 atom distance of the reaction center where bonds are formed
or broken. All remaining atoms are treated by standard FF
parameters. While other options'*”'*® are available in the
Q2MM/CatVS$ code,'”* the MM3* FF'**'% s used for the
study of small-molecule catalysts. The FF parameters selected
to be fitted are then adjusted in an automated, iterative
procedure in which the FF is fitted to the reference values by
minimizing an objective function, y*, which depends on the
difference between the results from the FF and the reference
calculations.

7= Z Wiz(xio - xi)z
i (2)

where & is the reference data point, «; is the corresponding FF
calculated data point, and w; is the weight. The function is
weighted by the inverse of the acceptable error for a given data
type (bond lengths, torsions, angles, etc.)'”” and convergence
is achieved when the objective function value is no greater than
N, where N is the number of data points in the training set.
Gradient-based and simplex optimization methods are used to
generate all necessary bonded and nonbonded FF parameters,
starting with electrostatic parameters alone. Charges are

calculated using either RESP or CHELPG fitting. Given the
abundance of reference data associated with the Hessian
matrix, consisting of 3n X 3n data points, where n is the
number of atoms, overfitting of parameters in the TSFF is
avoided while also containing important energetic information
for deviations in equilibrium geometry.108 Upon convergence,
the TSFF is validated by comparing the geometries, relative
energies, and Hessian matrix values obtained through
electronic structure calculations for a test set of TSs not
contained within the training set. Finally, the TSFF is used to
calculate the AAGY of the diastereomeric TS of experimentally
studied reactions, and the predicted ee value is compared to
experimental values as an external validation. It should be
noted that this is the only use of experimental information in
Q2MM, making it a truly predictive method.

After validation, user-defined substrates and ligands are
subjected to screening, utilizing the CatVS method, where
ligand/substrate combinations of interest are merged to a TS
template with initial geometries corresponding to the
associated TSFF, affording unique diastereomeric configura-
tions for the pro-R and pro-S faces. The CatVS method
computationally mimics aspects of high-throughput exper-
imentation (HTE) techniques, a resource-intensive and time-
consuming method when done experimentally. The screening
can involve virtual libraries of potential ligands, including both
known and novel ligands, predicting those with high selectivity
for the desired enantiomer for future synthesis. The process
has been adapted to support a wide range of ligand/substrate
combinations. CatVS automates the process from the initial
ligand/substrate combination to the final Boltzmann-averaged
prediction. A key assumption is that the mechanism and the
stereoselecting TS for which the TSFF was developed will stay
constant across the different combinations screened.

The constructed TS models are then subjected to a
conformational search using established software packages
such as MacroModel. Through an automated selection of
conformational search parameters, the resulting TSs are
subjected to a combination of Monte Carlo and Low Mode
conformational search methods,'*''° affording conforma-
tional ensembles of each stereoisomeric TS. The stereo-
selectivity of the reaction is then calculated by Boltzmann
averaging, according to

—AAGF/RT
r_IXIOO Mther=ﬂ—Am
er + 1 ZJER e H

(3)
whereby AAG? values for the diastereomeric TS leading to the
two products i and j are summed over conformational
ensembles, relative to the lowest energy conformation.

The Q2MM/CatVS method has shown high correlation
between predicted and experimentally determined stereo-
selectivities, with typical correlation coeflicients in the range of
R? = 0.8—0.9"*""" across a wide range of reactions including
transition-metal-catalyzed oxidations,””""*'"* hydrogena-
tions,""*™""” aminations,''® and additions to aldehydes.“g’120
The automated setup, conformational search, and calculation
of ee values performed by CatVS, along with the automated
parameter optimization of TSFFs in Q2MM, significantly
decreases the need for human intervention. This, together with
the high accuracy of the predicted stereoselectivities for various
systems, showcase the benefits of computation in organic
synthesis, offering a potential preview into the future of small-

% ee =
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molecule synthesis, whereby computation exceeds most
aspects of human intuition. Even in cases where the
Q2MM/CatVS method performs poorly in comparison to
previous results, it would still be useful as a prescreening
technique prior to experimental efforts via HTE, saving time
and resources by offering starting points for further screening
methods.*” Increasing accessibility to such computational tools
lends credence to more efficient experimental efforts in terms
of time, cost, and resources.

While the performance of the Q2MM/CatVS approach
across many systems has been impressive, some of its
limitations need to be kept in mind: (i) the mechanism of
the reaction under study, specifically the stereoselecting step,
needs to be well understood and constant across the virtual
library of substrate/ligand combinations; (ii) the relevant
interactions need to be captured in the training set used; (iii)
the performance of Q2MM for strongly solvent dependent
reactions 1nv01v1ng large changes in partial charges in the TS is
often low,''” due to the fixed-charge nature of the currently
used FF and the limited accuracy of implicit solvent models;'*'
and (iv) even though some degree of error cancellation is
expected in the calculation of closely related TS, both the
underlying electronic structure methods and the FF used to fit
the TSFF have a limited accuracy and (v) if multiple pathways
are involved, their relative energy needs to be carefully
calibrated. The strengths and weaknesses of the method and
their interplay with experiment will be highlighted in the
following three case studies.

B CASE STUDY 1: ENANTIOSELECTIVE
1,4-ADDITION OF ARYLBORONIC ACIDS TO
ENONES

The first enantioselective Pd-catalyzed conjugate addition of
arylboronic acids to enones was achieved by Minnaard and co-
workers, using a Pd(1I)/DuPHOS system to form tertiary
stereocenters. - This was preceded by significant advance-
ments in the field by Miyaura'**'** and Lin and Lu,"**'*® who
contributed to the development of racemic variations. Stoltz
and co-workers were able to generate quaternary stereocenters
in high yields and enantioselectivities for a variety of enones
and arylboronic acids using the (S) tert-butylpyridinooxazoline
(PyrOx) ligand (Figure S, top).'”” Minnaard and co-workers
were also able to form quaternary stereocenters using a Pd(11)/

Pd(TFA), , PhB(OH),
NH4PFg , H,0
DCE, 12 h, 60 °C

e

? ” U ? tBu
TSC S-D

©¢ @ b

Figure S. Asymmetric Pd-catalyzed 1,4-addition developed by Stoltz

and co-workers (top) and the four isomeric stereodetermining TSs
(bOttO ) 127,129

PhBOX system and observed high selectivities but only
moderate yields."”® The Houk and Stoltz groups undertook a
mechanistic study of this system to understand the origins of
enantioselectivity. They found that the stereochemistry of the
product depends not on two, but four isomeric stereo-
determining TSs that differ by the coordination of the aryl
group relative to the oxazoline group and the coordination of
Pd on the two enantiotopic faces of the enone (Figure S,
bottom)."*”"*° While TS-A was found to be the lowest energy
isomer for most systems, the difference in energy between the
structures was only 4—8 kJ/mol, well within typical error limits
of the computational methodology used. Despite the excellent
agreement of the experimental and DFT calculated enantio-
selectivities,'*” the fact that multiple TSs and conformations
need to be considered renders the computationally expensive
DFT an inadequate tool for downstream studies of this
reaction, such as high-throughput virtual screening of
alternative substrates or chiral ligands. Thus, an alternative
method of computationally screening chiral ligand and
substrate libraries to rapidly predict enantioselectivities is
desirable. Furthermore, the presence of four structurally
different but stereomeric TSs, each with its own conforma-
tional ensemble, is an interesting test case for the ability of the
Q2MM/CatVS method to account for multiple isomeric TSs.

A TSFF was developed for this reaction,"”" and validated by
comparing the experimental and calculated enantiomeric ratio
(er) for a set of 82 reactions that were not part of the training
set. Overall, the TSFF reproduced the experimentally observed
enantioselectivities for the 82 diverse examples from the
literature with a mean unsigned error (MUE) of 1.8 kJ/mol
and an R* value of 0.877 between the calculated and
experimental er (Figure 6). The points marked in red feature
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Experimental Selectivity (In(e.r.))

Figure 6. Comparison of experimental and calculated stereo-
selectivities.""

an electron-withdrawing group (EWG) in the meta position,
and those in green have an EWG in the para position. Since
these data are the largest sources of deviation, it should be
noted that all aryl groups were represented by a phenyl ring in
the training set, so parameters for substituents come from the
published MM3* FF parameters and are likely the origin of the
deviation. If these data points are removed from the plot in
Figure 6, the MUE improves to 1.4 kJ/mol and R? to 0.93 for
73 examples.
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After validating the TSFF, it was used to screen a virtual
library of (S)-tert-butyl PyrOx ligands featuring substitution in
the 6-position of the pyridine ring (Table 1) that could flip the

Table 1. Predicted er Values for a Virtual Library of 6-
Substituted Pyrox Ligands

A

o]
d(TFA), , PhB(OH),
H,0 , NH4PFg
DCE, 60°C, 12 h Ph
R-group % e.r. (pred.)
H 96:4
CHs 60.5:39.5
CH(CHs): 66.5:33.5
CH2CH2CH3 34.5:65.5
CHCH: 14:86
CFs 6:84
CN 1:99
C(CHs)3 0.5:99.5

observed stereochemistry of the product while maintaining the
stereochemistry of the ligand. Intriguingly, three ligands 6-CF;,
6-CN, and 6-tert-butyl substituted (S)-tert-BuPyrOx deriva-
tives, were predicted to give a high er of the opposite
stereoisomer.

While it is known that the related quinox ligands give low
yields and selectivities,'* the use of 6-substituted pyrox ligands
for this reaction had not been described in the literature.
Experimental validation for the 6-CN and 6-tert-butyl PyrOx
ligands in the reaction shown in Table 1 did not lead to the
desired coupling, yielding instead the homocoupling product,
biphenyl, along w1th unreacted enone. Using an excess (6
equiv) of enone'”’ and the 6-CF; PyrOx ligand, the product of
the conjugate addition could be isolated in a yield of 8%, and
an er value of 58:42, in favor of the same major enantiomer
achieved with the original, nonsubstituted (S)-tert-BuPyrOx
ligand. While these results do not agree with the computational
predictions, they should be interpreted cautiously as the low
yield does not exclude the possibility of alternative pathways.

To further understand the poor performance of the ligands
featuring substitution in the 6-position of the pyridine, follow-
up DFT optimizations on the two or three lowest energy
conformations of each of the isomeric TSs were performed for
structures including substitution in the 6-position of the
pyridine ring. It was discovered that the pyridine(N)—Pd bond

length becomes elongated, causing the ligand to partially
dissociate at the TS. Dissociations of sterically encumbered
bidentate ligands have been experimentally seen in other
systems'** and have been hypothesized to be contributing
factors in cases in which there were significant differences
between experimental and predicted selectivities.'”> Ulti-
mately, this study emphasizes one of the main limitations of
Q2MM and TSFFs in that they are only able to predict
selectivities for the stereoselecting TS that they are developed
for. Deviations from that TS, such as partial dissociation of the
ligand, leads to a disconnect between experiment and
prediction. Furthermore, this emphasizes the importance of
including suitable structures in the training set to ensure the
proper TS is being captured.

B CASE STUDY 2: ENANTIOSELECTIVE
REDOX-RELAY HECK REACTION

The Sigman group reported the enantioselective Heck
arylation of alkenyl alcohols'*® and, shortly afterward, the
enantioselective redox-relay Heck arylations of acyclic alkenyl
alcohols that provided remotely functionalized arylated
carbonyl products (Figure 7)."*® This catalyst system showed
higher selectivity for the y-product with excellent er values
across a wide scope. Mechanistic studies investigating the
chain-walking nature of palladium showed that it proceeded
through a series of migratory insertion and S-H eliminations
until arriving at the alcohol, leading to a low-energy
intermediate.' ”'>'*” The relay process occurs in one direction
toward the low-energy intermediate, with the stereochemistry
being set during the migratory insertion events based on either
E- or Z-alkene starting material. The stereochemistry is
maintained during the chain-walking process, consistent with
a previous report wherein a preinstalled stereocenter was
maintained during the relay process.'*” This method was later
expanded to the construction of propargylic stereocenters
relying on the alkynylation of alkenols."””

Due to the wide and evolving scope of alkene, nucleophile,
and functional group on the alkene that terminates the chain
walking event, as well as the utility of the products, a TSFF was
developed to predict the stereoselectivity of redox-relay Heck
reactions using Q2MM."*° This allows for fast stereoselectivity
predictions for a wide range of substrates for the redox-relay
Heck reaction, provided they proceed through the same
stereodetermining migratory insertion TS. The TSFF was
validated usm§ published results on five distinct classes of
substrates,*"*%*!71*3 requlting in a larger dataset than that
typically used with Q2MM. A comparison of the stereo-
selectivities reported in the literature to the ones obtained from
the TSFF calculations is shown in Figure 8.
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Figure 7. General Redox-Relay Heck reaction of aryl boronic acids and alkenols.
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Figure 8. Comparison of 184 predicted and experimental selectivities. Product classes are color coded on the right to show the number of entries in
the plot and their corresponding MUE. Light yellow and dark yellow circles indicate C3-alkylated products before and after correction, respectively.

The performance of the TSFF for arylations of internal
disubstituted and trisubstituted alkenols resulted in a MUE of
1.8 kJ/mol over 76 examples and contained both cases of high
and low enantioselectivity. Additionally, including 26 examples
of substrates with a distant EWG, which were not present in
the training set, resulted in a MUE of 2.1 kJ/mol. The subset
for this reaction class contained relatively few examples of low
enantioselectivity, which limits the ability to assess the
predictive power of the Q2MM method, as accurately
predicting smaller differences in energy between diastereo-
meric TSs is inherently more difficult. Together, these datasets
demonstrate that the TSFF can make accurate selectivity
predictions for any disubstituted or trisubstituted alkene
substrate, regardless of the nature of the redox acceptor.

There were two sets of substrates that showed poor
correlation between the experimental and predicted er: 1,1-
disubstituted alkenes and C3-alkylated indoles. These subsets
are significantly smaller than the other classes in the validation
set, and most examples within the subset have only moderate
selectivities. The 1,1-disubstituted alkene set was investigated,
and it was noted that previous studies show that the
enantioselectivity of the migratory insertion is dictated by
the steric difference between the cis-oriented alkyl and
hydrogen substituents."*® However, this analysis does not
translate to this class of substrates. An example reaction was
further studied by DFT, which calculated a selectivity of
95.5:4.5, in agreement with the experimentally observed er of
98:2. In comparison, the TSFF predicted an er of 20.5:79.5,
leading to a discrepancy between the TSFF and the DFT
values of 9.4 kJ/mol. Further analysis determined that the
origin of this discrepancy is a known inaccuracy in the MM3*
FF 13121125 had been noted in previous benchmarking stud-
ies.”

The second substrate class that showed significant
discrepancies (MUE = 8.2 kJ/mol) between the TSFF and
experimental results is the C3-alkylated indoles. There is a set
of outliers, shown in faint yellow in the upper left quadrant of
Figure 8, that share the use of PyrOx ligands featuring a (R)-
CH,Ph substituent on the oxazoline. The placement of these
outliers in the plot with similar values but opposite sign,
compared to the reported values, suggests that the degree of
selectivity is being accurately reproduced but that the opposite

absolute stereochemistry is predicted. It is noteworthy that
reactions using this ligand were reported to have the same
absolute stereochemistry as the similar (S)—CH,Ph PyrOx
ligand."**'*" These contradictory results suggested that a
closer evaluation of experimental and computational results
was required.

To assess the accuracy of the TSFF prediction, the TSs of
the reactions featuring the (R)-CH,Naph, (S)—CH,Ph, and
(R)-Ph PyrOx ligands were calculated using DFT. The results
comparing the experimental, DFT, and TSFF energies are
shown in Table 2. For (R)-CH,Naph PyrOx (L1), the DFT

Table 2. Experimental and Calculated Stereoselectivities

Et
- B OH Bu #°
Me N Pd
. f\/ i) X
t Ligand
Me

o) o o)
7\
FsCMkZ“NaP Fac_Q_g\jw,/Ph cmmlpn
L1 L2 L3

ligand exp. DFT TSEF
L1 7.9 (4:96) 12.5 (0.5:99.5) 4.0 (84:16)
L2 —5.7 (9:91) —6.8 (94:6) —4.7 (12.5:87.5)
L3 3.8 (82:18) 9.8 (98.5:1.5) 2.5 (73.5:26.5)

and TSFF results both predict the (R)-enantiomer product,
while the literature reports the (S)-enantiomer. In contrast, the
DFT and TSFF energies for the other two ligands were
consistent with the results reported in the literature. This
discrepancy between the experimental and predicted selectiv-
ities suggest that the enantiomeric products were incorrectly
assigned for reactions using the (R)-CH,Naph PyrOx ligand.
In the initial report, the absolute configurations were not
directly determined experimentally but were assigned by
comparing to reactions with 3-H and 3-BPin indoles, which
proceed through a syn-nucleopalladation pathway.'*' These
results prompted the experimental reinvestigation of the
absolute stereochemistry. The attempted crystallization and
determination of the absolute stereochemistry of a function-
alized product of a C3-alkylated indole was not successful.
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Thus, the absolute stereochemistry of these products was
determined by comparing the TDDFT-computed (red) and
experimental (black) CD spectra (Figure 9) which unambig-
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Figure 9. ECD spectra obtained from experiment (black) and
TDDFT calculations (red). [Reproduced from ref 140. Copyright
2020, American Chemical Society, Washington, DC.]

uously confirm an absolute stereochemistry of (R), in
agreement with the computational predictions. Thus, the
published stereochemistry for the compounds shown in faint
yellow in Figure 8 should be corrected to the deep yellow data
points.

Overall, excluding the data for the 1,1-disubstituted alkyl
styrenes (for reasons discussed above) and using the correct
stereochemistry for C3-alkylation of indoles, the TSFF shows
excellent correlation to 151 experimental results (Figure 8).
The total MUE over these 151 data points was 1.8 kJ/mol,
slightly lower than the MUE obtained with previously
developed TSFFs using Q2MM for other reactions.”'*’
Furthermore, this study showcased a new application of
predictive methods for stereochemistry by correcting pre-
viously misassigned stereochemistry in the literature. Taking
the speed of the TSFF calculation into account, this allows for

high-throughput screening of datasets to ensure the proper
stereochemistry has been unambiguously assigned and
establishing the computational approach as an equal partner
of experiment for the development of enantioselective
reactions.

B CASE STUDY 3: TSUJI-TROST AMINATION

Asymmetric metal-catalyzed reactions have broadened syn-
thetic accessibility of numerous biologically and biomedically
significant compounds. Within this important class of reactions
is the Tsuji—Trost allylation, with the ability to generate
enantiopure compounds from racemic material.'** The large
number of potential enantiodiscriminate pathways that are
dependent on the nature of the reaction components is
computationally intriguing for stereochemical prediction and
rationalization. Detailed mechanistic examinations of the
Tsuji—Trost allylation reaction via DFT have been reported
in the literature, giving insight into various stereodetermining
factors."*”'** Given the complexities involved analyzing the
stereodetermination factors, the insight gained from the
computational modeling of such a widely used reaction can
also aid in validation when experimental methods alone fall
short.

Efforts to model the Tsuji—Trost reaction shown in Figure
10, particularly the development of a TSFF for allylic
amination using Q2MM/CatVS have proven to be successful.
The TSFF was derived from modeling of endo and exo
stereoselecting TSs and subsequent parametrization of a
TSFE.''® Tt was determined that the stereochemistry is set
during the nucleophilic attack on the reactive 77°-allyl palladium
intermediate. Phosphite-oxazole ligands were chosen for the
training set due to their ability to electronically differentiate
atoms within the Pd-allyl intermediate of an unsymmetric allyl
palladium complex. This introduces an endo/exo isomeric
preference in the allylic species formed from1,3-diphenyl allyl
acetate, and directs a distinct nucleophilic attack. Such
specificity consolidates potential diastereomeric pathways,
essential for accurate determination of a stereoselecting TS
and development of a TSFF, especially in the case of the
Tsuji—Trost reaction.
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Figure 10. (a) Pd-catalyzed allylation reaction, (b) associated simplified mechanism, and (c) the exoendo isomerization of the 7°-allyl palladium

intermediate.
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Application of the TSFF to a dataset of 39 reactions of
benzylamine with 1,3-diphenyl allyl complexed to palladium in
the presence of 39 previously reported phosphite-oxazole
ligands and comparison to the reported experimental

results,"*”"** shown in Figure 11, gave an R? value of 0.41
20
y =0.8257x
R?=0.5513 15

10

20

-20 -1 g
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Figure 11. Comparison of relative energies of the experimental values
to the calculated MM values after the corrected assignment of 11 data
points for the phosphite-oxazole ligands (yellow). Data points before
the correction of stereochemistry are shown as faded yellow circles.
The plot also contains data corresponding to PHOX ligands (red)
and ligands with indole backbone (green).

for the 77 ligand/substrate combinations studied. This value is
notably lower than what is observed in previous applications of
TSFFs, prompting a detailed analysis of the possible origin of
this finding.

A closer analysis of the outliers showed that the majority,
shown in yellow in Figure 11, is derived from two studies,
including 39 reactions using phosphite-oxazole ligands, 11 of
which (shown in yellow in Figure 11) had more similar
characteristics than what was discussed in case study 2, i.e., the
value of the comsputed stereoselectivity is similar to the
reported value,"*”"* but the assigned absolute stereochemistry
is opposite in the computational and literature results.
Experimental studies were done to confirm the absolute
configuration in the Pd-catalyzed amination of 1,3-dipheny-
lallyl acetate with benzylamine, using the ligand shown in
Figure 12. The major enantiomer of the N-benzyl-1,3-
diphenylprop-2-en-1-amine product was isolated using chiral
HPLC and the configuration confirmed to be (S) by
comparison with literature data.'>' Integration of the HPLC
traces determined the er value of the reaction to be 92:8. This
is opposite to the (R) configuration originally reported but is
in agreement with the computational prediction by the TSFF,

(o]
)C[N/%Ph

1
OAc  [Pd(n®-C3Hs)CI] NHCH,Ph 0. 4

Ph/\/E\Ph L, CH,Cl, Ph/\/g\ L= P\;OtB“

PhCH,NH, Bu O
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Ph
(S): 84 % e.e.

Figure 12. Test reaction for assignment of absolute stereochemistry in
the Tsuji—Trost allylic amination.

and therefore the original stereochemical assignment for this
series of reactions needs to be changed to the yellow data
points, as shown in Figure 11.

Two other data points, shown in light red in Figure 11, also
have a significant effect on the calculated R* and merit closer
analysis. Although the reported'” (S) stereochemistry is based
on a crystal structure using anomalous dispersion, closer
analysis of the data reveals that the Flack parameter of the
structure used for the stereochemistry assignment is 0.1 + 0.6,
well below the threshold for unambiguous assignment. After
the sign of the values shown in light yellow are corrected and
the light red data points are excluded due to the uncertain
assignment, an R? value of 0.71 is obtained. While this is still
lower than the results obtained for many other reactions,
possibly due to the conformational flexibility of the Pd-allyl
complex and the resulting mechanistic complexity of the Tsuji-
Trost reaction, the study demonstrates the feasibility of
mechanism-based “proofreading” of absolute stereochemical
assignments in the literature.

B CONCLUSIONS

Over the last decades, the interplay of experimental and
computational organic chemistry has moved from ration-
alization of observations to predictions of reaction outcomes to
the point where experiment and computation are now widely
seen as synergistic and complementary, each with their own
strengths and weaknesses. Because of the ever-increasing speed
and accuracy of the computational methods, they are
increasingly becoming equal partners to experimental studies.
In at least some cases, they can point out problems and errors
in the published literature. Therefore, it should not automati-
cally be assumed that, if there is a discrepancy between the
computational results and the interpretation of experimental
data, the latter is always correct. We argue that while the
agreement of experiment and computation is the most
common case, detailed investigations of reactions where they
disagree is scientifically more fruitful. Although this Perspective
is focused on computational studies of the stereochemical
outcome of catalytic enantioselective reactions where the
interpretation of experimental results often requires detailed
analysis, the findings for the case studies are representative to
many other applications such as published mechanisms that are
corrected based on computational results, which is a topic that
goes beyond the scope of the present perspective.

Despite the excellent performance and speed of the Q2MM/
CatVS method, the case studies discussed here also highlight
some of the caveats that need to be considered in any
computational study. When applying surrogate models such as
Q2MM-trained TSFFs, it should be noted that changes in
mechanism such as those in case study 1 invalidate the
underlying model. Case study 2 shows that, despite significant
progress, continued development of computational methods
such as force fields is needed. Finally, case study 3 shows that
complex reaction schemes may lead to lower correlation
coeflicients between computational and experimental results.
Nevertheless, even in those cases, more detailed experimental
studies of the computational predictions may lead to the
correction of previously published stereochemical assignments.

The advent of data-driven methods such as machine learning
in organic synthesis has led to a focus on the quality of
published data.’”'** The development of accurate methods
will require significantly higher data quality that can only be
achieved by careful curation of the literature data. The high
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speed and physical basis of TSFF calculations is one approach
to proofreading for the case of published stereochemistry
assignments that is fast enough to be applicable to relatively
large datasets and can correct published results where
appropriate. While this Perspective has necessarily focused
on results from our group, other approaches outlined earlier
can provide both complementary approaches to the automated
calculated of transition structures and provide a path toward
improved correlation methods such as ML-based methods.

B ASSOCIATED CONTENT

Data Availability Statement

The Q2MM/CatVS code and the associated TSFFs discussed
in this contribution are available free of charge at github.com/
g2mm.
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