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ABSTRACT: A transition state force field (TSFF) was developed using the quantum-guided molecular mechanics (Q2MM)
method to describe the stereodetermining migratory insertion step of the enantioselective redox-relay Heck reaction for a range of
multisubstituted alkenes. We show that the TSFF is highly predictive through an external validation of the TSFF against 151
experimentally determined stereoselectivities resulting in an R* of 0.89 and MUE of 1.8 kJ/mol. In addition, limitations in the
underlying force field were identified by comparison of the TSFF results to DFT level calculations. A novel application of the TSFF
was demonstrated for 31 cases where the enantiomer predicted by the TSFF differed from the originally published values.
Experimental determination of the absolute configuration demonstrated that the computational predictions were accurate, suggesting
that TSFFs can be used for the rapid prediction of the absolute stereochemistry for a class of reactions. Finally, a virtual ligand screen
was conducted utilizing both the TSFF and a simple molecular correlation method. Both methods were similarly predictive, but the
TSFF was able to show greater utility through transferability, speed, and interpretability.

B INTRODUCTION often designed data sets including ligand/substrate combina-
tions are correlated with molecular features derived from

A long-standing goal of computational chemistry is to provide <
surrogate structures of both reactants and catalysts.” The

fast and easy-to-use tools to accelerate the development of new

reactions. This is especially true in asymmetric catalysis, where proper selection of parameters and curation of experimental
an underlying understanding of the enantiodetermining step is data, for example, in the form of designed or “clean” data sets,
critical to ligand selection, design, and optimization. The rapid are essential for the development of statistical models that can
prediction of enantioselectivity of a given substrate—ligand predict out-of-sample cases.’ Related approaches include more
combination has been promised by the computational recent machine-learning (ML) methods,” which require rather
community for some time, but only recently have advance- extensive experimental data sets.” As with many ML-derived
ments been reported to allow this goal to be reached. A correlation methods, the interpretability of the models is often
common approach in this area is the use of DFT methods that a challenge.5’9

rationalize and ultimately predict stereoselectivity of catalytic
reactions. * However, due to their computational cost and
often the complexity of modern reactions, this type of DFT
approach is not applicable to evaluating large data sets.
Additionally, these methods are often limited to only relatively
small subsets of conformations,* which can lead to deviations
from experimental results if relevant transition state con-
formations are not found in the initial search.

An emerging alternative approach is to use correlation
methods where experimental results for yields or selectivities of

An alternative strategy for the rapid prediction of stereo-
selectivities is to model the transition state as a minimum using
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transition state force fields (TSFFs) derived by the quantum-
guided molecular mechanics (Q2MM) method.'”"" Although
Q2MM is also a fitting procedure, there are several key
differences to the correlation strategies discussed above. First,
no experimental data are used in the fitting procedure, making
the method truly predictive. Second, predictions are made
using information from the physically relevant, stereodetermin-
ing transition states rather than surrogate structures. We have
previously used TSFFs to rapidly predict the ratios of
stereoisomers for a wide range of reactions with mean
unsigned errors (MUE) of 2—3 kJ/ mol."> In Q2MM, suitable
electronic structure calculations of the stereodetermining
transition structures (TS) of interest are used to determine
information such as geometries, Hessian matrix elements, or
partial charges that are used to fit a classical force field. This
force field is then used to calculate the conformational
ensembles for a set of diastereomeric transition states by
Monte Carlo sampling."”'* The Boltzmann averaged free
energies of this ensemble not only can provide the relative
Gibbs free energies (AAG*) but also can give structural
insights into the origin of the stereoselection. Recent work in
this field has been focused on developing easy-to-use software
for the generation of TSFFs (Q2MM) and virtual screening of
substrate/ligand combinations (CatVS) that are accessible to
experimental researchers.'*~"

In this context, and related to our ongoing interest in
enantioselective redox-relay Heck reactions, we deployed our
TSFF approach to understand and predict enantioselective
outcomes for this broad reaction class. The reported examples
of this reaction use, in contrast to the classical Heck reaction,"’
generally electronically unbiased alkenes (Scheme 1).'°7>' We

Scheme 1. Redox-Relay Heck Reaction
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have previously studied the mechanism both experimentally
and through traditional DFT transition state analysis.”*™ "
These studies have revealed that (1) migratory insertion of the
aryl—Pd species generated from the arylboronic acid*>*® into
the coordinated alkene is both the rate- and stereodetermining
steps, (2) the substrate remains bound to the Pd-catalyst
through sequential migratory insertion/f-hydride elimination
(chain-walking) until base-assisted reduction of the metal and
product formation, and as a consequence, (3) the reaction
provides stereocontrol at both carbons of the alkene.

Driven by the wide and evolving scope of the reaction in
terms of the alkene, nucleophile, and redox acceptor (the
functional group attached to the alkene that promotes
termination of chain-walking) and the utility of the products,
herein we describe the use of the Q2MM method to develop a
TSFF to predict the stereoselectivity of the redox-relay Heck
reaction. Specifically, we describe the development and
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application of a TSFF describing the migratory insertion TS.
The TSFF was validated using published results on five classes
of substrates, resulting in a larger data set than is typically
explored with Q2MM. This analysis revealed that, for one
distinct class of substrates, indole coupling partners, the
predicted enantiomer was inconsistent with the assignment of
configuration in the initial report. This prompted us to explore
this unexpected reversal of enantioselectivity through a
combination of DFT methods and experimental studies. This
ultimately exposed that the experimentally reported enan-
tiomer was incorrect, which highlights the ability of the TSFF
to predict the correct enantiomer of the product. Finally, the
TSFF is applied to virtual screening of ligands providing, for
the first time, a direct comparison between predictions made
using correlative methods and those from TSFFs.

B METHODS

The parametrization of the TSFF followed the procedures outlined in
the literature'>"” using Q2MM.> The reference data used to train the
TSFF were obtained by optimizing simplified models of the transition
structures (Figure S1 in the Supporting Information (SI)) in G09*
using M06-GD3 with a Lanl2DZ basis set for palladium and 6-31+G*
for all other atoms. MM3*, as implemented in MacroModel,*® was
used as the underlying functional form.> All reference structures and
selected transition structures for the full system were optimized and
characterized as having a single imaginary frequency corresponding to
the reaction coordinate. Partial charges were obtained using the
CHELPG method, with an atomic radius of 2.4 A for palladium.
External validation to experimental selectivities used CatVS' to
automatically set conformational search parameters. The conforma-
tional search and subsequent minimizations were also carried out in
MacroModel, with the predicted selectivity calculated from the
Boltzmann averaged conformations. Selectivities were referenced to
the (R)-stereoisomer of the newly formed chiral center, in that if the
major stereoisomer has the (S)-configuration, the selectivity is
reported as negative (alkene stereoisomers generally lead to opposite
product conﬁgurations). MO06-GD3/6-311++G** was used to
calculate distortion—interaction energies.23 The interaction energies
were calculated between the alkene substituent and oxazoline moieties
using the TS-optimized geometries.

B RESULTS AND DISCUSSION

TSFF Development. The TSFF was fitted for the
migratory insertion of an aryl-Pd nucleophile across the
alkene. A training set of 24 transition structure models (Figure
S1 in the SI) was obtained by optimizations of 11 different
combinations of PyrOx ligands and substrates using the level of
theory described above. These TSs are simplified model
systems where each combination describes a particular
interaction or distortion independent of remote substituents.
Structural, electrostatic, and force constant information from
the training set were used to fit the TSFF parameters following
the Q2MM workflow.”'”'* The TSFF was validated against
the training set by comparing normal modes and geometries
obtained from DFT level calculations to the results of the
TSFF (Figures S3—S6 in the SI). These comparisons showed
excellent correlation between the TSFF and DFT calculated
data, with slope and R* values near unity (Figure S3—S6 in the
SI). The largest deviations between the TSFF and the DFT
training set are due to the underlying MM3*. Therefore, the
errors due to the TSFF parameters are within the range of all
other errors, and the TSFF was used to predict experimental
selectivities.

Validation to Experimental Selectivities. Once built,
the goal of TSFFs is to provide a reliable and rapid tool for the

https://dx.doi.org/10.1021/jacs.0c01979
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Figure 1. Comparison of 184 predicted and experimental selectivities. Stereochemistry (R/S) is indicated by +/- values, respectively. The MUE of
the magnitudes of the selectivity, omitting absolute configuration, is included in parentheses.

prediction of enantiomeric ratios from a given set of substrates
and ligands. To validate this tool, 183 experimental selectivities
from the literature'°~*' were determined using the TSFF. The
experimental results include various substituted unbiased
alkenes with remote functional groups (e.g., alcohols or z-
EWG) and are summarized in Figure 1. This experimental
validation set is significantly larger than the ones used for
previously published TSFFs, which typically contained 20—40
experimentally determined selectivities.'*' "

The performance of the TSFF for the arylation of 76 internal
di- and trisubstituted alkenols resulted in an MUE of 1.8 kJ/
mol (blue Figure 1)."”'® In the case of disubstituted alkenes,
the TSFF predicts the major enantiomer of the major
regioisomer (arylation of the alkene carbon distal to the
functional group). Importantly, while this specific type of
nucleophile—substrate combination is included in the training
set, these are still true predictions because the training set is
exclusively computationally derived. Lastly, these results are
comparable to previous TSFFs'”'* and are sufficiently accurate
to be useful for high throughput predictions of stereo-
selectivity.''

A limitation of the TSFF is that quinoline-derived oxazoline
(QuinOx) ligands predicted the opposite enantiomer (Scheme
2). To determine the cause for this discrepancy, the result with
the largest error was analyzed by DFT. The lowest energy DFT
transition structures show a high degree of distortion of the TS
that is not captured by the TSFF. Most notably, the Pd—Nj,,
and forming Cj,y*Cppene distances are 0.11—0.16 and 0.09—

Scheme 2. QuinOx Ligands are Poorly Predicted
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0.13 A longer, respectively (Table S3 in the Supporting
Information). The enantioselectivity predicted by DFT is 2.5
kJ/mol (48% ee), in agreement with the experimental results
(32% ee) but in contrast to the one predicted by the TSFF of
—5.8 kJ/mol (83% ee). This shows that the TSFF is limited to
ligands that do not introduce a significant degree of distortion
relative to the training set.

We next explored whether the TSFF would accurately
predict the selectivity of substrate classes not present in the
training set. Specifically, we predicted the selectivity of 26
substrates containing remote s-electron withdrawing groups
(green in Figure 1). This resulted in an MUE of 2.1 kJ/mol
between predicted and experimental selectivities, which is
similar to the arylation of di- and trisubstituted alkenes (1.8 kJ/
mol). In contrast to the di- and trisubstituted alkenes, this data
set contains few examples of reactions with low enantiose-
lectivity. While this uniformly high degree of enantioselectivity
is ideal for synthetic purposes, it limits our ability to assess the
predictive capabilities of this class of reactions. These results
demonstrate that the TSFF is capable of predicting the
enantioselectivity of di- and trisubstituted alkenes, regardless of
the nature of the redox acceptor. This is consistent with the
proposed mechanism in which the selectivity is governed by
the local TS environment (i.e., nonbonded/bonded inter-
actions about the square plane).*”

Two sets of substrates show poor correlation between the
TSFF predictions and the experimental results (yellow and red
in Figure 1). Although these subsets are significantly smaller
than the other validation sets, and in many cases have only
modest selectivities, such deviations have historically been
important to understand the shortcomings of force fields.***
Therefore, we sought to analyze these subsets in detail with the
goal of aiding the development of more accurate methods.

We began with the arylation of 1,1-disubstituted alkenes
(Scheme 3). Our previous studies have shown that the
enantioselectivity of the migratory insertion is dictated
primarily by the steric difference between the cis-oriented
alkyl and hydrogen substituents on the alkene.'® However, this
analysis does not translate to 1,1-disubstitued alkenes.

https://dx.doi.org/10.1021/jacs.0c01979
J. Am. Chem. Soc. 2020, 142, 9700-9707
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Scheme 3. Arylation of 1,1-Disubstituted Alkenes
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Therefore, to determine the source of the selectivity with this
class of alkenes, the reaction with the largest deviation between
the predicted and experimentally determined enantioselectivity
was studied by DFT. The DFT calculations (M06-GD3/
Lanl2DZ(Pd)/6-31+G*//SDD(Pd)/6-311++G** + SMD-
(DMF)) revealed a AAG* of 7.3 kJ/mol (91% ee), which
agrees with the experimentally observed 9.4 kJ/mol (96% ee)
and is in contrast to the —3.3 kJ/mol (—59% ee) predicted by
TSFF. Although the energies are not correct in this case, the
TSFF can still be a useful conformational search tool in
analogy to the previously studied Mukaiyama aldol reaction.>
Unlike alkenes monosubstituted at the 1-position or
disubstituted at the 1- and 2-positions, the enantioselectivity
for the 1,1-disubstituted alkenols is governed by the same cis-/
trans-isomer of the square planar palladium complex, where the
major paths to both enantiomers of the product have the
transferring aryl group coordinated trans to the oxazoline
moiety. Therefore, to delineate the source of the selectivity and
the origin of the disagreement between the DFT and TSFFs
results, a distortion—interaction analy51s 3 at the M06-GD3/6-
311++G** level of theory was performed (Figure 2).
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Figure 2. Distortion (top) and interaction (bottom) energy analyses.
Energies (kJ/mol) are reported as M06-GD3/6-311++G**, with
MM3* values in parentheses.

The difference in distortion energies of the alkene and ligand
components for both TSR and TSS is small, leading to a net 1.3
kJ/mol difference favoring the (R)-enantiomer. The inter-
action energies of the complex show that the presence of
stabilizing noncovalent interactions between the aromatic
substituent of the alkene and the C—H of the phenyl
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substituent on the ligand. In the case of TSY there are two
such interactions (Figure 2, bottom left), while for TS® there is
only one interaction (Figure 2, bottom right). This results in
the (R)-enantiomer being favored by 4.8 kJ/mol. These factors
together favor the (R)-enantiomer by 6.1 kJ/mol, in agreement
with DFT and experimental results.”*****

An analogous interaction analysis was performed using the
TSFF. However, because the ground state alkenol and ligand
structures and the TS are described using different parameter
sets, the distortion analysis cannot be performed in the exact
same manner. The interaction energies using the TSFF
systematically under-predict the aromatic interaction energies
by ~10 kJ/mol, while the alkyl—alkyl interactions are under
predicted by 2 kJ/mol (Scheme 2 bottom, parentheses). This
results in the (S)-enantiomer being preferred by 5.2 kJ/mol.
The under-prediction of the degree of interaction energy
imparted by the interactions with the aryl substituents results
in a 9.4 kJ/mol discrepancy between the TSFF and DFT result.
This demonstrates that the systematic error (MUE = 7.8 kJ/
mol) of the 1,1-disubstituted alkenols is due to an inaccuracy
of the MM3* FF in describing the aromatic interactions.

These results are further supported by two benchmarking
studies®>*° that showed large deviations in nonbonded
aromatic interactions when using MM3*. Paton and Goodman
found MUEs of 2.7 and 1.3 kJ/mol for the benzene/methane
and stacked benzene dimers, respectively.”> Additionally,
complexes with primarily dispersive interactions (six of the
eight contained aromatic compounds in the study) were
associated with an RMSD of 0.61 A. Sherrill et al. found that
these errors are greater when the structures are not minima on
the potential energy surface.”* They concluded that atom-
centered electrostatic models in traditional FFs are unable to
describe z-interactions, especially those that are not at low-
energy conformations. This demonstrates that the systematic
error is not due to the TSFF parameters but rather the
underlying MM3* force field. It should be noted that
stereoselectivity predictions for reactions that have either a
dialkyl substituted alkenol substrate (red circles) or a ligand
with an sp® hybridized carbon bound to C4 of the oxazoline
are correct. This further supports the hypothesis that this error
is associated with a substrate—ligand combination due to a
specific nonbonded interaction.

The second reaction that showed significant discrepancies
(MUE, 8.2 kJ/mol) between the TSFF and experimental
results'” is the C3-alkylation of indoles (yellow circles in
Figure 1). Notably, there is a set of outliers in the upper left
quadrant of Figure 1, which all arise from the use of an R-
CH,Naph substituent on the oxazoline. The placement of
these outliers suggests that the degree of selectivity is
accurately predicted, however with the opposite absolute
configuration. Furthermore, this subset was reported to have
the same absolute configuration as the structurally similar (S)-
CH,Ph PyrOx ligand. This not only raises doubt about the
reported absolute stereochemistry but also, more importantly,
has the intriguing implication that, if shown to be correct,
TSFFs could be used to rapidly “proofread” absolute
stereochemical assignments.

To assess the accuracy of the TSFF result, we computed the
TSs of the R-CH,Naph (L1), (S)-CH,Ph (L2), and (R)-Ph
(L3) PyrOx ligands by DFT at the M06-GD3 level of theory
(Table 1). For L1, the DFT and TSFF results both predict the
(R)-enantiomer, while the literature reports the (S)-enan-
tiomer. Contrastingly, for both L2 and L3, the DFT and TSFF

https://dx.doi.org/10.1021/jacs.0c01979
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proceeds with the same sense of enantioselectivity as the
arylation with arylboronic acids. However, this analysis does
not unambiguously assign the absolute configuration. There-
fore, we set out to confirm the absolute configuration of the
C3-alkylated products using L1 in order to determine the
absolute configuration.

In order to determine the absolute configuration of these
products, we targeted compounds we believed would result in
X-ray quality single crystals (Scheme 4). Toward this end, we
performed the dehydrogenative Heck arylation™ of trisub-
stituted allylic alcohol 1 with indole 2 using the (S)-
enantiomer of L1 to give the aldehyde product, which was
then converted into the corresponding tetrachlorophthalimide
3. Initial attempts to determine the absolute stereochemistry of
3 using X-ray crystallography were unfortunately not successful
because 3 consistently crystallized as a racemate regardless of
the crystallization conditions used. We therefore determined
the absolute stereochemistry by comparison of the exper-
imental and predicted ECD spectrum (Figure 3; for full
computational details, see the Supporting Information).

275 325 375 425 475
Wavelength (nm)

Figure 3. UV—vis (top) and ECD (bottom) spectra obtained by
TDDFT (red) and experiment (black).

In agreement with earlier benchmarking studies,”” our
results show that the overall features of the predicted ECD
spectra are similar between different functionals, but slight
shifts between the wavelengths of the maxima are evident.
Nevertheless, the results unequivocally confirm the absolute
stereochemistry as (R), in agreement with the computational
results but in contrast to the previous assignment of the
absolute configuration.'”

Overall, when the 1,1-disubstituted alkyl styrenes are
excluded (for the reasons discussed above) and using the
corrected stereochemistries, the TSFF shows an excellent
correlation to the 151 experimental results (Figure 4). Lastly,
the total MUE of 1.8 kJ/mol over a wide range of selectivities
is comparable to previously developed TSFFs using Q2MM
having MUEs of 2.5—2.7 kJ/mol.'>"*
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Figure 4. Comparison of predicted and corrected experimental
selectivities of alkyl-substituted alkenes. Stereochemistry (R/S) is
indicated by +/s values, respectively.
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Virtual Screening of Ligands. One important application
of TSFFs, correlation methods, and machine learning is the
virtual screening of chemical libraries."" As a proof of principle,
we applied the TSFF to a virtual ligand screen for reactions
that showed low levels of enantioselectivity.

The first class of substrates studied was 1,1-dialkyl-
substituted alkenols (red in Figure 4). Unfortunately, when
this class of substrates was screened against the ligand library
(53 combinations), no significant improvements were found.
This confirms the experimental finding that 1,1-disubstituted
alkenes are unlikely to undergo highly selective arylations using
the current ligand design.

The second reaction class studied is the C3-alkylation of
indoles, which consistently performed below 90% ee, whereas
the ethyl-substituted analogues resulted in >90% ee (Figure S,
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Figure S. Ligand screen comparing single-variable correlation and
TSFF selectivity predictions. Only the magnitudes of the selectivities
are considered. Red lines indicate 2 kJ/mol error.

gray)."” Sigman and co-workers observed a correlation
between the NBO of the oxazoline nitrogen and the
enantioselectivity based on an initial ligand screen (Figure S,
gray circles). Using this linear free energy relationship (LFER),
they virtually evaluated a number of ligands. Based on this
virtual screen, a set of eight ligands were synthesized, resulting
in an increase in the selectivity from 74% ee to 86% ee (Figure
S, gray x). Importantly, in light of the reassignment discussed,
this LFER predicts the magnitude of the selectivity, with the
optimal catalysts giving the enantiomer of the product
compared to the ligands screened. This highlights that
utilization of achiral parameters such as NBOs can be useful
for prediction of the magnitude of selectivity but not
necessarily the absolute stereochemical outcome.

We saw this as an opportunity to directly compare, for the
first time, the strengths and weaknesses of TSFF and
correlation-based predictions. Therefore, we virtually screened
the same eight ligands with the TSFF in order to provide a
quantitative comparison to a LFER-type correlation method
(Figure S, yellow). The magnitudes of the selectivities
predicted from the LFER (Figure S, gray) and TSFF (Figure
S, yellow) show that both methods provide accurate
predictions within an absolute error of 2 kJ/mol for this data
set, except for two data points in both the LFER and TSFF
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data sets that are slightly above this arbitrary limit. The
extrapolation data in the LFER set (gray circles) resulted in an
MUE of 1.2 kJ/mol. For these same reactions, the TSFF
produced a 1.3 kJ/mol MUE. Overall, a 1.2 kJ/mol MUE was
achieved for the TSFF data set. This is interesting because the
ligands screened contained changes in steric and electronic
substitutions, the latter of which is often not described well in
FFs with static charge models.

This case study highlights many of the strengths and
weaknesses of each method. Although the continued develop-
ment of the Q2MM code greatly accelerated the fitting of
TSFFs, the elucidation of the stereodetermining step of a
reaction, followed by calculation of model systems, and fitting
and validation of the TSFF currently require more effort than
the fitting of a small experimental data set using correlation
approaches, which do not require any mechanistic insight. In
turn, predictions from correlation methods, even though they
can aid in the formulation of hypotheses, do not a priori
provide insights into the physical origin of the predicted
selectivity and require chemical intuition (and further
experimentation and/or computation such as DFT) as to
why a descriptor is correlated with the selectivity. In contrast, a
well validated TSFF describes the structural and electronic
nature of the TSs and is therefore expected to be more robust
toward extrapolation beyond the original training set.
Furthermore, this work demonstrates the power of TSFF of
predicting the absolute stereochemistry, as this information is
encoded into the approach. Finally, it is important to
emphasize that TSFFs are truly predictive in that they do
not use any empirical information in the fitting of the force
field. This results in a purely computationally derived model,
which fulfills a promise of computational chemistry. Lastly, we
consider correlative and TSFF methods to be complementary,
with each suited to specific applications. For example, in
instances such as the present study, where the mechanistic
details are well-understood, the development of TSFFs
provides a powerful method that not only predicts the relative
selectivity but also is able to predict the absolute selectivity.
Contrastingly, correlative methods do not require detailed
knowledge of the mechanistic features and are typically easier
to implement especially during an optimization campaign.

B CONCLUSIONS

The TSFF for the Pd-catalyzed arylation of a range of
electronically unbiased olefins accurately predicts the stereo-
selectivity with an MUE of 1.8 kJ/mol and an R* of 0.889 over
the largest validation set yet containing 151 examples covering
a wide range of substrates and ligands. It is the first example of
a quantitatively accurate Q2MM-derived TSFF for a carbon—
carbon bond formation. The physical origin of the deviation of
a small subset of outliers, the arylation of styrenes, was traced
back to the unsatisfactory treatment of aryl—aryl interactions in
the underlying MM3* force field. The accuracy of the TSFF
was demonstrated by its ability to predict the correct absolute
configuration of a previously missasigned result from the
literature. This suggests a new application of TSFFs in the
rapid “proofreading” of stereochemical assignments. Lastly, we
applied both the structure-based TSFF and a statistical model
developed for the same reaction to the virtual screening of
ligands, allowing for the first direct comparison between the
two complementary methods. The advantages and disadvan-
tages of each approach are discussed in detail.
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