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ABSTRACT: The effectiveness of a new asymmetric
catalytic methodology is often weighed by the number of
diverse substrates that undergo reaction with high
enantioselectivity. Here we report a study that correlates
substrate and ligand steric effects to enantioselectivity for
the propargylation of aliphatic ketones. The mathematical
model is shown to be highly predictive when applied to
substrate/catalyst combinations outside the training set.

Ithough steric effects are ubiquitous in asymmetric

catalysis, they remain difficult to quantify and define for
precise application in catalyst design. Methods to measure
steric effects and other effects in asymmetric catalysis have
paralleled those developed for quantitative structure—activity
relationships (QSAR) in drug design.' Typically, a QSAR study
interrogates a single protein with a library of inhibitors to
delineate the important substituent effect(s) responsible for the
desired outcome.” The resultant mathematical models
generated using QSAR afford a testable hypotheses about the
key molecular interactions facilitating modern drug design.*®

In contrast to the specific protein—inhibitor interactions in
medicinal chemistry, asymmetric catalysis is complicated
because both the catalyst and the substrate are mutable and
can be probed to determine the important structural features of
each. Typically, catalysts have been examined independent of
substrate or vice versa.’> Indeed, the multifaceted interactions
between both substrate and catalyst are generally ignored in
examinations of asymmetric catalytic systems. Simultaneously
evaluating the relationship between these crucial reaction
variables is a goal of our ongoing program in understanding and
predicting asymmetric catalytic reactions.’®* Herein we present
the results of the simultaneous and systematic evaluation of
both catalyst and substrate steric effects on an enantioselective
Nozaki—Hiyama—Kishi (NHK) ketone propargylation mod-
eled with Sterimol parameters. Multidimensional modeling
allows for accurate prediction of enantioselectivity for 41
independent substrate and catalyst combinations for aliphatic
ketone propargylation.

Recently, we have reported several investigations of
asymmetric catalytic reactions using linear free energy relation-
ships where multiple steric and electronic components of the
ligand structure were examined simultaneously.*™ This
multivariate examination of asymmetric catalytic reactions is
appealing because it examines how different catalyst compo-
nents might synergistically impact enantioselectivity. To date,
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these studies have focused exclusively on examining ligand
components. Encouraged by the correlative and predictive
models generated, we wanted to expand this approach to
incorporate other common reaction parameters. We selected to
probe what is perhaps the most impactful reaction consid-
eration in asymmetric catalysis, the substrate, as we believed
predicting and understanding substrate effects as a function of
catalyst structure is at the core of how one develops and applies
an asymmetric catalytic reaction.

Parameter Selection. Sterimol parameters vary from many
common steric parameters because they describe a single
substituent with three parameters, B;, Bs, and L (Figure 1),

Sterimol parameters

Figure 1. Parameterization of an isopropyl group using Verloop’s
Sterimol parameters.

instead of a single parameter.” The B, parameter describes a
minimum width orthogonal to the primary bond, the Bs
parameter describes the maximum width along the same axis,
and the L parameter is the length of the substituent along the
primary bond. These separate parameters can generate more
informative models than other simpler steric parameters but
also increase the dimensionality of the data three-fold. In order
to develop models using Sterimol parameters in combination
with linear regression techniques, a larger data set is required
than the nine-membered libraries previously utilized.*™"
Because the application of experimental design is fundamental
to developing highly predictive models through multidimen-
sional regression techniques, the catalyst substituents and
ligand substituents need to be selected carefully using the
statistical principles known as the design of experiments
(DoE).6

Substrate and Catalyst Design Matrix. Our previous
reports on the enantioselective propargylation of aliphatic
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Figure 2. (a) Previous results showcasing sensitivity of both substrate and ligand steric effects. (b) Library design employing DoE principles. (c) Plot
of experimental vs predicted enantioselectivity using the model in eq 2. A total of 30 unique ligand/substrate experiments were performed.

ketones using NHK conditions indicated that increased steric
bulk on one side of the ketone led to higher enantioselectivity
(Figure 2a).** Coupling this sensitivity with the reported
carbamate substituents effects on the ligand provided the
foundation for the initial experimental design.*”
steric bulk at the two substituents could be quantified using
Sterimol parameters to develop a model capable of predicting
enantioselectivity.

Our choice of substituents for the substrate and ligand was
based on evenly distributing the Sterimol values for both
according to DoE principles (Figure 2b). The Sterimol
parameters present three steric dimensions to evenly span in
order to produce an effective experimental design. Upon
inspection of our previous efforts in enantioselective ketone
propargylation, both the substrate and ligand have an apparent
sensitivity to B; and Bs, allowing us to focus on an even
distribution of the these parameters.* The L parameter was
also considered, but the collinear relationship between Bs and L
justified only ancillary attention. As we have previously
reported, a precise experimental design is difficult to achieve
using steric parameters because these parameters are not
continuous. ¥ Accordingly, ligands L1—L6 were chosen to have
adequate and reasonably even variation for both B, and B; (see
Supporting Information for details). Similarly, substrates S1—
SS were selected.

Model Development. The target substrates are all
commercially available. To facilitate the library synthesis, we
developed a simplified methyl pyridine ligand as an attractive
alternative to the previously reported quinoline-based ligand
(Figure 1b).* The advantages of using the methyl pyridine
core are the rapid (in as few as three steps), modular, and
scalable synthesis from commercial materials.

Propargylation of S1—S$5 using ligands L1-L6 led to 30
unique observed enantioselectivities, each of which was
replicated and averaged. Equation 1 is the base equation from
which all models were derived. It contains the Sterimol
parameters for the ligand substituent (B;;, Bg;, and L) as well
as the Sterimol parameters for the substrate substituent (B,
Bsg, and Lg). The base equation also contains all potential cross-
terms between the Sterimol parameters for both the substrate
and ligand to examine potential synergistic relationships. A
backward stepwise regression was performed, removing terms
and optimizing the model based on f-tests of statistical
significance for the model and p-tests for the individual
coefficients.® The result of this regression is a simplified model
shown as eq 2.

48 Variation in
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AAG* = 20 + aB, + bBy + Ly + dBys + fBss + gL
+ hBy Big + iBy Bss + jBy Lg + kBg Byg
+ mBg; Bsg + nBg; Ly + oLy B;g + pL; By

+qLLg (1)
AAG* = —2.19 + 1.47B,, + 0.94B,; — 0.27B,, B
— 0.09B,; Bg )

The dimensionality of eq 2 does not allow visualization by
graphical means, but a plot of experimentally measured values
for enantioselectivity, as well as those predicted by eq 2, is
depicted in Figure 2c¢ and demonstrates a high correlation
between model and the experimentally observed enantio-
selectivity, with R* = 0.88. The model also passes the f-test at a
95% confidence level. The training set employed 30 unique
ligand—substrate combinations, and the model is capable of
describing the variation of these data using only five terms. The
main characteristics of the model demonstrate the importance
of the B, parameter on enantioselectivity. Large positive
coefficients for B, are observed in the substrate and ligand
dimensions. The two cross-terms are interesting. The B;;Big
cross-term has a negative coefficient, indicating a small but
negative effect on enantioselectivity. A possible explanation for
the negative Bj; Bjg steric effect is that the rate of reaction is
decreased significantly when larger groups are present in both
substrate and catalyst, which might magnify the effects of less
selective background reactions eroding the observed enantio-
selectivity. The final cross-term is the B Bsg term, indicating
that enantioselectivity is negatively affected, albeit modestly, by
substrates with large By values.

Validation. To evaluate the predictive power of the model
described by eq 2, extensive independent validation was
performed. Two new ligands, L7 and L8, and four new
substrates, $6—S9, were selected to validate eq 2 (Figure 3a).
Each new ligand and substrate was evaluated in combination
with all other substrates and ligands, respectively. The results
are 41 measured enantioselectivities, which were compared
with the values predicted by eq 2. The comparison between the
predicted enantioselectivity and those observed experimentally
for each new ligand—substrate combination is depicted in
Figure 3b. A perfect model would possess a slope of 1.00, where
deviation from unity represents decreasing predictive power for
a model. The slope of 0.98 indicates that eq 2 is highly
predictive. By comparison to the QSAR literature, similar
models are considered predictive when slope values are
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Figure 3. (a) Validation ligands and substrates. (b) Plot of
experimental vs predicted enantioselectivity using the model defined

in eq 2. (c) Table of new substrate and ligand combinations comparing
measured vs predicted enantioselectivity.

between 0.6 and 1.4. The validation set includes eight pairings
of a new ligand and a new substrate. Direct comparison of these
completely interpolative values is shown in Figure 3c and
highlights the efficacy of the model.

The validation substrate set includes racemic 3-methyl-2-
pentanone, which contains a chiral center. Often in asymmetric
catalysis, enantiomers of the substrate interact distinctively with
a chiral catalyst, leading to increased rate for matched
diastereomeric catalyst/substrate pairs and decreased rate for
mismatched pairs. Subjecting S9 to the ketone propargylation
protocol led to equal generation of both diastereomers for all
eight ligands evaluated. This general lack of kinetic resolution
between catalyst and substrate alone is not compelling in a
synthetic setting. However, chiral separation of the product
diastereomers revealed that both were formed with the same
enantiomeric ratio for each of the eight ligands evaluated
(Figure 4). This suggests that the catalyst is not differentiating
the substrate according to the adjacent carbons’ configuration.
Juxtaposed to the lack of diastereomeric resolution is the
predictive power of eq 2, which predicts with reasonable
accuracy the enantioselectivity for this substrate (Figure 4). The
fact that eq 2 is heavily dependent on B, or proximal steric
effects implies that the facial selectivity imparted by the catalyst
is governed by this consequence independent of substrate
chirality, although the steric difference between an ethyl and a
methyl group is modest at best. Mechanistically, these results
may suggest an open transition state, significantly reducing the
number of hypothetical mechanisms of asymmetric induction.

Equation 2 was generated with a training set that included
only methyl ketones, and the resultant model suggests that the
substrate is orienting itself in such a manner to minimize steric
interactions among its larger group and the carbamate
substituent of the ligand. To expand the utility of the model,
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Peak 1 Peak2 Measured Predicted

Ligand dr er er 446° 44G* Error
L1 111 18:82 1882 0.86 0.78 001
L2 11 19:81 20:80 0.83 0.78 0.01
L3 11 14:86  14:86 1.09 0.99 0.01
L4 11 16:84 16:84 1.00 1.03 0.01
LS 11 6:94 694 1.58 1.55 0.01
L6 11 585 595 1.69 1.78 0.01
L7 11 18:82  18:82 0.80 0.78 c.01
L8 11 14:86  14:86 1.10 1.02 0.01
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Figure 4. Evaluation of 3-methyl-2-pentanone (S9).

we evaluated two cyclic ketones, S10 and S11 (Figure 5). To
predict the enantioselectivities for these cyclic ketones, the
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Figure S. Evaluation of cyclic ketones.

existing model was revised to include the calculated Sterimol
parameters for each side of the ketone, and the smaller
substituent parameters were subtracted from the corresponding
larger parameters. For the training set, this equates to the
subtraction of the By, Bs, and L values for the methyl group. A
new model was derived using the difference between Sterimol
values of the substrate, and the only effect is a change to the
coefficient values shown in eq 3.

AAG* = —0.58 + 0.81B, + 0.94B,; — 0.27B, B

— 0.087B,; Bsg (3)

The Sterimol values of the cyclic ketones could then be
calculated and the difference taken and applied to eq 3. Figure 5
depicts the plots of predicted enantioselectivities from eq 3 for
S$10 and the experimentally observed values. The results show
that eq 3 is capable of predicting enantioselectivity with
reasonable accuracy, validating the subtractive model. However,
the predicted enantioselectivities for S11 were much higher
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than observed (Figure S). Evaluation of the predicted versus
measured plot reveals good correlation of the predicted values
but poor accuracy, suggesting that the source of this error is
systematic, with each enantioselectivity being overestimated by
~1 kcal/mol. Because S10 and S11 present similar steric
environments, especially in regard to the B, parameter, we
explored a potential source of this systemic error. The purpose
of this study was to evaluate the steric effects of ligand and
catalyst simultaneously; to simplify the problem, we did not
incorporate an electronic parameter in either our design matrix
or our analysis, even though previous efforts suggest that
electronic effects may be pertinent.*® To examine the potential
electronic difference between these ketones, the carbonyl
stretching frequencies were measured, and a significant
disparity is observed (1733 cm™' for $10 and 1753 cm™ for
S11). The electronic difference between the ketones could be
the source of this large systematic error, and ongoing studies
are focused on the complex analysis associated with these
combined effects.

In conclusion, through the application of Sterimol parame-
ters and multivariate linear regression models, catalyst and
substrate steric effects have been correlated. Extensive
validation of these models resulted in excellent predictive
power. Although this analysis was limited to steric interactions,
the potential for applying a multivariate parametrization
approach to include electronic effects could greatly enhance
the application and breadth of the predictive power. Ultimately,
a substrate scope could be designed using DoE principles to
explore known reaction sensitivities, followed by regression
analysis to generate models capable of predicting the
performance of a wide range of substrates. A substrate scope
defined by a model, rather than the simple or available
substrates often reported, simplifies a key challenge in applying
asymmetric catalysis: knowing how to extrapolate catalyst
performance to substrate types not included in the original
scope evaluation. Not only would this impact the synthetic user
of the method, but the results would likely expose the key
features in the origin of asymmetric induction. These are goals
of our ongoing program.
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