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Abstract

Enantioselective C(sp®)-H bond oxidation is a powerful strategy for installing functionality in
C(sp®)—H rich molecules. Site- and enantioselective oxidation of strong C—H bonds in
monosubstituted cyclohexanes with hydrogen peroxide catalyzed by aminopyridine manganese
catalysts in combination with alkanoic acids has been recently described. Mechanistic uncertainties
and nonobvious enantioselectivity trends challenge development of the full potential of this reaction
as a powerful synthetic tool. Herein, we apply predictive statistical analysis to identify
mechanistically informative correlations that provide valuable reaction understanding and will guide

the development and optimization of new enantioselective C—H oxidation reactions.
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Introduction

The enantioselective oxidation of C(sp®)—H bonds converts readily available and simple
organic frameworks into high added-value and chemically versatile enantiomerically enriched
oxygenated compounds. Notwithstanding, site- and enantioselective C—H oxidation reactions are
challenging transformations due to the presence of numerous aliphatic C—H bonds in organic
molecules and their intrinsic low reactivity that generally require highly reactive reagents operating
via paths seldom compatible with asymmetric catalysis. These challenges render enantioselective C—
H oxidation functionally limited to enzymatic systems and few synthetic catalysts that operate in
substrates containing activated (benzylic!! or a-to-heteroatom!?¢) C(sp®)—H bonds. In this context,
the most promising candidates to develop enantioselective C—H oxidation reactions are iron and
manganese complexes containing tetradentate ligands due to their ability to oxidize strong C—H bonds
in a stereospecific manner.1’-20

Traditional optimization protocols in stereoselective oxidation reactions often mimic aspects
of high-throughput experimentation (HTE) techniques, a resource-intensive and time-consuming
method. In this regard, systematic modification of the properties of the species involved in the system
can be regarded as an alternative strategy for reaction optimization which—using a simple trial and
error approach—has found use in asymmetric epoxidation?! and C—H oxidation reactions®? developed
with this type of catalysts. While in some instances satisfactory performance has been achieved from
these approaches, limited mechanistic information regarding the factors controlling the activity and
selectivity has been attained. Identification of these factors has allowed some degree of predictability
in the site selectivity of C-H oxidation reactions, an aspect that represents a paradigm shift in the
standard logic of organic synthesis.?® 2* In this context, statistical modeling tools can afford
mechanistic interpretability and simultaneously identify better performances from collected datasets.
Such an approach has been successfully implemented in a wide range of catalytic asymmetric
transformations, accelerating reaction optimization while meticulously designing new improved
catalytic performers through predictive modeling.?> 2 We envision that the use of these in silico
modeling tools can overcome the limitations of traditional optimization methods so far employed in
C—H oxidation catalyst development, and thus may grow the potential of this reaction by unraveling

the key parameters impacting yield and selectivity.
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Figure 1. A) Model reaction studied in this work. B) Representative example demonstrating the importance of chiral
cyclohexanones for the synthesis of a pharmaceutically approved drug. C) Proposed mechanism for the desymmetrization
of substituted cyclohexanes via enantioselective oxidation of nonactivated methylenic units catalyzed by Mn complexes.

In this context, we recently reported the site- and enantioselective oxidation of methylenic C—
H bonds in monosubstituted cyclohexanes with H.O- catalyzed by chiral manganese complexes.?
One interesting facet of the reaction is the furnishing of the corresponding ketoamides derived from
the oxidation at C3 of the cyclohexane ring, producing a desymmetrized product with high
enantioselectivity (Figure 1A). Besides being a rare case of site-selective and enantioselective

oxidation of strong C—H bonds, the resulting enantioenriched ketoamides have several diversification
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handles and are important building blocks for the synthesis of bioactive compounds. For example,
product 1 is a valuable intermediate en route to the synthesis of the anticancer agent EPZ-719, a
potent SET domain-containing protein 2 (SETD2) inhibitor (Figure 1B).?’

Enantioselectivities and product yields were found to be quite sensitive to apparently modest
changes in catalyst structure, substrate, and carboxylic acid co-catalyst, with the best results in terms
of enantioselectivity being obtained with N-cyclohexylalkanamides, a sterically encumbered
manganese catalyst ((Mn(OTf)2("""Secp)]) (ecp = N,N'-diethyl N,N"-bis(2- pyridylmethyl)-1,2-trans-
diamino cyclohexane) and cyclopropanecarboxylic acid. The proposed reaction mechanism for this
class of catalysts entails heterolytic cleavage of H-0; in a [Mn'''(OOH)(OCOR)(N4L)]** intermediate
(where N4L stands for a tetradentate ligand such as ""Secp) facilitated by the carboxylic acid, to
generate an electrophilic high-valent manganese oxo carboxylato species, [MnYO(OCOR)(N4L)]?*,
that has been shown to execute Cz—H hydroxylation via a hydrogen atom transfer (HAT)/rebound
mechanism as exhibited by heme and non-heme iron-dependent hydroxylases.?®3! Overoxidation of
the first formed alcohol moiety to the corresponding ketone eliminates the stereocenter at C3, but the
product remains chiral because of the initial desymmetrization that uncovers a remote chiral center
at C1 (Figure 1C).

Herein we implement a data-driven workflow to understand the basic principles governing
this reaction class. Leveraging the structural modularity of the species involved in the model reaction,
we expanded the initially reported experimental data set and built parameter libraries for the
carboxylic acids, substrates, and catalysts.’® The new dataset was designed based on common
chemical modifications involved in conventional empiricism-driven optimization routes in
asymmetric C—H oxidation reactions.?® 32 3 Using fundamental principles of physical organic
chemistry in combination with modern data science tools, we identified the parameters controlling
the product yield and enantioselectivity with demonstrated predictive ability. The statistical models
provide useful mechanistic information and significantly contribute to reaction comprehension. We
envision that guidelines derived from this work can be generalized and successively employed to

develop new asymmetric C—H oxidation reactions.

Statistical model of the carboxylic acids

Given the well-established importance of carboxylic acids in governing reactivity and
imparting selectivity in these asymmetric oxidation reactions,? we first sought to understand which
structural features of these co-ligands underpin performance. Therefore, an extended array of
carboxylic acids differing in electronic and structural properties were tested by taking the previously

investigated oxidation of N-cyclohexylpivalamide (S1) catalyzed by [Mn(OTf)2("">mcp)] (mcp =
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N,N'-dimethyl N,N"-bis(2- pyridylmethyl)-1,2-trans-diamino cyclohexane) as the model reaction.?°

As depicted in Figure 2, the yield of N-(3-oxocyclohexyl)pivalamide (P1) oxidation product is
markedly affected by acid choice, resulting in yields ranging from 0 to 90%. Enantioselectivities also
span a relatively wide range (33-86% ee), but are prominently clustered towards moderately high
values (78-86% ee).
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Figure 2. Enantioselective desymmetrization of substrate S1 using different carboxylic acids. Yields and
enantioselectivities (in parenthesis) determined by GC. n.d.: not detected. 2 Previously reported data.?’

Observing this clustered output, we chose to deploy classification algorithms to identify which
features correlate with performance. Towards this goal, molecular features were collected by initially
performing a conformational search on each of the carboxylic acids using Macromodel; each
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conformer was subsequently optimized at the DFT level (B3LYP/6-31G(d)) with single point energy
corrections (M06-2X/cc-pVTZ). To account for the parameters derived from the most populated
conformers, all descriptors from DFT-computed conformers were Boltzmann-averaged at 233 K
based on their relative energies. Additionally, using the collection of conformers the maximum,
minimum, and low-energy-conformer values for each descriptor were extracted, generating a library
of over 600 molecular descriptors (See workflow in the Supporting Information, Scheme S1).

We found that the use of logistic regression—a probability-based regression algorithm that
can provide insights into binary classifications for moderately sized data sets—allowed identification
of the key structural features of the acids enabling high efficiency by defining the probability that a
given carboxylic acid will provide a high product yield in the oxidation of S1 (20% yield threshold).>*-
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Figure 3. Logistic regression modeling for the enantioselective desymmetrization of substrate S1 based on the carboxylic
acids displayed in Figure 2. The acid data set was partitioned using the Kennard-stone split method into 80:20
training:validation set. Black and white points denote active and inactive acids, respectively (20% yield threshold). Red
and blue denote active and inactive chemical space, respectively. Dashed lines denote 25% and 75% probability that a
certain acid will be active. The solid black line denotes a 50% probability that the acid will be active. Probability = 1/(1
+e7)

The resulting logistic regression model with a decision boundary of 50%, along with statistical
model performance metrics and selected validation predictions, is shown in Figure 3. The model
provides satisfactory levels of accuracy, precision, and f1 score for the training set while maintaining
robust performance on the validation set. The coefficients and parameters of the logistic regression
model, namely NMRc1 max (the maximum value of the NMR shift of the carbonyl carbon of the acid)
and the %Vour min (the minimum buried volume of the acid substituent at 6.5 A from the a.-carbon)
provide useful insights into the influence of the carboxylic acid co-ligand on the reaction outcome.
Among electronic descriptors, NMRc1 max Was found to be an appropriate molecular descriptor for

predicting the efficiency of the acids. The negative value of the coefficient indicates that the
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probability that the P1 yield will experience erosion increases as the electron-withdrawing character
of the acid increases. For instance, the probability that the simple acetic acid provides a P1 yield
lower than 20% is severely reduced by 90% when incorporating strong electron-deficient groups such
as CFs (A2) and CN (A7) at the a-carbon. We reasoned that electron-rich acids would better
coordinate to the Mn center facilitating the heterolytic cleavage of H,O2, while stabilizing the
electrophilic [MnYO(OCOR)(N4L)]?* species.®’

The negative coefficient of %Vour min Suggests that bulky carboxylic acid co-ligands are
deleterious to the reaction. For instance, substituting acetic acid (A1, for which %Vbur min = 6.6) for
cyclohexanecarboxylic acid (A26,%Vour min =14.6), the likelihood that the system provides a P1 yield
higher than 20% is reduced by 42%. Likewise, using bulky carboxylic acids such as A23 (%Vour min
= 16.8) and A25 (%Vpur min = 17.4), significantly increases the probability (by 80-84%) of lowering
the yield of P1 below 20%. It is reasonable to consider that the increase in co-ligand size significantly
reduces catalyst pocket free space, limiting accessibility to the manganese oxo unit for the incoming
substrate. However, it is important to mention that the lack of P1 formation when using branched
carboxylic acids may be also explained in terms of competition between the intermolecular amide
substrate oxidation and intramolecular directed oxidation of carboxylic acids.!’” For instance, 4-
methylpentanoic acid (A10) bearing a tertiary »~C-H bond, undergoes intramolecular j-lactonization
generating 5,5-dimethyl-dihydro-furan-2-one, and this completely overrides the intermolecular
oxidation of S1. Although such analysis provides evidence that the size of the acid clearly impacts
reaction output, as noted by the model equation, the interplay of both terms is not inconsequential.
For instance, the likelihood of obtaining a reaction output of >20% yield increases from 64% to 96%
when using a bulky and electron-rich co-ligand such as pivalic acid (A27), compared to that predicted
for the smaller and electronically deactivated methoxyacetic acid (A6). Finally, the steric properties
of the acids do not have a clear significant positive impact on enantioinduction, in contrast to some
asymmetric C-H oxidation?? and oxygen transfer reactions,® although the electronics of the acid seem

to have an important role.

Statistical models of the substrates

Having established the optimal conditions for the desymmetrization of substituted
cyclohexanes that comprise the use of (S,S)-Mn(OTf)("""Secp) as the catalyst and
cyclopropanecarboxylic acid,?® we explored a series of substrates differing in electronics and sterics.
This combination provides improved yields and enantioselectivities with respect to the (S,S)-
Mn(OTf)2("""mcp)-acetic acid couple. 2° As shown in Figure 4, the yields and enantioselectivities

obtained in the desymmetrization of a series of monosubstituted cyclohexanes are strongly dependent
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on the nature of the substituent. Considering that substrate conformation may have an important role
in determining the selectivity in asymmetric C—H oxidations, the substrate structure was subjected to
conformational search followed by geometry optimization by DFT calculations to generate a library
of over 130 molecular descriptors. Following the previously described workflow, the parameters
derived from the most representative populated conformers at 233 K were extracted.

The measured enantioselectivity was converted into AAG* using the Gibbs energy equation
(AAG* = -RTIn(e.r.)) where T represents the reaction temperature, R denotes the gas constant, and
e.r. the enantiomeric ratio collected from each catalytic assay. Using AAG* as a reaction outcome
allowed us to model the differential energy between the minor and major diastereoisomeric pathways
involved in the presumed HAT enantiodetermining step.
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- ﬁ g Z > _Mn ‘
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Figure 4. Oxidation of different substituted cyclohexane derivatives selected for the training set. Ee’s determined by GC
or SFC-HPLC with chiral stationary phase. ? Previously reported data.?® ° Reaction done with (S,S)-Mn(OTf),("""Secp)

(1 mol%) and acetic acid (17 equiv.).

The enantioselectivity range observed in the data set varied widely from 5 to 96% ee, which

enables interrogation of the system using multivariate linear regression (MLR) modeling. A larger
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range of AAG* data improves the modeling outcome, thereby aiding the identification of privileged
properties of the ring substituents that predictably impart high levels of enantioselectivity. The full
data set comprised of 18 data points (S1-S18) was partitioned using the y-equidistant split method
into 80:20 training:validation set. The library of molecular descriptors extracted from substrates S1-
S15 was used for model building (Figure 4), and those from S16-S20 substrates were used to test the
model (Figure 5).

After an iterative process using a forward stepwise linear regression algorithm, potential two-
parameter models including steric and electronic molecular descriptors on the cyclohexane
substituent were generated. These models were selected based on common statistical metrics such as
R?, leave-one-out (LOO), and k-fold. Notably, a two-parameter model with good statistical fidelity
was identified (Figure 5). The model contains an electronic term that describes the Boltzmann-
weighted partial charge of the atom connected to cyclohexane (ChelpGr goitz), and the Sterimol
parameter that describes the minimum width of the R group at 2 A along the C1-R axis among all
conformers (Sterimolci-r Bmin).

The ChelpGr soitz term carries the larger coefficient (-0.47) of the equation and suggests that
the electronics of the substrate dominate enantioinduction. The negative correlation with selectivity
suggests that higher negative charge buildup is directly correlated with increased enantioselectivity.
The ChelpGr golitz Value calculated on the N of amide S1 (-0.846) is comparatively different from that
calculated on the O of ester analog S2 (-0.471) and captures the significant variation in
enantioinduction determined by the two groups. Analogously, the erosion in ee observed when
decreasing the Lewis basic character of the amide nitrogen (direct comparison between S7 (-0.833)
and S14 (-0.720)), or by appending an electrophilic carbon atom (substrates S5 (0.660) and S6
(0.536)) is described by the model.

In addition, the Sterimolcir smin term is directly correlated with enantioselectivity, which
highlights the importance of substrates bearing bulky substituents near the cyclohexane ring to
increase the interactions with the chiral catalyst pocket. Overall, this predictive model explains well
the role of the bulky amide substituents and the reduced enantioselectivities obtained when using
smaller and/or stronger electron-withdrawing substituents.

Internal validation techniques (k-fold = 0.75 and R?peq = 0.83) indicated a statistically robust
model. The model was predictive with an average prediction error (MAE) of 0.26 kcal/mol. We then
evaluated two new out-of-sample substrates not included in the initial data set. The predicted reaction
outputs of the bulky ester (S19) and aromatic amide (S20) were satisfactory, albeit with a maximum
MAE of 0.43 kcal/mol (Figure 5).
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Figure 5. A) Validated multivariate linear regression with out-of-set predictions plotted. MLR model identifies the key
features of the substrate for enantioinduction. B) Prediction of substrates not included in the training set. # Previously
reported data.?’ Despite the clear univariate correlation between the experimentally observed AAG* values and the specific
partial charge (CHELPG) centered on carbon C3 of the substituted cyclohexane substrate, statistical two-parameter
models based on CHELPG values were discarded due to their poor predictability capability (See Sl section 9). We

therefore focused our attention on the molecular description of the cyclohexane substituent.

Statistical models of the catalysts

Intrigued by the catalyst-dependent activity observed in our initial exploration of the reaction
space,? and driven by the importance of identifying the key catalyst structural features enabling high
yields and enantioselectivities, we next sought to apply similar data science tools to understand the
structure function relationships imparted by catalyst structure. Molecular descriptors were collected
from a single conformer of catalytically active [(MnYO(OAC)(N4L)]?* species, where the lone pair of
the carbonyl group of the n'-acetate bound ligand holds a weak O---O interaction with unpaired p
electron density of the oxo ligand. Previous studies on iron® and manganese*® 4! catalysts
demonstrated that such an interaction energetically stabilizes the active species, and thus enables
HAT reactivity.2% 3140, 42

We initially focused on studying the effect of the chiral diamine backbone. For this purpose,
different Mn catalysts based on the N N’-dialkyl-trans-1,2-cyclohexanediamine backbone but
differing in the nature of the N-alkyl group were tested in the reaction of S3, and product yields
correlated with selected molecular descriptors. Analysis of the %V centered on the oxygen atom

of the oxo revealed that as the size of the N-alkyl group increases, the %V gradually increases and
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correlates well with the observed drop in catalytic turnovers and selectivity (Figure 6). As is also
evidenced by the optimized geometries, the incorporation of bulky groups in the backbone

significantly restricts the accessibility to the Mn=0 unit.

Yj 2* Yj 2% Yj 2% N~ BES
N Sl‘( N S|_< N SI_< N SI‘(
()0 Bfe ﬁk Bl
N S ~ a N
N, S Nl o~ ..N%\o—( AN, 2EE
Az UM Vsl n< 7_Mn_ 72Mn
m_NV ' <o o m e l SO o m—N; l SO o m_Nr ' ~Or
N > N 2 > N o > N >
S 5A S 5A S 5A 5A
l ~ 3— k(//L 3— Vkﬁxj\ 3— 7< l ~ 3—
X X X X
[MnVO(OAC)("PSmcp)]2* [MnVO(OACc)(TPSecp))?* [MnVO(OAC)(MPScpep)] [MnVO(OAC)(TPStBucp)]?*
53 (44% ee) 51 (43% ee) 32 (32% ee) 8 (rac)
%Vbur = 59% %Vbur = 62% %Vbur = 66% %Vbur = 70%

Figure 6: %V, values calculated for different catalysts varying the size of the chiral diamine backbone. The product
yield and enantioselectivity (in parenthesis) in the oxidation of S3 are shown for comparison. Reaction conditions: (S,S)-

Mn catalyst (1 mol%), acetic acid (17 equiv.), H2O2 (3.5 equiv.) in acetonitrile at 233 K.

We anticipated that an expanded data set where the electronic and steric properties of the
catalyst are systematically modified would facilitate effective comprehension and prediction of
reaction outcomes. To this aim, a data set was therefore constructed by modifying the pyridine moiety
of the tetradentate ligand, using the simple chiral pdp (pdp = N,N'- bis(2-pyridylmethyl)-2,2'-
bipyrrolidine), mcp and ecp backbones. S1 was employed as the model substrate using
cyclopropanecarboxylic acid as co-catalyst under standard reaction conditions. The screen
demonstrates that the yield as well as enantioselectivities are sensitive to the nature of the Mn catalyst,
providing enantioselectivities ranging from 24 to 90% (Figure 7). Comparatively, catalytic activities

using acetic acid follow a similar trend, and the enantioselectivities experience small variations.
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Screening of catalysts
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Figure 7. Enantioselective oxidation of S1 with different catalysts. Reaction scope: substrate (25 mM) and Mn catalyst
(2 mol%) using acetonitrile as a solvent and cyclopropanecarboxylic acid as co-ligand at -40 °C. H20 (0.9 M in MeCN,
3.5 equiv.) was delivered over 30 min by syringe pump. Product yields were determined by GC from reaction mixtures
using biphenyl as an internal standard. Ee’s (in parenthesis) have been determined by GC with chiral stationary phase.

4Reaction performed at 0 °C.

To build the parameter set, structure optimizations of the [MnYO(OACc)(N4L)]?* species were
performed at the DFT(B3LYP) level with the basis set LANL2DZ and the corresponding
pseudopotential for Mn and 6-311+G(d,p) for the remainder of the atoms, taking into account
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dispersion corrections using Grimme’s GD3BJ algorithm.** #* The energies were further refined by
single-point calculations with the basis set SDD and the corresponding pseudopotential for Mn and
def2-TZVPP for the remaining atoms including dispersion corrections using Grimme algorithm
GD3BJ, wherein a library of 650 molecular descriptors were collected to probe structural properties.

Following the workflow previously described for model building, the iterative process
afforded the combination of structural parameters resulting in the model depicted in Figure 8. The
catalyst data set was partitioned using the Kennard-stone split method into 80:20 training:validation
set. External validation techniques (k-fold = 0.85 and RZ%yeq = 0.81) indicated a statistically robust
model. In addition, the change of the training/test splitting method did not impact the model equation
(Figure S4). Among the best models obtained in the iteration process, the presented model was
selected based on the statistical scores and predictability. The appearance of related parameters
among the series of most successful models indicates that we have identified the global operating
components of this class of tetradentate chiral manganese catalysts through our workflow (Figure
S5). However, since all of them combine structural parameters, the interpretability of a singular model
does not affect the overall chemical understanding of the reaction.

After screening all possible univariate correlations, it was found that the angle (¢) comprised
by the Mn=0 bond and the line connecting the Mn atom and Hs of the pyridine (coplanar with the
Mn=0 vector) moiety pointing towards the oxo (Figure 8) correlates with the experimentally
observed AAG* values (R? = 0.79) (Figure S3). The selected two-parameter model is composed by ¢
and by the Sterimolcs.r term that describes the general steric features of the pyridine unit along the
Cs-Raxis at 5 A. The o descriptor presents the highest coefficient (0.28) and has a positive correlation
with enantioselectivity which suggests that an increase in ¢ has a beneficial effect on
enantioselectivity. The Sterimolcs.r term also has a positive impact on enantioselectivity and carries
a smaller coefficient (0.16). Consistent with other studies, this suggests that the positive effect on
enantioselectivity associated to an increase in size of the substituent at position 5 of the pyridine
moiety results from a restriction of the cone of trajectories available for the incoming substrate to
reach the Mn=0 unit.*®* A second important consequence of the introduction of bulky substituents on
the pyridines is a general improvement in the yield of P1, which can be reasonably attributed to an
increased steric isolation of the metal center, which prevents or slows degradation pathways (Figure
7).
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MLR selectivity model for the catalysts
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Figure 8. Predictive multivariate linear regression with out-of-set predictions plotted. The statistical regression model

from the data displayed in Figure 7 reveals two key features of the catalyst determining enantioselectivity.

The subtle changes in ¢ when modifying ligand architecture, translated into a significant
impact on the observed enantioselectivity. For instance, the slight increase in ¢ calculated by
decreasing the electron-donating character of the pyridine as in [MnVO(OACc)("Me2TPSmcp)]?* (49.1°)
and [MnVO(OAc)("™mcp)]?* (49.4°), or by changing the nature of the chiral diamine backbone as in
[MnVO(OAC)("PSecp)]** (49.9°, are in line with the observed increase in ee. As a result, the
description of the system based on ¢ values correlates well to the effect of electronic and structural
modification of the catalyst with good predictivity (MAE of 0.09 kcal/mol).

The impact of the electronic properties of the catalyst on the enantioselectivity in the currently
studied reaction deserves discussion. Previous studies on asymmetric olefin epoxidation
demonstrated that the systematic increase in the electron density of the Fe and Mn complexes, ! 37:46
led to a notable improvement in enantioselectivity: the less electrophilic the metal-oxo species, the
closer the olefin is to the chiral pocket of the catalyst in the transition state (TS) consistent with the
Hammond postulate.” ¢ Moreover, the catalytic activity was also improved, an aspect that was
interpreted as a result of a more effective push effect that assists H.O, activation.*® The electronic
dependence observed in our system (Figure 7) contrasts with those observed in oxygen atom transfer
reactions. To understand this phenomenon and to complement the interpretation of MLR modelling,
we undertook computational studies of the TS structures for the [MnVO(OAc)(pdp)]** and
[MnVO(OAC)("Me2pdp)]?* species undergoing HAT from the axial Cs—H bond of the model substrate
S1, the enantiodetermining step.?’ Previous studies performed in fluorinated alcohol solvents
demonstrated that hydroxylation at this bond dominates over that at the equatorial C3-H, and that the
former is associated to a significantly higher enantioselectivity in the hydroxylated product.??

Therefore, we proceeded under the assumption that for all catalysts the generation of the chiral axial
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C3-OH hydroxyamide is the primary pathway prior to the formation of the final ketoamide product.
All possible conformations of reactant complexes bearing the axial Cz-H bond pointing towards the
Mn oxo unit were searched using Macromodel. The most representative 30 geometries were selected
based on the minimum Kelly Penalty score. The ensemble of structures generated were optimized at
the B3LYP-GD3BJ/6-31G(d,p)(Mn-LANL2DZ) level with B3LYP-GD3BJ/def2-
TZVPP/SMD(MeCN) single-point energy corrections. Interestingly, despite starting from different
initial structures, the most stable reactant complexes within 2 kcal/mol feature a common weak
interaction between the substrate and the diamine backbone. The lone pairs of the amide carbonyl
group on S1 interacts with methylenic a- to N C—H bonds of the pyridine arm and pyrrolidine ring of
the catalyst (Figure 9).22 The acidity at these sites are likely enhanced as a result of the binding of the
metal center to the amine N atoms. Such an interaction significantly stabilizes the reactant species
and contributes to locating the two axial enantiotopic C3—H and Cs—H bonds in a privileged position
for HAT to the Mn=0 unit by positioning the bulky amide group opposite to the carboxylate co-
ligand.

The irreversible nature of the HAT step, leading to a carbon-centered radical prior to the
formation of the hydroxylation product, supports the hypothesis that the reaction enantioselectivity
is imparted in this step.?° Interestingly, the main differences of such structures can be identified by
analyzing the positioning of the substrate in the catalyst pocket. In the TS structure of the reaction
with [MnYO(OAC)(pdp)]?* that leads to the formation of the major enantiomer® (TS™°"), the amide
group of the substrate interacts with the methylenic a- to N C-H bonds of the ligand, and the targeted
axial Cs-H bond points toward the Mn=0, promoting the rotation of the carboxylate co-ligand (O:-
Mn-O2 angle of 66.1°) (Figure 9). Similarly, in the corresponding TS leading to the minor enantiomer
(TS™oN) the interaction of the substrate with the carboxylate co-ligand slightly increases (O1-Mn-O2
angle of 70.3°), which may result in a modest destabilization of TS™"" (0.43 kcal/mol higher in
energy than TS™4°") while maintaining the H-bonding with the amide group. Interestingly, such an
energy difference is in good agreement with both experimentally measured (AAGexp = 0.42 kcal/mol)
and predicted values by the MLR model (AAG*mir = 0.35 kcal/mol). The computed lengths of the
O-H and C—H bonds that are formed and cleaved in both diastereocisomeric TS structures are 1.75

and 1.13 A, respectively, indicative of reactant-like TSs.
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AG?* = 0.43 kcal/mol AG? = 0.34 kcal'mol

Figure 9. Optimized transition-state (triplet state) geometries of [MnYO(OAc)(pdp)]?** (A) and
[MnVO(OACc)(NMe2pdp)]?* (B) for axial Cs-H and Cs-H oxidation of substrate S1. Geometries at the top
correspond to the formation of the major enantiomer (TS™°) while those at the bottom refer to the minor
enantiomer (TS™""), The CH,---O=C and Mn=0---H-C bond distances are shown.

Analogously, TS structures computed for the reaction with [MnVYO(OAc)(NMe?pdp)]?*
resemble those obtained with [MnVO(OAc)(pdp)]?*. The difference in activation free energy between
these systems is 0.34 kcal/mol, close to that measured in the catalytic assays (AAG*ep = 0.24
kcal/mol) and predicted by the MLR model (AAG*wLr = 0.23 kcal/mol). Interestingly, compared to
the corresponding reaction with [MnVO(OAc)(pdp)]?*, the length of the C—H bond that is cleaved
remains virtually unaffected (1.13 A). Additionally, the O—H bond that is formed is shortened likely
due to the lower reactivity of the [MnYO(OAc)(NMe2pdp)]>* species in executing HAT.
Simultaneously, the H-bonding interactions between the carbonyl group of the amide substituent with
distances of 2.25 and 1.99 A (TS™°"), and 2.25 and 2.01 A (TS™"°") become weaker as a result of the
increased electron density determined by the tetradentate ligand that presumably renders the a-N C—
H bonds engaging in H-bonding less acidic. As expected, the calculated ¢ in the TS™°" of
[MnVO(OAC)("Me2pdp)]?* (47.8°) is lower than that calculated for the [MnVO(OAC)(pdp)]?* (48.4°)
system, which matches what the MLR model would predict for this less enantioselective catalyst.

Interestingly, analysis of the TS structures suggests that the enantioinduction may not be
directly correlated to the position of the TS of the HAT event in the reaction coordinate of the free
energy landscape, in contrast to what has been proposed in oxygen atom transfer reactions,?? 37: 38 46-
48,50 supporting the hypothesis provided by the MLR model that electronic and steric decoration of
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the system translates into subtle structural changes of the catalyst, which are directly connected to
enantioinduction.

It should also be considered that the H-bonding between the carbonyl lone pair of the
incoming substrate and the relatively acidic sites of the catalyst may also contribute to positioning
the substrate to collect such changes. The relative importance of this is expected to increase with
increasing catalyst electron deficiency and basic character of the substrate carbonyl group. These
observations are reconciled with the erosion of enantioinduction observed in substrates bearing
ketones, esters, and electron-poor amide substituents, which are less Lewis basic than the amide
analogs.?’ Such an effect is connected to the dominant electronic term of the MLR model for the
substrates. Previous results on enantioselective non-directed hydroxylation of tertiary C(sp®)-H bonds
also demonstrated that enantioselectivity is highly sensitive to the position of the carbonyl
functionality along the cyclohexane substituent, which affects the establishment of H-bonding
interactions.?? In both scenarios, the increase of the H-bonding capability enforces the interaction of
the incoming substrate with the chiral pocket, which likely affects enantiodiscrimination.

It also seems plausible to consider that the enhanced H-bonding behavior derived from the
Lewis basic character of the amides plays a directing role in inducing the high site-selectivity for Cs-
H oxidation.?’ The beneficial effect of this directing role is complementary to the non-covalent
interactions established with the bulky trialkyl silyl groups, which synergistically contribute to the
destabilization of TS™"" 22 This effect is well-collected by the Sterimolcs.r term of the catalysts
model, which may be important for enantioinduction in substrates lacking a carbonyl moiety at C1
such as S3 and S4.

Conclusions

In summary, statistical and computational methods enable identification of the key parameters
controlling both product yield and enantioselectivity in the desymmetrization of cyclohexane
scaffolds via oxidation of methylenic units with chiral manganese catalysts. Based on an extended
experimental dataset, internally validated models for carboxylic acids, substrates and catalyst have
been developed. The logistic regression model for the acids identifies that small and electron-rich
acids maximize the probability of providing a high reaction yield. The predictive MLR model found
for the substrates correlates basicity and size of the cyclohexane substituents with enantioselectivity.
The predictive model obtained for the catalysts constructed based on parameters of the Mn-oxo
carboxylato reactive species shows that enantioinduction responds to structural changes of the
catalysts, determined by both electronics of the pyridine moiety and nature of the diamine backbone.
We anticipate that this data-driven workflow will provide confidence to extrapolate this methodology
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to the analysis of other asymmetric C-H oxidation reactions, representing a valuable predictive

platform for guiding reaction optimization and mechanistic interrogation.
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