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ABSTRACT: Optimization of the catalyst structure to simulta-
neously improve multiple reaction objectives (e.g., yield,
enantioselectivity, and regioselectivity) remains a formidable
challenge. Herein, we describe a machine learning workflow for
the multi-objective optimization of catalytic reactions that employ
chiral bisphosphine ligands. This was demonstrated through the
optimization of two sequential reactions required in the asymmetric
synthesis of an active pharmaceutical ingredient. To accomplish
this, a density functional theory-derived database of >550
bisphosphine ligands was constructed, and a designer chemical
space mapping technique was established. The protocol used
classification methods to identify active catalysts, followed by linear
regression to model reaction selectivity. This led to the prediction
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and validation of significantly improved ligands for all reaction outputs, suggesting a general strategy that can be readily implemented
for reaction optimizations where performance is controlled by bisphosphine ligands.

B INTRODUCTION

Transition-metal-catalyzed organic reactions are essential to the
synthesis of pharmaceutical, agrochemical, and fine chemical
ingredients. For many such reactions, performance is controlled
by the structural features of the auxiliary ligand attached to the
transition metal. The relationship between the chemical
structure of the ligand and the behavior of the catalyst is
typically difficult to decipher intuitively.'~* Consequently,
reaction optimization is a resource-intensive, trial-and-error-
based campaign. Data science tools have recently emerged to
streamline this effort through the development of methods to
relate the chemical structure to function.”” In particular, the
calculation of descriptors has evolved to incorporate diverse,
refined properties,” which can be scaled to produce data-
bases.'’~"* The resulting descriptors can then be fed into a range
of data science workflows to optimize a particular objective such
as the yield, reaction rate, regioselectivity, or stereoselectivity.
These workflows include machine learning (ML) algorithms
such as multivariate linear regression (MLR) to regress the
structure to function,"® classification tools to explore reactivity
cliffs,"* and dimensionality reduction techniques to map the
chemical space to visualize reactivity patterns.”’>~'" More
sophisticated algorithms can also be employed to explore the
multi-dimensionality of reaction optimization including the
exploitation of Bayesian optimization tools."*™*" However, a
limited effort has thus far been reported for the simultaneous
optimization of multiple objectives in homogeneous cataly-
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sis.”' 7" This is an underlying challenge in organic chemistry as
high performance in one objective (e.g, yield) does not
necessarily correlate with the desired performance in another
(e.g., stereoselectivity).

The challenge of multidimensional optimization is exempli-
fied in catalytic asymmetric reactions, and the most impactful
ligand class in this reaction category is undoubtedly bidentate
organophosphorus ligands (Figure 1A). This is highlighted by
the >50 year evolution of chiral bisphosphines as privileged
ligands in asymmetric catalysis. This effort has led to an
exceptional range of ligand scaffolds that have had a tremendous
impact on the synthesis of molecules for the treatment of human
disease. Following seminal examples such as DIPAMP*’ and
DIOP,*' diverse structural motifs have been introduced that
include axial chirality and ferrocenyl backbones as well as
phospholane rings as seen in BINAP,”> Josiphos,”® and
DuPhos,”* respectively. Additionally, various C,-symmetric
biaryl ligands such as MeO-BIPHEP*® and Segphos®® have
seen widespread application. The evolution of ever more
structurally complex motifs has paralleled the vast utilization of
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A. The evolution of chiral bisphosphine ligands
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Figure 1. (A) The evolution of chiral bisphosphines has led to the development of numerous high-performance ligands with diverse structural motifs.
(B) We report a multi-objective workflow for catalyst optimization. This consists of initial experimental data collection followed by the combined use
of classification and linear regression supervised ML models, chemical space-based data curation, and virtual screening to identify ligands with superior

performance.

these ligands in diverse reactions operating with unique metal—
ligand coordination structures. However, the myriad of
accessible structures is also a challenge for optimization
campaigns where one may find the requisite reactivity but not
high stereoselectivity (or vice versa).

How one navigates this traditionally difficult multi-optimiza-
tion problem has inspired us to develop a workflow to
synchronously improve the yield and selectivity by sequentially
using ML tools to analyze experimental data (Figure 1B). The
workflow consists of three key stages: (1) use of classification
algorithms to assess reactivity (i.e, conversion or yield), (2)
MLR to evaluate selectivity (regio- and/or stereoselectivity),
and (3) virtual ligand screening to predict both reactivity and
enhanced selectivity. Ultimately, this process de-risks subse-
quent experimental testing of extrapolations by modeling
multiple objectives’” and through the use of a chemical space
analysis technique to understand the domain of applicability for
a given model. This study encompasses the culmination of
multiple data science tools and molecular featurization
techniques that have been developed by our group and others.

We showcase this workflow in the optimization of two
consecutive steps on the route to the synthesis of an active
pharmaceutical ingredient (API) for the treatment of asthma:*®
a Pd-catalyzed Hayashi—Heck reaction®”* and a Rh-catalyzed
alkene hydroformylation reaction. The successful implementa-
tion of this strategy was enabled by the construction of a density
functional theory (DFT)-derived descriptor database of >550
bisphosphine ligands and the development of an interpretable
chemical space mapping technique. Stringent purity require-
ments for APIs and the high cost of chromatographic
purification on a multi-kilogram scale demand that catalysts
used in process chemistry routes impart exquisite chemo-,

1

stereo-, and regioselectivity coupled to a high-yielding reaction.
This endeavor succeeded in identifying ligands that furnished a
simultaneous and significant improvement of all objectives—
yield, stereoselectivity, and regioselectivity—to improve the
scalability of the current route to the APL. More generally, we
showcase how the multi-objective workflow can be successfully
applied to reactions using different transition metals that require
distinct bisphosphine ligands to be effective. This large virtual
library and the requisite data processing scripts developed for
this study have been made publicly available, significantly
enabling practitioners in the academia and industry to shorten
timelines for catalyst optimization campaigns where perform-
ance is controlled by bisphosphine ligands.

B RESULTS AND DISCUSSION

Bisphosphine Virtual Library Construction and Visual-
ization. As our catalyst optimization would rely on calculated
ligand features, a comprehensive descriptor library was
constructed incorporating bisphosphine ligands that are
commercially available or prevalent in the literature, along
with synthetically accessible derivatives (>550 ligands including
>200 that are commercially available). This database was
inspired by seminal contributions from Fey and co-workers.*"**
We set out to construct a bisphosphine descriptor library that
would be applicable to reactions with varying ligand
coordination environments. The resulting parameters needed
to be comparable across bisphosphine ligand scaffolds with
varying symmetries (C,, C,, etc.) so that disparate bisphosphine
ligands could be meaningfully compared. Additionally, ligand
enantiomers would require specific parameters to allow
prediction of their performance on chiral substrates.
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With these challenges in mind, quantum mechanical methods
were used to calculate the geometries and descriptors for a wide
range of bidentate organophosphorus ligands using a square
planar [ligand]PdCl, complex as the model system (Figure
2A).*" We have previously used a similar strategy with pyridine—
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Figure 2. (A) Workflow for the calculation of ligand parameters.
Conformational ensembles for the [ligand]PdCl, complexes were
generated using molecular mechanics. Selected conformers were then
optimized using DFT, and parameters were obtained from the resultant
structures. (B) Selection of calculated ligand parameters. Parameters
can be categorized as being electronic, geometric, and steric in nature.

oxazoline ligands and found that parameters could be effective in
models for reactions that use other transition metals.** The
computational workflow included a molecular mechanics-based
method to generate conformations of the model complex, which
were subsequently optimized using DFT. Steric, electronic, and
geometric parameters such as those shown in Figure 2B were
collected from the DFT-optimized structures of both the Pd
complex and the ligand without PdCl,.**®

Of particular importance, parameters were required to reflect
quadrant-specific descriptors for ligands containing different
symmetry elements. To illustrate this, one may consider the
percent buried volume (V) of the northwestern quadrant*’~*’
for a C,, symmetric ligand such as Xantphos (Figure 3). For
these symmetric ligands, all four quadrants are symmetry
equivalent. However, the optimized ground-state geometries are
often significantly distorted out of C,, symmetry, and as a result,
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Figure 3. Symmetry-adapted parameters were required to effectively
compare disparate ligand backbones. This process is illustrated for the
quadrant-specific percent V. of a C,, symmetric ligand.

the quadrant buried volume parameters are not equivalent. This
apparent contradiction of symmetry-equivalent quadrants with
markedly different parameter values can be understood by
considering the ligand’s conformational equilibrium—applying
the two symmetry operations of the C,, point group (a C,
rotation and a 6y, reflection) produces degenerate conformers of
Xantphos (Figure 3).”° As each quadrant can access four
different degenerate conformations, we report the minimum,
maximum, and average values of the symmetry-equivalent
quadrant-specific parameters. Analogous symmetry consider-
ations were applied to ligands of the C; and C, point groups (see
the Supporting Information for further discussion). This
parameterization process enabled the effective comparison of
disparate ligand backbones.”"

While the parameter library was computed using [ligand]-
PdCl, complexes, its applicability to non-Pd-catalyzed reactions
warrants further reflection. Given the significant computational
cost of re-calculating this library for each transition metal
commonly used in homogeneous catalysis, this PdCl,-based
library is intended to be generally applicable. We posit that this
will be the case for a given reaction if the following two criteria
are met. First, any errors in the parameter values (i.e., differences
between the PdCl, complex and the catalytically active species)
are systematic. Second, if a parameter is not reflective of the
catalytically active species (ie., has frequent non-systematic
errors), it will not be correlated with the observed reaction
outcome.”

After descriptor library construction, we turned our attention
to the visualization of the ligand parameter space (Figure 4). For
many virtual molecular libraries, chemical space representations
are generated using dimensionality reduction techniques such as
principal component analysis (PCA).”"****">* This results in a
graphical depiction of the property space in which the proximity
of ligands reflects their similarity. A potential drawback of such
dimensionality-reduced maps, especially those encompassing
numerous descriptors, is that their axes can be inherently
challenging to interpret, as is the case for our bisphosphine
descriptor library. Therefore, we set out to develop a chemical
space representation that would include more readily interpret-
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A. 3D chemical space maps
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Figure 4. (A) A chemical space plot was generated with three axes that separately reflect the ligand sterics, electronics, and geometry. (B) Three cross-
sections (steric/electronic, geometric/steric, and geometric/electronic) are used to compare ligands L1—L4.

able axes akin to a classical Tolman map,”* while also
incorporating multi-dimensional information of modern PCA
plots. To accomplish this, parameters were selected from
recognizable bins: steric, electronic, and geometric. Examples
from each of these categories are depicted in Figure 2B.
Individual descriptor categories were submitted to PCA, and the
resulting first principal component of each of these parameter
subsets was plotted to generate the 3D map shown in Figure 4A
(for more details of the parameter selection, see the Supporting
Information). It should be noted that there was no correlation
between the steric, electronic, or geometric axes.

To illustrate the map’s interpretability, we evaluated four
representative bisphosphine ligands (L1—L4) in the designer
map as well as in a conventional PCA map, which incorporates
all of the descriptors from the data library (Figure 4). From the
ligand location in the designer PCA map, one can glean more
detailed information when compared to that in a conventional
PCA map. This is best illustrated when one plots 2D cross-
sections of the 3D space (Figure 4B, steric/electronic,
geometric/steric, and geometric/electronic representations).
Specifically, differences in the ligand structure can be readily
assigned to physically meaningful ligand attributes. For instance,
phosphite L1 is similar to L3 in terms of the steric dimension but
has a significantly different electronic profile. Likewise, DTBM-
Segphos L4 is similar to L2 in terms of electronics and geometric
features, but the key differentiating factor is sterics. As
showcased below, the designer maps can be applied to various
downstream data science steps in multi-objective optimization
campaigns. In addition to the reaction optimization applications
presented (vide infra), it can be envisioned that this calculated
parameter library and chemical space map could be used for
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many other potential applications such as training set design,>
novel ligand generation,56 and mechanistic understanding.57

Multi-Objective Optimization.’® The challenge of multi-
objective optimization of catalytic reactions is magnified in the
field of process chemistry. Due to purity requirements for APIs
and the cost of purification on a multi-kilogram scale, catalysts
must impart exquisite chemo-, stereo-, and regioselectivity along
with providing a high-yielding reaction. As such, the first two
steps of the synthesis of TRPA1 inhibitor 1, an AP, is an
excellent case study (Figure S). In the first step, the absolute
stereochemistry of the API is set through an enantioselective Pd-
catalyzed Hayashi—Heck reaction of 2,3-dihydrofuran (3) with
aryl triflate 2 to produce enantioenriched enol ether (R)-4.***°
Besides the demand for high yield and enantioselectivity, this
process delivers the undesired isomeric alkene $ in low
enantioselectivity. This impurity cannot be readily removed by
distillation, the practical method of purification on a
manufacturing scale for low-molecular-weight oils. In the second
step, a Rh-catalyzed hydroformylation of (R)-4 sets the second
stereocenter of API 1.°”° In this case, regioisomer 7 and C,
epimer (RR)-6 are generated in addition to the desired
aldehyde (R,S)-6. Downstream intermediates stemming from
7 could not be easily purged, leading to unacceptable amounts of
the regioisomer and related impurities. Thus, both steps require
an exquisite control of the reaction outcomes. Regioselectivity
was identified as the most important metric targeted for
improvement while maintaining the high stereoselectivity and
overall yield of the desired products.

In parallel to the descriptor library construction, a conven-
tional high-throughput experimental campaign was undertaken
to examine the performance of a selection of ligands for both
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Figure S. Process chemistry route to the API 1 and undesired side
products in the Hayashi—Heck and hydroformylation reactions.

reactions (Figure 6). For the Hayashi—Heck reaction, most
ligands tested in the first step had a C, biaryl backbone as ligands
of this type have previously proven effective in similar
transformations.’’ This is reflected by the relatively narrow
region of electronic but broad steric diversity for most of the
bisphosphines tested (see the steric/electronic chemical space
map in Figure 6). The initial results revealed that the use of
Segphos LS furnished (R)-4 in a regioisomeric ratio of 94:6, an
enantiomeric ratio of 97:3, and 81% yield. As a wide range of
bidentate organophosphorus ligands are known to be effective in
alkene hydroformylation, a diverse selection of ligand scaffolds
were evaluated including bisphosphines, mixed phosphine—
phosphonites, and bisphosphonites. This is illustrated in the
chemical space representation by the relatively wide distribution
of tested ligands (Figure 6). Bisphosphine (R,R)-Ph-BPE L6 was
identified as a top performer for the hydroformylation reaction,
providing 50% conversion of (R)-4 to (RS)-6 with a
reglolsomerlc ratio of 96:4 and a diastereomeric ratio of
>99.5:0.5.°

Although the results of the HTE campaign are seemingly
outstanding by academic and medicinal chemistry standards,
significant improvements, especially in regioselectivity (>98:2),
were desired for more efficient manufacturing. The lack of
intuitive trends relating the ligand structure to reaction
performance made it difficult to suggest improved ligands. For
example, when Segphos LS was replaced with L7, increased
regioselectivity is observed but with a concomitant reduction in
enantioselectivity (Figure 6). Similarly, in the Rh-catalyzed
hydroformylation, replacing L6 with L11 improved the reaction
conversion but with an associated erosion of regioselectivity.
This highlights the complexity of the multi-objective optimiza-
tion problem and why a data-driven workflow was pursued.
Additionally, we recognized the opportunity to evaluate how the
workflow manages the contrasting nature of the two catalytic
steps. Not only do the reactions use different transition metals
(i, Pd vs Rh), but the coordination geometries of putative
reaction intermediates are also distinct. While the Heck reaction
primarily involves square-planar Pd species,59 the hydro-

114

HTE ligands tested in the
Hayashi-Heck and hydroformylation reactions

CI0 ° .

PPh,

Optimal Ligands

4 ®
o PPh, .
< O )
(¢} 2 ‘ ° °
(R)-Segphos (L5) g o B
94:6rr, 97:3 er [0) 0 @
% yie -— ‘ ]
81% yield 5 £ .
2 ..O e, Y ° [
= ®
] b ) ®
@
-4

Ph
P.
Ph
Ph
P

Ph"

(R,R)-Ph-BPE (L6)
96:4 rr, >99.5:0.5 dr,
50% conversion

2 0 =2 4 & 8
Electronic

Hydroformylation
HTE Ligand

Hayashi-Heck
HTE Ligand

Representative ligands from HTE screen

Me
[N
()

PPh,
MeO. l PPh, PPh,
(R,R,R,R)-BICP (L7) (R)-MeO-BIPHEP (L8) (S)-Solphos (L9)
99:11rr,83:17 er 94:6rr, 89:11 er 88:12rr, 88:12 er
75% yield 74% yield 17% yield
o o Ntte,
< O P~ Q‘ Ph
iPr 3
° PPh, Fe on Fe ‘pBTFM),
<° PPh, e D \/@
o : Me,N P(BTFM),
iPr
(R)-Segphos (L5) (R,R)-iPr-BPF (L10) Mandyphos M003-1 (L11)

50:50 rr, >99.5:0.5 dr,
4% conversion

97:3 11, >99.5:0.5 dr,
31% conversion

70:30 rr, 80:20 dr,
100% conversion

Figure 6. HTE results for representative ligands for the catalytic
synthesis of (R)-4 and (R,S)-6. The ligands used for the Hayashi—Heck
and hydroformylation reactions are plotted on the chemical space
graph. BTFM = bis(trifluoromethyl)phenyl.

formylation reaction is thought to proceed through trigonal
bipyramidal Rh intermediates.’”

Our optimization commenced with an analysis of reactivity
trends (Figure 7A, step 1) by applying our recently reported
method to clasmfy active and inactive ligands using a single-node
decision tree.'” Essentially, this algorithm partitions the ligands
as a function of a ligand descriptor at a user-defined reactivity
threshold. This step allows for a rigorous approach to data
curation in subsequent analyses, while also providing a means to
de-risk future ligand selection to those that would produce active
catalysts. Analysis of the Hayashi—Heck data set using a
threshold of 5% yield resulted in an excellent reactivity
classification defined by the phosphorus lone pair occupancy
(Figure 7A, graph 1 and Figure 7B).%® It should be noted that
this parameter is related to ligand electron richness, with highly
electron rich ligands falling above the threshold value and
providing a low yield. Ligand electronic effects have been
prev1ously identified as key factors in Hayashi—Heck
reactions.”” However, it should be noted that the correlations
observed in this and all models discussed below are not
necessarily causal, and therefore, mechanistic conclusions
cannot be obtained on their basis alone. However, correlations
such as these can be useful in the generation of mechanistic
hypothesis, as highlighted below. Validation of the threshold was
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A. Multi-objective optimization
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Figure 7. (A) Multi-objective optimization workflow applied to the optimization of catalysts for both the Hayashi—Heck reaction (top) and
hydroformylation (bottom). Step 1. A classification model is used to relate the binary reactivity (reactive or unreactive) to ligand parameters. A single-
parameter threshold analysis was used in the Hayashi—Heck reaction, while a two-parameter logistic regression was deployed for the hydroformylation
reaction. Step 2. MLR was used to correlate the experimental regioselectivity (AAG?) to computed parameters. Step 3. Virtual screening using the
defined classifications and correlations led to the identification of optimal ligands L12 and L13. (B) Schematic representations depicting the ligand

parameters used in these models.

accomplished by exploring ligands predicted to be active (Figure
7A, graph 1).

In the case of the hydroformylation reaction, our attempts to
classify ligands as active or inactive using a single-node decision
tree were unsuccessful.* Therefore, we sought to use a logistic
regression classification algorithm. Logistic regression converts a
continuous variable (percent conversion) to a binary one (1 =
active or 0 = inactive) with a user-defined threshold value. The
data distribution in the training set was relatively bimodal with
the conversion falling either below 13% or above 30%.
Therefore, a threshold value between these two populations
(20% conversion) was chosen. This classifier produces the
probability of a catalyst being active as the output. While logistic
regression is an established ML technique, it is underutilized in
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organic chemistry.*~®® The algorithm identified a bivariate

classification using the buried volume and total ligand dipole
(Figure 7A, graph 2 and Figure 7B). In the plot, dark blue
denotes a high probability that the ligand is active, while red
represents a low probability. The solid black line reflects 50%
probability of a ligand being active, while the dashed lines define
the 25 and 75% probability boundaries. To validate this model,
an array of additional ligands were experimentally evaluated,
resulting in a 95% prediction accuracy (Figure 7B, graph 2).
Interestingly, this led to many ligands with C, biaryl backbones
being grouped in the inactive region of the logistic regression
plot. We hope that this successful implementation of logistic
regression will encourage the catalysis community to more
widely adopt this powerful algorithm.

https://doi.org/10.1021/jacs.2c08513
J. Am. Chem. Soc. 2023, 145, 110-121


https://pubs.acs.org/doi/10.1021/jacs.2c08513?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08513?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08513?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08513?fig=fig7&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c08513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

After successfully applying a reactivity classification step, we
proceeded with the interrogation of the regioselectivity for both
the Hayashi—Heck and hydroformylation reactions (Figure 7A,
step 2) by regressing ligand parameters to the experimentally
measured AAG* using MLR."* For the Hayashi—Heck reaction,
regioselectivity (i.e., formation of olefin 4 vs §) was correlated to
two parameters, ****'P NMR and P—C ¢* occupancy, the
computed anisotropic phosphorus NMR shielding and the
occupancy of the o* orbitals of the P—C bonds, respectively
(Figure 7B).%” While the latter term has been postulated to
correlate with the metal-to-ligand backbonding interactions,”’
the former was more difficult to interpret. However, more
detailed analysis suggests that **°*'P NMR is likely a hybrid
parameter reflecting both distal sterics and phosphorus electron
richness (see the Supporting Information for further dis-
cussion). It should be noted that acceptable models could
only be found when ligands were first curated using the yield
threshold.”" MLR was also used successfully to examine the
enantioselectivity for this transformation (see Supporting
Information Figure S12).”*

Statistical models were pursued for regioselectivity of the
hydroformylation reaction (e.g., formation of aldehyde 6 vs 7)
by evaluating the data with greater than 20% conversion (the
same reactivity threshold as was used in the logistic regression
model). An additional curation step was found to be necessary to
produce acceptable linear models based on the hypothesis that
disparate ligand types may impart selectivity through unique
mechanisms.”? As the training set was diverse, interrogation of
the chemical space revealed a group of ligands that occupied a
position in the chemical space remote from the remainder of the
ligands evaluated (see Supporting Information Figure S15).”*
These incompatible ligands were removed from the training set,
resulting in a robust two-term model for regioselectivity using an
electronic parameter P—C ¢ occupancy and a steric parameter %
Viur NE (Figure 7B). Here, it is the symmetry-adapted quadrant-
specific % Vi, term that enables the model to differentiate
between the performance of catalyst enantiomers on this
enantiomerically enriched substrate (R)-4. A larger buried
volume in this quadrant seems to favor the formation of the
desired regioisomer, perhaps by hindering the formation of an
intermediate where the Rh is coordinated to the substrate at the
Cs position. However, this bivariate model indicates that
electronics also plays a vital role in determining the
regioselectivity, and mechanistic studies beyond the scope of
this work would be required to validate the causation
underpinning these correlations. The use of the chemical
space map is noteworthy as it provided a method to visualize and
curate the data set.

As the ultimate step in the workflow, virtual screening of the
entire bisphosphine database was performed to identify ligands
that were first predicted to be “active” and then predicted to be
selective from the classification and linear regression models,
respectively. Numerous accessible ligands were selected and
tested experimentally with both extrapolations and interpola-
tions included to gauge model robustness (vide infra). For the
Hayashi—Heck reaction, HexaMeO-BIPHEP* L12 was found
to result in superb reaction performance and provided the
desired product 4 in a regioisomeric ratio of 98.6:1.4 consistent
with the predicted outcome (98:2). This represents an ~1 kcal/
mol extrapolation in regioselectivity relative to that of the previous
optimal ligand, Segphos LS. The reaction also resulted in an
enantiomeric ratio of 92:8 (predicted 95:5) and 100%
conversion. The multi-objective workflow was also successful
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in identifying a significantly improved ligand for the hydro-
formylation with Walphos L13 furnishing (R,S)-6 with an
exceptional regioisomeric ratio of 99.1:0.9 (predicted 98:2) and
100% conversion.”> L13 also provides an ~1 kcal/mol
improvement in regioselectivity relative to (R,R)-Ph-BPE L6, the
previous best ligand.

These significant improvements could be realized on gram
scale with the first step providing (R)-4 in 77% isolated yield
with 98:2 rr and 93.5:6.5 er and the second providing (R,S)-6
with 99:1 rr and 97:3 dr (Figure 8). Owing to its lability, (R,S)-6

cl Pd(OAc), (1.5 mol%) Rh(CO),(acac) (1 mol%)
(R)-L12 (1.5 mol%) L13 (2 mol%)
O DIPEA (1.5 equiv) ﬂ H,, CO (1 MPa)
+ D ————— e ——
0" PhMe (0.1 M), 50 °C, 16h Ar 0 PhMe (0.5 M), 70 °C, 18 h
ort 77% yield 85% conversion
2 3 93.5:6.5er,98:2rr (R)-4 97:3dr, 99:1rr
OH
;
N \
Sy
CHO $
S NH,OH ,O
Ar’Q PhMe, 23 °C, 1h Ar™ o
71 % yield
(R,S)-6 over two steps 8

Figure 8. Validation of optimized ligands L12 and L13 on gram scale.

was directly converted to the corresponding stable oxime (R,S)-
8 in 71% isolated yield over two steps. In addition to producing
the desired product in high yield, these superior catalysts
provided regio- and stereochemical purity significant enough to
obviate extensive purification, thus streamlining the route
toward API 1.

The identification of optimal ligands HexaMeO-BIPHEP L12
and Walphos L13 highlights several notable strengths of this
approach. First, the optimization of the Hayashi—Heck reaction
demonstrates the ability of the statistical models to predict
performance improvements resulting from subtle changes in the
ligand structure (Figure 9A). Comparing HexaMeO-BIPHEP
L12 to ligands LS, L8, L14, and L1S, it would be difficult to
intuitively predict that one ligand would perform significantly
better than the others as all share similar C,-biaryl backbones
decorated with electron-donating substituents. Nevertheless,
the statistical model correctly identified L12 as a high-
performing ligand for the Hayashi—Heck reaction. While L12
has been known since 1991,°* to the best of our knowledge,
there have only been two reports of its use in the subsequent
peer reviewed literature.”®””

Therefore, this strategy led to the identification of a seldom-
used ligand that would not typically be included in a
conventional optimization. Additionally, the modeling workflow
enables “scaffold hopping”—the prediction of optimized ligands
with distinct backbones (Figure 9B).”®”” This was critical to the
successful improvement of the hydroformylation reaction as all
readily available derivatives of (R,R)-Ph-BPE L6 had been
previously tested and did not demonstrate improved perform-
ance. Three Walphos derivatives were included in the training
set, but each resulted in poor performance (either in terms of
conversion or regioselectivity), giving no indication that this
ligand class would intuitively be a promising avenue to pursue.
However, the workflow correctly identified Walphos-L13 as an
optimal ligand, despite it being a ligand with different symmetry
(i.e., C; vs C,) and element of chirality (i.e., a chiral backbone
instead of a phospholane ring) from that of the previously

https://doi.org/10.1021/jacs.2c08513
J. Am. Chem. Soc. 2023, 145, 110—121


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08513/suppl_file/ja2c08513_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08513/suppl_file/ja2c08513_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08513/suppl_file/ja2c08513_si_003.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08513?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08513?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08513?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08513?fig=fig8&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c08513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS Article
A. Model captures non-intuitive substituent effects OMe PPh, ‘domain of regression
o 7 model applicability
< O O 0 (R,R)-Norphos (L16) y/
° PPh, MeO PPh, MeO PPh, PPhy s
o PPh, MeO PPh, MeO PPh, 3 ° @ = | MAE= MAE = *
< ° S | 024 1.8
[ g 4| keal/mol * kcal/mol »
(o] 2 ® o =
o ®
X
OMe o1 =3 * .
(R)-Segphos (L5) (R)-MeO-BIPHEP (L8) (S)-Garphos (L14) E, g
Model: 1.6 kcal/mol Model: 1.4 kcal/mol Model: 1.7 kcal/mol ® o ° L12 (EG’)’ or = 0.28 keal/mol) w o, x
Experiment: 1.8 kcal/mol Experiment: 1.8 kcal/mol Experiment: 2.1 kcal/mol ° Rad e © o x* x
) @ o "0 o © S "
- Q x
®
o OMe 2| L16 (error > 2 kcal/mol) ° a .x:’t " -
E MeO. -16 -14 -1.2 -1.0 -08 -06 -0.4 oL = 05 0 5 20
Electronic . y : ot ’
(o} PPh, Nearest TS Distance
0. PPh, MeO PPh; (s)-HexaMeO-BIPHEP (L12)
MeO PPh. Model: 2.5 kcal/mol . . . . . Validation Ligand
[0 O O 2 Experiment: 2.8 kcal/mol @ Training Set Ligand ¥ Validation Ligand (in DOA) % (outside DOA)
MeO Hayashi-Heck H Hydroformylation
OMe 3.0 —
(S)-Synphos (L15) %’AESAI} 24 keal/mol @ MA go_Ao. 36 keal/mol @
Model: 2.0 kcal/mol 25\yne - 16 kcaimol % of ;IZ:E = 1) 4 keal/mol
Experiment: 1.7 kcal/mol ?D (OMSI;e DOA % * : ?D foutsde bOA) " o
2.0 H
B. Distinct ligand scaffold with superior performance pr d < £ H 21
< * :
15 H
Ph ? H]
\ Multi-objective PPh, S 10 ]
P. workflow g . : g
Ph Cy,P. n = 05 x
Ph \L [ Fe e e
P e > 00
pr

Walphos w003 (L13)
(R,R)-Ph-BPE (L6) y
96+4 1t (2.2 kcal/mol) 9. 7-0;99'9’ 23.;,2 5"2":’/”70’)
>99.5:0.5dr ey

o, .
50% conversion 100% conversion

Figure 9. (A) Models capture the dramatic effects that subtle changes
to the catalyst structure can have in the Hayashi—Heck reaction. (B)
Models allow for ligand scaffold hopping to identify a significantly
different superior ligand for the alkene hydroformylation.

optimized ligand L6. Finally, although each ligand in the virtual
library was calculated as the [ligand]PdCl, complex, the
resultant parameters can be used for reactions that employ
different closed-shell transition metal complexes. This is
evidenced by the successful logistic and linear modeling of the
Rh-catalyzed olefin hydroformylation reaction using these
parameters.

While the workflow ultimately led to significant improve-
ments in the reaction performance, we were interested in
evaluating what factors could lead to erroneous predictions as
understanding the limitations of the models could inform future
implementations of this workflow (Figure 10). We observed that
ligands with significant prediction errors tended to be farther in
the chemical space from the training set ligands. For example, in
the Hayashi—Heck reaction, Norphos L16 was poorly predicted
by the selectivity model and was relatively remote from the
training set ligands (Figure 10, graph 1). In contrast, the optimal
ligand HexaMeO-BIPHEP (L12) was comparatively close in the
chemical space to several training set ligands, and its
performance was accurately predicted. In fact, a plot of the
distance of each ligand to the nearest training set neighbor
demonstrates a domain of model applicability—an allowable
distance from the training set ligands within which the
regression model is highly accurate. The concept of a domain
of applicability is well-established in quantitative structure—
activity relationship (QSAR) models®* and has previously been
reported in reaction informatics.”’ Generally, the uncertainty in
a particular prediction is correlated to the similarity between that
molecule and the molecules used to construct the model.
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Figure 10. Domain of applicability, as defined by the distance in the
chemical space, for the linear regression models describing
regioselectivity in both the Hayashi—Heck and hydroformylation
reactions. TS = training set and DOA = domain of applicability.

Using Euclidean distance in the chemical space to quantify the
domain of applicability (see the Supporting Information for
details on distance calculation), ligands tested that were 0.5
normalized parameter space units or less from a training set
ligand had a prediction mean absolute error (MAE) of 0.24 kcal/
mol for the Hayashi—Heck reaction (Figure 10, graph 2 and
graph 3).%” In contrast, ligands with >0.5 normalized parameter
space units from a training set ligand were poorly predicted
(MAE = 1.8 kcal/mol). An extended domain of applicability was
observed for the hydroformylation regioselectivity model (1.6
distance units to the nearest training set neighbor, see Figure 10
graph 4 and the Supporting Information), which is likely due to
the training set covering a much broader area of the chemical
space. The chemical space coverage in the training set is likely a
key influencing factor on a model’s domain of applicability,
along with ligand-dependent changes to the reaction mecha-
nism. With the growing use of large databases of calculated
properties in conjunction with data science tools, the
quantification of a particular model’s domain of applicability is
likely to become essential.

B CONCLUSIONS

We computed a virtual library of >550 bisphosphine ligands and
then leveraged it in conjunction with data science tools to
optimize the first two steps in the synthesis of an API. This led to
1 kcal/mol improvements in regioselectivity for both synthetic
steps. Key to the success of this endeavor was the combined use
of linear regression and classification algorithms to model
selectivity and reactivity respectively as well as chemical space
analysis to understand outliers. The effective multi-objective
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optimization of these two consecutive processes with different
transition metal catalysts, distinct mechanisms, and training sets
occupying different regions of the chemical space highlights the
utility of this workflow. We anticipate that this strategy
combined with the intuitive chemical space map of bidentate
organophosphorus ligands has the potential to enable the
development and optimization of a wide array of transition-
metal-catalyzed reactions that employ bisphosphine ligands. In
order to extend these concepts to encompass all bidentate ligand
classes, virtual libraries of P,N and N,N ligands are currently
under construction and will be reported in due course.
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