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We conducted a computational study of IDPi catalysis (JACS, 2021). We
developed a semi-automated seamless platform spanning with a new descriptor, predicting new
catalysts EACIE, 2023). We established the protocol for quantitatively analyzing the pocket sizes of

IDPi catalysts (Nature 2024).

While traditional approaches to optimizing catalytic processes rely on inductive and qualitative
assumptions drawn from screening data, our methods provide fast and robust predictions, enabling the
optimization of various catalytic reactions beyond the screening data.

Building upon the original proposal, our focus lies in understanding the

behavior of catalysts and constructing a framework for the development of desired alkene activation.
In order to gain deeper insights into the behavior of catalysts, we conducted a computational study
of IDPi-catalyzed Mukaiyama-aldol reaction (JACS, 2021). To achieve a more efficient working
protocol, we have developed a semi-automated seamless platform spanning from screening to machine
learning, which incorporates a newly-developed molecular fragment descriptor. This approach has
enabled efficient and robust virtual screening. Using training data with moderate selectivities, we
have designed and validated new catalysts demonstrating higher selectivities in a challenging
asymmetric tetrahydroByran SKnthesis via enantioselective hydroalkoxylation (ACIE, 2023). We have
also achieved to establish the protocol for quantitatively analyzing the pocket sizes of IDPi
catalysts (Nature 2024).
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1.

The applicants investigated the catalytic enantiocontrol of carbocations generated by the activation of
alkenes. The key scientific question in this project was summarized as follows. How can we design and
develop a general methodology to activate ssmple alkenes by generating carbocations, while controlling
chemo- and enantio-selectivities of their transformations?

Olefins represent one of the most fundamental and ubiquitous classes of organic functionalitiesin chemical
synthesis. The rudimentary nature and abundance of this moiety are owed to its ease of accessibility, as
simpleolefinsare obtained in asingle step from crude oil by steam cracking. Alkenes can also be chemically
accessed from a variety of functional groups on both industrial and laboratory scales. Despite their
simplicity, olefins are versatile intermediates with diverse synthetic applications, some of which have even
been recognized with Nobel Prizes: olefin metathesis, the Heck reaction, Sharpless-Katsuki asymmetric
epoxidation, Sharpless dihydroxylation, Ziegler-Natta polymerization, and Noyori asymmetric
hydrogenation. Among the diverse uses of alkenes, electrophilic activations of olefins are among the most
valuable and important transformations. Especially hydrofunctionalizations are prized due to their
conceptual simplicity, perfect atom economy, and added value to the obtained products. Therefore, thistype
of transformation has been extensively studied, and avariety of such transformations, including asymmetric
ones, have been developed in the last decades. These enantioselective variants were mainly investigated
with transition metal catalysis in combination with chiral ligands, albeit with limited substrate classes.
Recently, some asymmetric radical catalysis has also emerged to achieve hydrofunctionalizations, yielding
complementary anti-Markovnikov products. However, targeted transformations in this project still
remained in their infancy in terms of reactivity and selectivities.

2.

The purpose of this project was to develop a general methodology for enantioselective functionalizations
of olefins using Brensted or Lewis acid catalysis. Although asymmetric counteranion-directed catalysis
(ACDC), conceptualized by our group, was predominantly utilized in combination with oxocarbenium or
iminium cations, this proposal aimed to expand the ACDC concept towards an even more fundamental
challenge of asymmetric catalysis: the enantio-induction of carbocations by chiral counteranions.

3.

To achieve these goals, catalysts with higher acidities and modifiable microenvironments were designed
and synthesized. Additionally, a synthetic robot, theoretical calculations, and machine learning were
employed to accelerate the screening process, resulting in a more efficient and rational design of
asymmetric catalysis.

4,
Building upon the original proposal, our focus lies in understanding the behavior of catalysts and
constructing aframework for the development of desired alkene activation.

In order to gain deeper insightsinto the behavior of catalysts, particularly the effects of nitrogen substituents
of IDPi catalysts, we chose the Mukaiyama-aldol reaction as an example. We conducted a computational
study using the GRRM program to describe the observation of a peculiar switch in enantioselectivity
depending on the nitrogen substituents. This research has been documented in the literature (J. Am. Chem.
Soc. 2021, 143, 14475-14481).

To enhance the development of a more efficient working protocol, we have developed a semi-automated
seamless platform spanning from screening to machine learning, which incorporates a newly-developed
molecular fragment descriptor.

Whiletraditional approachesto optimizing catalytic processesrely oninductive and qualitative assumptions
drawn from screening data, recent advancements in machine learning models offer a more quantitative
evaluation of experimental data. However, these models can be expensive due to the required quantum
chemical calculations. To circumvent these costs, 2D descriptors such as fragment counts or binary
fingerprints, which depict general structural features, could be utilized. Despite the accessibility and cost-
effectiveness of binary fingerprint descriptors, their predictive performance has been limited.

To address this limitation, we have developed a machine learning model that utilizes fragment descriptors
fine-tuned for asymmetric catalysis, representing cyclic or polyaromatic hydrocarbons. This approach has
enabled efficient and robust virtual screening. Using training data with moderate selectivities, we have
designed and validated new catalysts demonstrating higher selectivities in a challenging asymmetric



tetrahydropyran synthesis via enantioselective hydroalkoxylation. During this study, we utilized a robotic
system to acquire training data with efficiency and precision. Further details of this work are available in
our publication (Angew. Chem. Int. Ed. 2023, 62, €2022186).

We have also achieved to establish the protocol for quantitatively analyzing the pocket sizes of IDPi
catalysts. Traditionally, heteroatoms or aromatic substructures in substrates and reagents have been
necessary to facilitate effective interactions with chiral catalysts. While confined acids have recently
emerged as powerful tools for homogeneous asymmetric catalysis, catalyzing asymmetric reactions with
purely aliphatic hydrocarbons, both as substrates and products, has remained unachieved. We developed an
IDPi-catalyzed asymmetric cationic shift of aliphatic alkenyl cycloalkanes to cycloalkenes with excellent
regio- and enantioselectivity. During our investigation into such catalytic asymmetric cationic shifts of
aliphatic hydrocarbons, we identified a potential correlation between the pocket size of the anion and
stereosel ectivities, albeit without quantitatively measuring each catalyst's pocket size. Building upon this
observation, we employed the SambV ca program to ascertain the Percent Buried Volume (%V bur) of each
anion, using asimplified substrate asacation. Asaresult, we successfully validated the correlation between
these two parameters. (Nature 2024, 625, 287-292).
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