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Abstract: The Suzuki-Miyaura cross-coupling reaction is a cornerstone in organic synthesis,
enabling the formation of carbon-carbon bonds with high efficiency and selectivity. This study
represents a groundbreaking advancement in the field by pioneering the first enantioselective
Ni-catalyzed Suzuki-Miyaura cross-coupling reactions for the synthesis of biaryl atropisomers.
Employing a data-driven approach, we have crafted a novel N-protected Xiao-Phos ligand,
which, in conjunction with commercially available Ni(COD);, delivered unparalleled
enantioselectivity and reactivity under mild conditions. The ligand design was meticulously
guided by an extensive examination of the existing literature on Pd-catalyzed asymmetric
Suzuki-Miyaura cross-coupling reactions, directing the virtual screening and subsequent
experimental verification of the synthesized ligands in a single iteration. The innovative ligand
N-Bn-Xiao-Phos exhibited impressive enantioselectivities coupled with exceptional yields,
showcasing versatility with a diverse array of functional groups and aryl boronic acids, and
accomplishing successful gram-scale synthesis. DFT computational studies provided
profound insights into the reaction mechanism and the roots of enantioselectivity, elucidating
the dynamic coordination modes of the chiral ligand and the steric induction. This
breakthrough not only broadens the horizons of Ni-catalyzed cross-coupling reactions but also
highlights the immense potential of machine learning in the judicious design of chiral ligands
for asymmetric synthesis.

INTRODUCTION

In the past few decades, the Suzuki-Miyaura cross-coupling (SMC) reaction has emerged as
the most commonly employed method among the array of cross-coupling reactionsl. More
recently, the development of sophisticated novel ligands has led to the advent of
enantioselective variants of the Pd-catalyzed Suzuki-Miyaura Cross-coupling reaction,
enabling the synthesis of a diverse array of biaryl atropisomers (Fig.1A)2. In 2000, the
pioneering reports of the groups Cammidge3 and Buckwald* on Pd-catalyzed asymmetric SMC
reactions demonstrated the possibility of utilizing substrates and/or chiral ligands enabled
enantio-convergent transformation to gain access to biaryl atropisomers from commercially
available and bench-stable substrates. Since then, tremendous progress has been made in this
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field and a series of phosphine, bis-Hydrazone, N-heterocyclic carbene (NHC) and diene based
chiral ligands were developed by groups of Qiu5, Wu and Zhang$, Tang?, Byrne and Smiths,
Fernandez and Lassaletta¥, Lin10, Dortall and Shil2 to improve enantioselectivity as well as
expand the substrate scope of asymmetric Pd-SMC. In addition, various novel approaches
introducing biol3 or heterogeneous!* catalysis have been proved to achieve moderate to
excellent enantiocontrol.

Concomitantly, Ni-catalyzed cross-coupling reactions have been gathering momentum,
offering a more abundant and cost-effective alternativels. These have rendered significant
contributions to a variety of synthetic pathwaysl¢. However, the burgeoning field of Ni-
catalyzed reactions is currently tilting towards radical-mediated processes?’?, thereby leaving
the synergy between Ni and Pd, as well as the exploitation of chiral phosphine ligands in Ni
catalysis, largely unexplored.

Over the past two decades, since the introduction of Pd-SMC, extensive research has been
undertaken to explore the application of Ni-SMC for the synthesis of biaryl derivatives!8, along
with computational studies that have aimed to elucidate the mechanism of this transformation,
including contributions from our group (Fig.1B)18819, Most recently, Diao et al. have designed
a novel ProPhos ligand for racemic Ni-catalyzed Suzuki-Miyaura cross-coupling reactions,
emphasizing the acceleration of the pivotal transmetalation step?20.

Despite these recent advancements, the enantioselective synthesis of biaryl atropisomers
using Ni-SMC remains an unexplored area for organic chemists, to the best of our knowledge.
This approach is currently hampered by the lower reactivity of Ni catalysts relative to Pd,
which necessitates higher catalyst loadings (typically over 5%)2! and higher reaction
temperatures (generally above 60 °C)!8d, which can significantly complicate enantioselective
control. Moreover, the reported reactivity scope for Ni-SMC is limited, with di-ortho-
substituted biaryl products being scarcely documented, and the requirement for at least tri-
ortho-substituted substrates to generate stable atropisomers. Nevertheless, we postulate that
these challenges can be addressed through the meticulous design of chiral ligands and a
comprehensive investigation of the reaction conditions.

In recent years, the advent of data-driven approaches has begun to reshape the landscape of
reaction methodology development and optimization?2. The transfer of knowledge from
previously established reactions has shown immense potential in advancing the frontiers of
new reaction methodologies?2d.23,

Herein, we present the first enantioselective Ni-catalyzed Suzuki-Miyaura cross-coupling
reactions for the synthesis of biaryl atropisomers based on a transferring machine learning
from reported Pd-catalyzed Suzuki-Miyaura cross-coupling reactions, where we modified the
commercially available Xiao-Phos relying on a data-driven workflow (Fig.1C). With this
workflow, we obtained excellent yields and enantioselectivity with the novelly designed N-
protected Xiao-Phos ligand under mild reaction conditions, and the origins of
enantioselectivity was elucidated to be steric effects by DFT calculations.
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Fig. 1 | Background for asymmetric SMC and our strategy: A. Asymmetric Pd-SMC for
biaryl atropisomers synthesis and representative ligands involved. B. Current state of Ni-SMC.
C. The first enantioselective Ni-SMC for the synthesis of biaryl atropisomers based on data-
driven workflow for ligand design.

RESULTS AND DISCUSSION

Reaction condition optimization and preliminary ligand scaffold screening

To commence our study, a meticulous optimization of the racemic reaction conditions using
PCy3 or PPhs as ligands was conducted (see Table S2 in the Supporting Information for more
details). Based on the precedent for Ni-catalyzed Suzuki-Miyaura cross-coupling reaction
methodologies!8, our study delightedly uncovered that N, N-dimethylformamide (DMF) is an
optimal solvent when paired with triphenylphosphine (PPhs) ligand. The use of potassium
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phosphate (K3PO4) as the base, Ni(COD), as the catalyst precursor, under a nitrogen
atmosphere, and a temperature regime of 80 °C for a duration of 12 hours yielded an
impressive 89% conversion rate.

Having established the reaction conditions, we embarked on a screening using a subset of 19
commonly encountered and readily available chiral phosphine ligands (see Table S3 in the
Supporting Information for more details). Unfortunately, none of the tested reactions
exhibited high enantioselectivity. Nevertheless, among the ligands investigated, those based
on the family of Sadphos scaffold24 exhibited considerable promise, demonstrating some
reactivity and enantioselectivity. Furthermore, their modular synthetic strategy provides
flexibility and ease of manipulation, laying the groundwork for further ligand optimization and
exploration in further data-driven ligand design. Consequently, we evaluated numerous other
commercially available Sadphos ligands, only to be disappointed by the continued lack of
satisfactory outcomes. (see Table S4 in the Supporting Information for more details) This
outcome motivated us to pursue a more sophisticated ligand design strategy:.

Data-driven Ligand Design and Evaluation

To initiate our investigation into ligand design, we further compiled 21 data points for Ni-
catalyzed asymmetric Suzuki-Miyaura cross-coupling reactions utilizing less commercially
available yet purchasable Sadphos ligands (see Table S6 in the Supporting Information for
more details). Acknowledging the intricacies of enantioselectivity, we anticipated that a more
extensive dataset would be beneficial and pivotal for a successful ligand design. Considering
that both Ni and Pd catalysis share similar mechanisms in Suzuki-Miyaura cross-coupling
reactions, we envisioned that the knowledge from the well-established Pd-catalyzed
asymmetric Suzuki-Miyaura cross-coupling reactions could serve as a valuable data source.
Consequently, we initially curated a dataset from 23 literature sources on Pd-catalyzed
asymmetric Suzuki-Miyaura cross-coupling reactions published after the year 2000. This
dataset encompasses a total of 311 reaction records, including 29 halides, 15 boronic acids,
and 101 ligands. The enantiomeric excess (ee) values and Gibbs free energy differences were
appropriately distributed. (Figure 1) Notably, the highest achieved ee value was 99%.
Building upon the data obtained from the collected dataset of Pd catalysis and 21 data for Ni
catalysis with Sadphos ligands, we have developed a comprehensive workflow for the virtual
screening of ligands tailored for the model Ni-catalyzed asymmetric Suzuki-Miyaura cross-
coupling reaction, where the substrates 1 and 2, as well as the reaction conditions were
maintained constant, allowing for a more focused investigation on the ligand’s influence on
the enantioselectivity. The workflow is structured around four principal stages (Figure 2).
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Fig. 2 | Statistics of collected data on Pd-catalyzed Suzuki-Miyaura cross-coupling reactions.

1. Generation of Virtual Ligand Library: The generation of virtual ligand library was
developed based on the specific Sadphos scaffold, incorporating R! substituents, R?
substituents, and R3 substituents. This library comprises a vast collection of structures,
amounting to a size of several thousand entities (see Fig. S1 in the Supporting Information
for more details).

2. Generation of Reaction Encodings: The generation of reaction encodings involves the
creation of digital representations for the reactions extracted from the literature, the data
obtained from the Sadphos ligand screening process, and the corresponding data for each
ligand within the virtual ligand library. Specifically, we commenced by constructing
molecular graphs of the key reaction intermediates featuring aryl groups from the
halogenated aryl substrates, aryl groups from boronic acid substrates, and bidentate chiral
ligands associated with the square planar Pd or Ni center. Subsequently, we computed the
Morgan molecular fingerprints of these intermediate molecules to facilitate the digital
encoding of the reactions. This encoding scheme allows for the thorough characterization
and comparison of the selectivity of various ligands in asymmetric Suzuki-Miyaura cross-
coupling reactions.

3. Training of Virtual Ligand Predictor: The training of the virtual ligand library screening
model involves a refined version of our previously developed hierarchical learning
strategy.25 For each reaction in the virtual ligand library, we employed Morgan fingerprint
similarity to extract reaction data from the pool of Pd literature dataset that share enough
similarity with the virtual reaction. These data were used to train a base model capable of
capturing the simple structure-activity relationships of the reactions. Subsequently, a
delta model is trained using a small amount of the Ni-catalyzed reaction data generated
during Sadphos ligand screening process, aiming to fit the residuals between the base
model’s predicted values and the actual values. The enantioselectivity prediction for the
virtual reaction is then obtained by summing the predictions from both the base and delta
models. In this manner, each virtual ligand is associated with a distinct predictor that is
tailored to its specific characteristics, consisting of a customized base model and an
accompanying delta model.

The optimization of the virtual ligand library prediction model involves the selection of
optimal hyperparameters to ensure the most accurate predictions. To this end, we have
chosen a subset of several machine learning algorithms, several similarity assessment
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methods, and several similarity thresholds (see Table S1 in the Supporting Information
for more details). Utilizing a dataset of 311 Pd catalysis literature reactions alongside 21
Ni-catalyzed reaction data generated during Sadphos ligand screening process, we
identified the optimal model hyperparameters. The selection criterion for these
hyperparameters was based on the leave-one-out (LOO) Pearson R correlation coefficient
for the 21 target reactions in relation to the reaction conditions screening.

4. Ligand Ranking and Experimental Evaluation: The virtual ligand experimental
evaluation was initiated by computing the synthesizability of all virtual ligands. Ligands
with a SAScore?26 greater than 4.0 were setas less prior ligands due to their less synthesize
accessibility in the first round for more robust availability in the experimental ligand
syntheses. An evaluation metric that incorporates both the model’s predictions of
enantioselectivity and the synthesizability of the ligands (SAScore) is used to determine
which ligands should be synthesized and eventually experimentally validated. The ligand
predictor will be retrained with the fresh additional experimental evaluation data and the
loop will be repeated unless the outcome of the experimental evaluation is satisfactory.
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Fig. 3 | Workflow of data-driven virtual ligand design for Ni-catalyzed Suzuki-Miyaura
reactions.

Upon conducting the first iteration of virtual ligand screening, we were pleased to uncover a
promising result: the readily accessible N-aryl-protected Xiao-Phos ligands exhibited an
impressive degree of enantioselectivity. As shown in Table 1A, the syntheses of L1, L2, and L3
was achieved with 3 steps, yielding satisfactory productivities. The absolute configuration of
L3 was unambiguously determined by X-ray crystallographic analysis, and its chirality was
preserved throughout the synthesis. Equipped with these novel ligands, we were able to assess
their catalytic performances (Table 1B). Consistent with the virtual ligand screening
predictions, both L1 and L3 exhibited noteworthy enantioselectivities of 91% and 93%,
respectively. Moreover, L3 also showcased exceptional reactivity, culminating in an
outstanding yield of 95%. These outcomes validate the efficacy of our ligand design approach,

requiring only a single iteration to achieve success.

Exploration of substrate scopes and synthetic applications

In possession of a potent catalytic system (L3), we ventured into the realm of enantioselective
synthesis of biaryl atropisomers. Given the remarkable reactivity of L3, we explored the
impact of reducing the reaction temperature from 80 °C to room temperature in search of
enhanced enantioselectivity. Pleasingly, the reaction progressed smoothly at the reduced
temperature, prompting us to establish room temperature as the optimal condition for the
reaction.

Our initial focus was on the substrate scope of aryl boronic acids (Table 2). We were pleased
to discover that both electron-withdrawing and electron-donating substituents were
accommodated without compromising enantioselectivity (compounds 4 to 8). The absolute
configuration of 5 was confirmed to be XX by X-ray crystallographic analysis. Furthermore, we
found that extended conjugated aromatic ring systems could be tolerated, again with no loss
of enantioselectivity (compounds 9 to 13). Additionally, S-containing heterocycles were also
compatible with our catalytic system, maintaining high levels of enantioselectivity
(compounds 14 and 15).
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Table 1 | Synthesis and validation of predicted top-3 ligands
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Entry L Yield (%) er. (%)
1 L1 85 95.5:4.5
2 L2 35 88.5:11.5
3 L3 95 96.5:3.5

4b L3 91 (89)c 96:4

A. Synthesis of the ligands. Reactions were performed on a 0.2 mmol scale. The absolute

configuration of L1 was confirmed by X-ray crystallographic analysis. B. Validation of the
synthesized ligands. Reactions were performed on a 0.2 mmol scale. Yield is based on 1H-NMR
analysis of the crude product using CH2Br> as an internal standard. E.r. of 3 is based on HPLC
analysis. aYields on 2.0 mmol scale. PReactions were performed on 0.4 mmol scale. Ni(COD);
(1 mol%), L1 (2 mol%), solvent = Toluene/DMF(v/v = 10/1). Isolated yields.
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Table 2 | Substrate scopes of aryl boronic acids
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Reactions were performed on 0.2 mmol scale. E.r.s of 3-15 were based on HPLC analysis. The
absolute configuration of 5 was confirmed by X-ray crystallographic analysis. aNi(COD), (10
mol%), L3 (20 mol%)

Our subsequent investigation centered on the substrate scope of aryl triflates and aryl
bromides (Table 3). We observed that aryl groups bearing moderate steric demand at the
ortho-positions were well-tolerated by the catalyst (compounds 16 to 18). Additionally, the
introduction of both electron-withdrawing and electron-donating substituents at various
positions on the aryl ring did not adversely affect the enantioselectivity of the reaction
(compounds 19 to 35). A variety of functional groups, including ethers, esters, aldehydes,
ketones, sulfonamides, and amines, were found to be compatible with the reaction conditions,
again with no loss of enantioselectivity (compounds 20 to 30). Furthermore, reactive
substituents such as -F or -Cl were also accommodated (compounds 31 to 33), and allyl
substitutions remained intact throughout the reaction process (compound 35). Importantly,
the catalytic system demonstrated compatibility with extended conjugated aromatic ring

systems, preserving high levels of enantioselectivity (compounds 36 and 40).
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Table 3 | Substrate scopes of aryl triflate or aryl bromide
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Reactions were performed on 0.2 mmol scale. E.r.s of 16-40 were based on HPLC analysis.
aReactions were performed on 0.4 mmol scale at room temperature. Ni(COD) (1 mol%), L3
(2 mol%). bReactions were performed at room temperature. Ni(COD); (5 mol%), L1 (10
mol%).
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Fig. 4 | Synthetic application. A, Gram-scale synthesis. E.r. of 3 was based on HPLC analysis. B,
Synthesis of axially chiral ternaphthalenes. E.r. of 3 was based on HPLC analysis. D.r. of 3 was
determined by 'H NMR and confirmed by HPLC analysis.

In the pursuit of synthetic applications, the axially chiral binaphthalene 3 was successfully
scaled up to the gram-scale under optimal reaction conditions, yielding in 99% yield with an
e.r. of 95.5:4.5 (Figure 4A). Notably, the catalyst loading for this gram-scale synthesis was
remarkably low at just 1.5 mol%, which underscores the superior catalytic efficiency of the
newly designed ligand L3. Capitalizing on the distinctive stability of the -Cl substituent in our
methodology, we successfully synthesized axially chiral ternaphthalenes through a sequential
Ni and Pd catalysis process (Figure 4B). 1 reacted with 2e to yield 8 under standard reaction
conditions, with an e.r. of 95:5. Subsequently, 8 underwent reaction with 2n to produce the
chiral ternaphthalene 41 under the standard conditions reported by Shi et al.12, achieving an
outstanding e.r. of 99.5:0.5 and a favorable d.r. of 11:1. This sequential synthesis showcases
the potential for the synthesis of complex axially chiral conjugated aryl ring systems by
Suzuki-Miyaura cross-coupling reactions.
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Fig. 5 | DFT-computed free energy diagram for Ni-catalyzed Suzuki-Miyaura cross-coupling
reactions.

Computational Study

Building upon the ligand design and experimental outcomes, we carried out detailed DFT
computations to elucidate the mechanism of the Suzuki-Miyaura cross-coupling reaction and
the origin of its remarkable enantioselectivity. The DFT-computed free energy profile of
Ni/L1-catalyzed Suzuki-Miyaura cross-coupling between 1 and 2 is shown in Figure 5. From
the substrate-coordinated complex INT1, the oxidative addition of 2-methylnaphthalen-1-yl
triflate 2 through TS1 is very facile with a free energy barrier of 7.5 kcal/mol, thereby forming
the aryl-nickel intermediate INT2. In these processes, L1 functions as a bidentate ligand with
P and O atoms serving as the coordinating atoms. Afterward, INT2 readily dissociates the
tethered sulfinyl group to engage the hydroxy(naphthalen)borate 2-OH, giving rise to INT3
with loss of OTf~ anion, and thus facilitating the subsequent transmetallation process via an
outer-sphere mechanism through TS2, which requires a free energy barrier of only 2.8
kcal/mol. The acceleration of transmetalation was also acknowledged and proved pivotal very
recently in Ni-catalyzed Suzuki-Miyaura cross-coupling reactions.[Diao] The directly formed
INT4 undergoes the dissociation of B(OH)3 and re-coordination of S atom in the sulfinyl group,
affording the more stable bi-aryl —nickel intermediate INTS5. Finally, compound INT5
undergoes an aryl-aryl reductive elimination step through TS3 leading to the product-
coordinated complex INT6. Subsequent product (3) liberation and coordination of substrate
1 regenerates the active nickel intermediate INT1 and thus completes the catalytic cycle. The
computed catalytic cycle is in good accordance with the fact that the reaction proceeds
smoothly under mild conditions, and the aryl-aryl reductive elimination step is the rate-
determining step. Furthermore, our DFT computations reveal that the coordination modes of
the chiral ligand L1 with the metal center are dynamic and evolve throughout the reaction
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stages, potentially accelerating the catalytic process. (see Fig. S2 in the Supporting Information
for more details). These findings suggest that the chameleon-like coordinating ability of L1
may be envisioned for broader and more versatile applications in analogous catalytic
reactions.

The free energy profiles presented herein allow us to deduce that the irreversible aryl-aryl
reductive elimination step, occurring through the transition state TS3, is the pivotal enantio-
determining step. The computed free energy difference of 2.3 kcal/mol between the TS3-
major and TS3-minor transition states correlates well with the experimentally observed e.r.
value of 93%. A detailed analysis of the structures at the two enantioselective transition states
reveals that the differential configuration and orientation of the benzyl group within these
transition states are responsible for the enantioselectivity. Specifically, within the highlight six-
membered ring, steric repulsions between the benzyl group and the surrounding branched
groups in TS3-minor lead to a less stable axial C-N bond compared to the more energetically
favored equatorial C-N bond observed in TS3-major. This steric interference plays a crucial
role in dictating the enantioselectivity of the reaction and highlights the importance of the N-
protecting group identified in the ligand design stage.

CONCLUSIONS

We have successfully achieved a seminal advance in the realm of asymmetric synthesis by
developing the first enantioselective Ni-catalyzed Suzuki-Miyaura cross-coupling reactions
for the preparation of biaryl atropisomers. The meticulously optimized reaction conditions,
coupled with the innovative N-protected Xiao-Phos ligand, have yielded a highly efficient and
enantioselective catalytic system. The exploration of the substrate scope has revealed the
tolerance of the catalytic system to a variety of functional groups and aryl boronic acids,
further emphasizing the practicality of this method for complex molecule synthesis. The gram-
scale synthesis of axially chiral binaphthalenes showcases the scalability of the process and
the potential for industrial applications. Computational studies have shed light on the reaction
mechanism, providing insights into the dynamic coordination modes of the chiral ligand and
the pivotal role of the N-protecting group in enantioselectivity.

Our virtual screening approach, informed by a comprehensive analysis of Pd-catalyzed
reactions, has not only expedited the ligand design process but has also provided a blueprint
for future ligand development in asymmetric catalysis. The data-driven ligand design strategy
employed has proven to be a powerful tool for the rational development of chiral ligands,
significantly reducing the trial-and-error associated with traditional ligand discovery. Looking
ahead, this work sets the stage for several exciting avenues of research. The ability to predict
reaction outcomes and optimize conditions with minimal experimental work will greatly
accelerate the discovery of new synthetic routes and the development of novel catalysts.
Additionally, the exploration of this catalytic system in other asymmetric transformations,
such as asymmetric hydrogenation or allylic substitution, could lead to new synthetic
methodologies with broad applicability. Furthermore, the extension of this approach to other
cross-coupling reactions could provide a versatile platform for the synthesis of a wide array
of chiral compounds. The combination of experimental innovation, computational analysis,
and data-driven design principles has the potential to transform the way we approach the
synthesis of complex chiral molecules, offering a more efficient, predictable, and sustainable
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approach to the creation of pharmaceuticals, agrochemicals, and materials.
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