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Preface

Atropisomerism, a form of conformational chirality arising from restricted rotation
about single bonds, was first identified in 1922 byGeorge Christie and James Kenner
in a tetra-substituted biphenyl diacid. This discovery marked a significant milestone
in chemistry, laying the groundwork for further exploration into this intriguing
phenomenon. Subsequent advancements, particularly in the realm of asymmetric
catalysis, have propelled the study of atropisomerism to new heights. Ligands
with axial chirality, such as derivatives of BINOLs, BINAPs, and BINAMs, have
emerged as powerful tools for controlling asymmetric reactions. The recent surge
in literature addressing atropisomerism reflects its growing significance in various
scientific disciplines. Naturally occurring molecules exhibiting atropisomerism
have become subjects of intense investigation, opening new avenues for innovation
in reaction concepts and bridging the gap between chemistry, biology, and physics.
In fields such as medicinal chemistry and materials science, atropisomers play
pivotal roles due to their diverse biological activities and functions. However,
challenges persist, particularly in understanding the varying biological activities of
stable atropisomeric compounds, including FDA-approved drugs. The phenomenon
of rapidly interconverting atropisomerism adds further complexity to the study
of these compounds. Despite being conventionally considered achiral, they exhibit
atroposelective binding to protein targets, highlighting the intricate interplay
between molecular structure and biological function. Overall, the exploration of
atropisomerism continues to inspire new avenues of research and holds promise
for future advancements in chemistry and beyond.
Recognizing the need for a comprehensive resource addressing the opportunities

and challenges in this field, we present this handbook, focusing on recent advances
in atroposelective synthesis and their different applications. The handbook covers a
wide range of atroposelective synthetic approaches, including cross-coupling reac-
tions, ring-opening reactions, formation of aromatic rings, and desymmetrization
via functional group transformation, utilizing various metals and organocatalysts.
By exploring these diverse asymmetric methodologies, readers gain insight into the
versatility and importance of atropisomerism in modern synthetic chemistry. By
showcasing the impact of these advances on asymmetric catalysis, natural product
synthesis, material-based applications, and pharmaceutical development, it bridges
the gap between theoretical insights and practical implementations, catering to both
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xiv Preface

academic researchers and industrial practitioners. Moreover, the handbook adeptly
navigates through unresolved challenges within the field, thereby stimulating fur-
ther inquiry and innovation. With its rigorous academic discourse and analysis, this
handbook stands as an indispensable resource for scholars, students, and profession-
als alike, facilitating a deeper understanding of atropisomerism’s current landscape
and guiding future research endeavors.
The book is structured into two parts: Part I, titled “Atroposelective Synthesis,”

and Part II, titled “Challenges and Applications.” Part I elucidates recent
breakthroughs and challenges in atroposelective synthesis through six chapters.
The introductory chapter provides a foundational understanding of atropiso-
merism’s significance in contemporary chemistry. Chapters 2–4 explore diverse
metal-catalyzed atroposelective coupling strategies, specifically targeting the
synthesis of biaryls and heterobiaryls. Chapter 5 delves into the organocatalytic
enantioselective formation of atropisomers, while Chapter 6 offers a historical
overview of asymmetric ring-opening strategies. In Part II, the focus shifts to the
versatile applications of atropisomeric scaffolds across various domains. Chapters
7–9 delve into their role in asymmetric catalysis, while Chapter 10 discusses their
contribution to the total synthesis of natural compounds. Chapter 11 explores
their significance in drug discovery and development. The editors extend their
gratitude to theWiley-VCH editorial team for their invaluable support and guidance
throughout the project. They also express deep appreciation for the contributions of
all chapter authors, whose expertise has enriched and elevated the content of this
indispensable resource.

June 2024 Shinobu Takizawa
Mohamed S. H. Salem
Osaka, Japan
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1

Introduction
Mohamed S. H. Salem1,2 and Shinobu Takizawa1

1Osaka University, SANKEN, 8-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan
2Suez Canal University, Faculty of Pharmacy, Pharmaceutical Organic Chemistry Department, Ismailia,
4.5 KM Ring Road, 41522, Egypt

1.1 Molecular Chirality and Atropisomerism

1.1.1 Molecular Chirality

The exploration of stereochemistry has captivated the chemical community since
Pasteur’s groundbreaking revelation of molecular chirality in 1848 [1], followed by
van ‘t Hoff and Le Bel’s influential introduction of tetrahedral carbon in 1874 [2, 3].
The International Union of Pure and Applied Chemistry (IUPAC) defines chirality,
derived from the Greek word χεíρ (kheir) meaning hand, as the geometric property
of a rigid object (or spatial arrangement of points or atoms) being nonsuperposable
on its mirror image. Such an object lacks symmetry elements of the second kind,
including a mirror plane, a center of inversion, or a rotation-reflection axis [4]. Chiral
molecules typically possess at least one stereogenic element, giving rise to their
chirality. The most prevalent type of stereogenic element is a stereogenic center or
chirality center, which is an atom holding a set of ligands in a spatial arrangement
which is not superposable on its mirror image (IUPAC) [5]. A chirality center is thus
a generalized extension of the concept of the asymmetric carbon atom to the central
atoms of any element, for example, nitrogen N or phosphorus P. There are other
types of stereogenic elements that can give rise to chirality, including a stereogenic
axis (axial chirality), a stereogenic plane (planar chirality), and a screw axis (helical
chirality) (Figure 1.1) [5].

Chirality axis: An axis around which a set of ligands is held so that it results in a
spatial arrangement that is not superposable on its mirror image.

Chirality plane: A planar unit connected to an adjacent part of the structure by a
bond, which results in restricted torsion so that the plane cannot lie in a symmetry
plane.

Atropisomerism in Asymmetric Organic Synthesis: Challenges and Applications, First Edition.
Edited by Shinobu Takizawa and Mohamed S. H. Salem.
© 2025 WILEY-VCH GmbH. Published 2025 by WILEY-VCH GmbH.
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M M

Central chirality Helical chirality

Axial chirality Planar chiralityNonsuperposable

Chirality
axis

Chirality 
center

Screw axis

Figure 1.1 Different types of molecular chiralities and stereogenic elements.

Screw axis:An axis around which the atoms are held in a screw-shaped arrangement
that is not superposable on its mirror image. While certain sources categorize heli-
cal chirality as a form of axial chirality, IUPAC does not acknowledge helicity as a
subtype of axial chirality.

Chirality is a ubiquitous phenomenon observed in various disciplines, mainly in
the realms of biology, pharmaceuticals, organic chemistry, andmaterials science [6].
Biological homochirality of essential molecules such as L-amino acids in proteins
and D-sugars in nucleic acids is vital for the proper functioning of living organ-
isms [7]. The thing is reflected in the drug industry, as often only one enantiomer of
a chiral drug exhibits therapeutic efficacy, leading to the development and produc-
tion of single-enantiomer drugs to enhance their efficacy and minimize associated
side effects [8]. Chirality extends its impact tomaterials science, where certain chiral
molecules exhibit unique chiroptical features, such as circularly polarized lumines-
cence (CPL) and circular dichroism (CD), facilitating the design of advanced mate-
rials and devices [9–12]. Chiral catalysts in organic chemistry have a key role in
asymmetric synthesis, contributing to the selective production of enantioenriched
chiral compounds, especially in the synthesis of pharmaceuticals and functionalized
materials [13–16].

1.1.2 Axial Chirality and Atropisomerism

Earlier investigations primarily focused on central chirality, with the pioneering
works of Pasteur, van’t Hoff, and Lebel centered on chiral tetrahedral carbon with
four distinct substituents [1–3]. However, a milestone was achieved a century ago in
1922 when George Christie and James Kenner first identified atropisomerism in a
tetra-substituted biphenyl diacid 1 [17]. After this groundbreaking discovery, some
efforts were exerted to explore this new type of chirality, but a quantum leap tran-
spired with the advent of asymmetric catalysis. Ligands exhibiting axial chirality,
such as derivatives of 1,1′-bi-2-naphthols (BINOLs), 2,2′-bis(di-phenylphosphino)-
1,1′-binaphthyls (BINAPs), and 2,2′-diamino-1,1′-binaphthalenes (BINAMs) (refer
to Chapters 7 and 8 for detailed insights), demonstrated superior efficacy in
controlling asymmetric metal-based reactions, as elucidated by Ryoji Nyori [18].

https://pobeda.onf.ru/
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NO2

O2N CO2H
HO2C OH

OH
NH2

NH2 O

O
P

O

OH

1 BINOL BINAM Akiyama Terada catalyst

PPh2

PPh2

BINAP

Figure 1.2 Atropisomerism in privileged chiral ligands and organocatalysts.

The prevalence of axial-to-central chirality transfer became evident in the realm of
asymmetric catalysis. Over the past two decades, these ligands have additionally
proven their superiority in various organocatalysts, such as chiral phosphoric acid
catalysts, independently developed by Akiyama and Terada (Figure 1.2). These
advancements captivated researchers, prompting them to delve deeper into the
study and exploration of axial chirality and atropisomerism [19, 20].
While some may mistakenly conflate axial chirality and atropisomerism concepts

considering them synonymous, it is imperative to recognize that axial chirality
encompasses broader forms. According to IUPAC, axial chirality is precisely
defined as a stereoisomerism resulting from the nonplanar arrangement of four
groups in pairs about a chirality axis [5]. In essence, these frameworks possess a
chiral axis, imposing restrictions on the rotation of two pairs of groups. As per the
IUPAC definition, this concept encompasses diverse families of organic molecules
featuring noncoplanar arrangement of two pairs of substituents in the parent
backbone. The most prominent class of axially chiral compounds falling under this
definition is atropisomers, including biaryls, heterobiaryls, aryl alkenes, anilides,
and diaryl ethers, whose axial chirality arises from the restricted rotation about single
bonds [5]. Allenes, spiro compounds, spiranes, and alkylidene-cyclic compounds
are other examples of axially chiral compounds, wherein their chirality comes from
the perpendicular geometry of two pairs of substituents (Figure 1.3) [21].

Atropisomers

Allenes

••

Alkylidene-cyclic compounds Spiranes

Spiro compounds

Figure 1.3 The most prominent classes of axially chiral compounds.
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The recent surge in literature addressing atropisomerism has significantly
impacted the field, capturing attention with its exploration of naturally occurring
molecules that exhibit this chirality element [22]. Thesemolecules play a pivotal role
in advancing various scientific domains, addressing not only physical organic issues
related to structure and stability but also inspiring the development of innovative
reaction concepts [23]. The design and synthesis of novel scaffolds showcasing
atropisomerism contribute to the ongoing expansion of this interdisciplinary field,
which seamlessly integrates chemistry, biology, and physics, finding applications
in both medicinal chemistry and materials science [24–28]. Atropisomers, as
a fundamental chirality element in nature, exhibit diverse biological activities
and functions, rendering them indispensable in asymmetric catalysis. Numerous
atropisomers serve as privileged chiral ligands, demonstrating their critical role in
catalytic processes [29, 30]. However, despite their immense potential, challenges
persist, exemplified by the varying biological activities observed in stable atropi-
someric Food and Drug Administration (FDA)-approved drugs and experimental
compounds. The phenomenon of rapidly interconverting atropisomerism adds
complexity, as these compounds, while conventionally considered achiral, exhibit
atroposelective binding to protein targets [31, 32].
Recognizing the need for a comprehensive resource addressing the opportunities

and challenges in this field, we present this handbook, focusing on recent advances
in atroposelective synthesis and their different applications. This book explores
diverse atroposelective synthetic approaches, including cross-coupling reactions,
ring-opening reactions, formation of aromatic rings, and desymmetrization via
functional group transformation, utilizing different metal and organocatalysts
[33, 34]. By showcasing the impact of these advances on asymmetric catalysis, the
synthesis of natural products, functionalized materials, and drug industry, this
book contributes to a deeper understanding of the current state of atropisomerism
and highlights unresolved challenges. In alignment with the broader context, this
book integrates and complements existing literature, particularly Axially Chiral
Compounds: Asymmetric Synthesis and Applications by Bin Tan (WILEY-VCH
GmbH, 2021) [35] and Atropisomerism and Axial Chirality by José M Lassaletta
(World Scientific Publishing Europe Ltd, 2019) [36]. By collating and discussing
recent advances, we aim to provide valuable insights for researchers working in this
dynamic field.

1.2 Atropisomerism in Asymmetric Organic Synthesis

The pursuit of atroposelective synthesis of various atropisomers, mainly biaryls
[37] and heterobiaryls [38] holds significant relevance due to its applications across
various domains, including polymers, ligands, natural products, and pharmaceu-
ticals. One of the most straightforward methods is based on oxidative coupling
reactions, a methodology presenting a direct pathway that, while having a restricted
substrate scope, obviates the need for prefunctionalization of starting materials
(Scheme 1.1) [39]. A second strategy entails the direct establishment of chirality

https://pobeda.onf.ru/
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R2

R1R2

R1

H
H

R2

R1

Y
X

R2

R1

R2

R1

Oxidative coupling Cross-coupling

Ring opening Aromatic ring 
construction

Scheme 1.1 Straightforward strategies for enantioselective synthesis of atropisomers.

axes through C—C bond-forming asymmetric cross-coupling reactions. This
approach necessitates highly efficient catalysts capable of imparting the requisite
stereocontrol, especially in the context of coupling hindered ortho-substituted
substrates [40–42]. A third alternative is based on the de novo formation of one or
more aromatic rings by cycloaddition or cyclization reactions [43]. Additionally,
a noteworthy strategy, stemming from the seminal work of Bringmann et al. in
1986 [44], focuses on atroposelective ring opening, incorporating the enantios-
elective cleavage of diverse bonds [45]. Great advances have been introduced in
this domain, especially with the expansion of their applications. A diverse array of
metal-based and organocatalysts alongside enzymatic transformations have proven
their efficiency in the highly controlled and selective construction of atropiso-
mers [46]. While numerous enduring challenges have been recently addressed, the
field still confronts unresolved issues and offers multiple opportunities that can
propel it further [47]. The ongoing interplay between challenges and opportunities
underscores the dynamic nature of atroposelective synthesis and presents avenues
for continued advancement.
Recognizing the need for a comprehensive resource addressing the opportunities

and challenges in this field, we present this handbook, focusing on recent advances
in atroposelective synthesis. This book is structured into two parts: Part I, titled
“Atroposelective Synthesis”, and Part II, titled “Challenges and Applications”.
Part I primarily focuses on recent advancements and challenges in atroposelec-
tive synthesis, employing diverse approaches. Chapters 2–4 delve into various
metal-catalyzed atroposelective coupling strategies, specifically targeting the con-
struction of biaryls and heterobiaryls, which are prevalent in this context. Chapter
2 concentrates on group 8 transition-metal complexes, mainly iron and ruthenium,
as catalysts for atroposelective oxidation of different arenols. Within this chapter,
Prof. Uchida extensively discusses the key role played by iron and ruthenium
complexes in achieving stereoselective oxidative homo- and hetero-coupling
reactions of arenols. The author emphasizes recent breakthroughs, showcasing
how the design of innovative ligands has overcome long-standing challenges in
hetero-coupling methodologies. Notable examples include Pappo’s recent work in
2022, illustrating the cross-selective synthesis of NOBIN through the introduction
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8 1 Introduction

of a chiral iron disulfonate complex as the catalyst [48]. Additionally, Smith’s
2023 findings highlight the efficiency of an iron Pybox complex as a catalyst in
the cross-coupling of 3-hydroxynaphthoates with indole derivatives as coupling
partners, utilizing bis(tert-butyl) peroxide as the oxidant [49]. Uchida’s work is also
discussed, demonstrating the cross-coupling of arenols with similar structures and
electronic natures using (H2O)Ru-Salen complexes [50].
Chapter 3 delves into recent advancements in the catalytic oxidative coupling of

arenols utilizing vanadium complexes, with a particular focus on its application
in the preparation of polycyclic heteroaromatics (PHAs). Notably, optically active
vanadium complexes, featuring a Schiff base ligand and a tetravalent or pentava-
lent vanadium metal center, have garnered attention as environmentally benign
catalysts facilitating the generation of axially chiral molecules [51]. Prof. Salem
and Prof. Takizawa discuss with many mechanistic insights why these complexes
exhibited noteworthy characteristics, serving as active catalysts in diverse regio- and
enantioselective C—C bond formation reactions. Importantly, the inherent selec-
tivity and distinctive catalytic activity of vanadium not only mitigate undesirable
side reactions and peroxidation but also confer broad functional group tolerances
in various organic syntheses [51]. Therefore, the applications of this chemistry
extend beyond their catalytic role, finding utility in the atroposelective synthesis
of heterocyclic nanographenes endowed with favorable optical properties, such as
helicenes and dehydrohelicenes [12, 52]. Furthermore, these vanadium complexes
have been instrumental in synthesizing various naturally occurring substrates (also
refer to Chapter 10).
In the context of cross-coupling reactions for synthesizing biaryl and het-

erobiaryls, particular attention is directed toward the Suzuki–Miyaura coupling
(SMC) – an indispensable transformation in contemporary synthetic chemistry [53].
This reaction holds paramount significance in the synthesis of functionalized mate-
rials, various ligands, natural products, and biologically active molecules [54–56].
Consequently, we dedicated Chapter 4 to explore the atroposelective SMC for the
production of axially chiral biaryls. In this comprehensive chapter, Prof. Korenaga
systematically reviews numerous successful examples of atroposelective SMC
toward biaryl synthesis, emphasizing the pivotal role played by directing groups
in the enantioinduction. Furthermore, it delves into recent studies that have
reconsidered established mechanisms, exemplified by the work of Patel et al. [57].
Their theoretical considerations and density functional theory (DFT) calculations
shed light on the importance of weak interactions in the asymmetric induction of
aryls lacking directing groups. The chapter also addresses the challenges prevailing
in the field and highlights issues such as the necessity for high catalyst loading and
the limited substrate scope. It also assesses potential avenues for overcoming these
challenges, including the utilization of Buchwald ligands with preliminary efforts
by the Korenaga group to implement this approach.
In contrast to the preceding chapters, which discussed the metal-based method-

ologies for atroposelective synthesis, Chapter 5 delves into the diverse array of
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organocatalysts and their pivotal role in the enantioselective synthesis of atropi-
somers. Prof. Bencivenni introduces an array of organocatalytic approaches,
encompassing aminocatalysis, base catalysis, phase-transfer catalysis (PTC), and
phosphoric acid catalysis (PAC). The inherent adaptability of these catalytic
modalities to various synthetic strategies, coupled with the orthogonality of their
modes of action, renders them invaluable for the enantioselective construction of a
broad spectrum of atropisomers exhibiting diverse scaffolds. The chapter discusses
selected examples of structurally diverse atropisomers, including C–C (biaryls
and non-biaryls) and C–N as well as C–O, C–B, and N–N atropisomers [33]. The
chapter also highlights various recent advancements, including Sparr’s work on
the de novo construction of one or two aromatic rings and his key achievement
in the diasterodivergent synthesis of arenes with two stereogenic axes [58–60]. In
the evolution of organocatalysts, crowned with the Nobel Prize in Chemistry to
Benjamin List and David MacMillan in 2021 [61], a large variety of atropisomers
have found substantial utilities for catalyzing atroposelective transformations
themselves, suggesting that further breakthroughs can still be expected from today’s
research in expanding fields like organocatalysis and atropisomers.
Enantioselective ring-opening reactions of fused biaryl compounds represent

another powerful strategy for constructing axially chiral products. This approach
offers practical advantages, including the broad substrate applicability, excellent
selectivity control, and high atom efficiency. Experimental observations indicate
that inert chemical bonds within tensegrity structures can be selectively cleaved
under mild conditions through the ring opening of these structures, attributed
to the torsional strain induced by their twisted conformation [45, 62]. In recent
years, significant progress has been made in this field, extensively reviewed in
existing literature. However, a comprehensive discussion specifically focusing
on the synthesis of atropisomers via enantioselective ring-opening reactions has
been notably absent. In Chapter 6, Dr. Duan and Prof. Gu provide an insightful
historical overview of the asymmetric ring-opening strategy, commencing with the
pioneering work of Bringmann [44] and encompassing subsequent key advance-
ments in this domain. The chapter is organized into six sections corresponding
to different types of bond cleavage, including the CO—O bond of “Bringmann’s
Lactone” as well as C—X (X = group 14, 15, 16, and 17 elements) bonds. The final
section briefly addresses the ring-opening reactions of transient pentacyclic metal
species. The authors elucidate the structural prerequisites of various substrates for
effective implementation of this strategy, incorporating dynamic kinetic resolution
(DKR), and discuss the impact of torsional strain in bridged biaryls on their
efficiency. Within this framework, Chapter 6 systematically explores the use of
various metal-based catalysts, including iridium, cobalt, nickel, copper, rhodium,
and palladium, along with different ligands and organocatalysts. This structured
organization facilitates an understanding of the advancements and challenges in
a good context mainly revolving around the synthetic approach rather than the
substrate or the obtained product.
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1.3 Atropisomerism: Challenges and Applications

Part II of this book delves into the multifaceted applications of scaffolds exhibiting
atropisomerism, spanning across diverse realms such as asymmetric catalysis, the
total synthesis of natural compounds, medicinal chemistry, and material-oriented
applications. By elucidating recent strides in these areas, alongside the obstacles
impeding their integration, particularly in domains like drug industry [31, 32],
researchers can gain insight into the current situation of the field and discern
avenues for prospective advancements.

1.3.1 Axially Chiral Ligands and Organocatalysts

The revolution in asymmetric catalysis, particularly with the pioneering work of
Nyori in 1980 utilizing BINAP as a ligand in the rhodium-catalyzed asymmetric
hydrogenation, has significantly propelled the field of atropisomerism [18]. This
progress underscores the profound significance of scaffolds featuring axial chirality,
with predictable spatial projection of functionalities, thereby yielding remarkable
organocatalysts, ligands, or auxiliaries [63, 64]. Notably, a considerable array of
chiral ligands and organocatalysts stems from a few privileged chiral structures,
among which the atropisomeric 1,1′-binaphthyl structure occupies a prominent
position. The atropisomerism of the 1,1′-binaphthyl moiety offers several advan-
tages in catalysis. First, both enantiomers of the 1,1′-binaphthyl moiety can be easily
accessed from commercially available (R)- or (S)-BINOL. Second, the atropiso-
merism of the 1,1′-binaphthyl is notably stable and does not undergo racemization
under most reaction conditions. Third, the electronic and steric properties of the
1,1′-binaphthyl moiety can be finely tuned by introducing various substituents at
the 3,3′ or 7,7′ positions. Additionally, the solubility of the catalyst can be improved
by incorporating lipophilic substituents. Last, the 1,1′-binaphthyl moiety with
its C2-symmetric skeleton reduces the number of potential competing diastere-
omeric transition states and thereby simplifying the understanding of reaction
mechanisms. The axially chiral BINOL, BINAM, and NOBIN represent exemplary
binaphthyl molecules, from which a multitude of chiral ligands (Figure 1.4) and
organocatalysts (Figure 1.5), including the well-regarded BINAP and phosphoric
acids, are derived. In Chapter 7, Dr. Cen and Prof. Zhang meticulously intro-
duce around 150 representative chiral ligands and organocatalysts derived from
axially chiral binaphthyl structures, particularly emphasizing BINOL, BINAM, and
NOBIN. Spanning from phosphine and phosphoramidite ligands to Schiff base
ligands and from Brønsted acids to Lewis bases and phase-transfer organocatalysts,
these privileged axially chiral binaphthyl structures underpin the majority of
widely utilized chiral catalytic systems. While it may be impractical to encompass
all binaphthyl chiral catalysts within a single chapter, the selected examples by
the authors underscore the remarkable enantioinductive capability of these priv-
ileged atropisomeric binaphthyl structures. Symbolized by BINOL, BINAM, and
NOBIN, axially chiral binaphthyl structures have furnished an exceptional chiral
environment for numerous asymmetric transformations [29].

https://pobeda.onf.ru/


1.3 Atropisomerism: Challenges and Applications 11

PPh2

PPh2

BINAP

R

PPh2

MOP

P R

BINEPINE

P P

BINAPHANE

O

P

O

N

Binaphthyl phosphoramidite

O

P

O

N

Binaphthyl phosphoramidite

P

SiSi-BINEPINE

Si

Si

H

H

SO3H

SO3H

BINSA

SO3H

SO3H

XieBINSA

R1

R1

R2

R2

SO2NMe2

SO2NMe2

R1

R1

R2

R3

R2

Binaphthyl cyclopentadienyl ligands

R

R

Binaphthyl dienes

Bispicolinic BINAMINE

NH

NH

O

O

N

N

N

N

OH

OH

Binaphthyl salen

N

N

OH

OH

OH

OH

Dinucleating binaphthyl salen

PPh2

NH

O

N

R

Picolinic MAP

NMe2

PPh2

MAP

Cross metathesis binaphthyl catalyst

N N

Ru
O

Cl

OiPr

OH

N

Pyridylmethyl-NOBINE

N

H

NHAc

OH

NOBINAc

Figure 1.4 Representative chiral ligands derived from atropisomeric binaphthyl structures.

After a comprehensive scope of the role played by axially chiral scaffolds in
general, particularly those derived from binaphthyl, the subsequent two chapters
delve into a more in-depth and detailed discussion of the role played by two specific
families of ligands and organocatalysts that were previously not discussed in depth.
Chapter 8 introduces a comprehensive review of various reactions catalyzed by
zinc complexes in conjunction with axially chiral ligands, particularly derivatives
of BINOL. Prof. Arai elucidates in his chapter the significance of specific positions
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Figure 1.5 Representative chiral organocatalysts derived from atropisomeric binaphthyl
structures.

on the ligands, notably the 3,3′ positions, and examines how substituents at these
sites influence the overall activity of the zinc catalysts. Furthermore, the chapter
expands its scope to encompass other metals, such as lanthanum and barium,
which were not extensively discussed in the previous sections of this book. The
chapter highlights the significant contributions facilitated by the development of
multinuclear zinc catalysts with axial chirality, marking numerous milestones in
asymmetric catalysis. Throughout the discussion, mechanisms are scrutinized,
providing valuable insights into the underlying processes driving these catalytic
transformations.
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Chapter 9 covers one of the most rare examples in the domain of atropisomeric
organocatalysts, which is nucleophilic catalysis exemplified by binaphthyl-based
chiral N,N-4-dimethyl-4-aminopyridine (DMAP) derivatives [65]. In their chapter,
Prof. Mandai and Prof. Suga explore a range of binaphthyl-based DMAP deriva-
tives and their significant impact on accelerating nucleophilic catalytic reactions.
The discussion underscores the favorable outcomes resulting from the incorpo-
ration of polar functional groups into the skeleton of the optically active DMAP
derivatives. These modifications lead to enhanced catalytic activity and improved
enantioselectively, primarily attributed to hydrogen bonding interactions. The
chapter delves into the utilization of these derivatives in both intra- and intermolec-
ular enantioselective acylation reactions, highlighting their remarkable efficacy in
promoting desired chemical transformations, including different strategies such as
kinetic resolution, desymmetrization of alcohols, and DKR.

1.3.2 Natural Product Synthesis

Atropisomericmolecules, imposing a restricted rotational barrier, are not only preva-
lent in catalysis as chiral ligands or organocatalysts but are also a recurring motif in
numerous natural products (Figure 1.6) [22]. The captivating structures and unique
features associatedwith thismotif have significantly increased its importancewithin
the synthetic community. The advancement of atroposelective coupling methods,
employing various strategies, has contributed to the synthesis of complex molecules
[66, 67].
Chapter 10 explores various success stories in the total synthesis of atropisomeric

natural products, employing a range of transition-metal-catalyzed asymmetric
oxidative coupling reactions coupled with diverse oxidants to augment reactivity
and selectivity. Dr. Kang and Prof. Kozlowski’s contribution to this chapter
focuses particularly on copper- and vanadium-catalyzed methodologies. Notably,
copper-mediated asymmetric oxidative couplings have utilized poly-substituted
naphthols as coupling monomers, while vanadium-catalyzed approaches have
expanded the scope to include monocyclic phenols for axial chirality construction
in natural product synthesis. The chapter delves into the stereoselectivity of these
processes, highlighting the intricate interplay between asymmetric catalysts and the
innate stereochemistry of substrates. Additionally, it explores how both catalysts
and substrates impact stereochemical outcomes, ultimately enhancing atropos-
electivity. The authors shed light on enzyme-based strategies for constructing
natural products with chirality axes, encompassing both symmetrical dimers and
unsymmetrical coupling products – a feat challenging to achieve via conventional
chemical means.

1.3.3 Atropisomerism in Drug Discovery and Development

Atropisomerism has garnered an increasing interest in drug design and devel-
opment within both academia and the pharmaceutical industry over recent
decades [68]. The effectiveness of drug action relies heavily on the specific binding
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of the bioactive molecule to its protein target, facilitating the formation of crucial
chemical interactions that trigger a cascade of biological events culminating in
desired bioactivity [8]. Consequently, the influence of axial chirality is anticipated
and should be meticulously considered early in the drug design process. It is
widely acknowledged that the activity toward a particular target is predominantly
dictated by a single atropisomer, with minimal or no contribution from the other
enantiomer [69]. “Locking” the molecule in the bioactive atropisomeric form not
only enhances activity but also improves selectivity toward the intended biological
target. So far, a few FDA-approved drugs stand out as class III stable atropisomers,
characterized by a high rotational energy barrier (ΔE rotation ≥ 30Kcal/mol) and
slow interconversion between atropisomers (t1/2 > 4.5 years) [69]. These drugs,
including lesinurad (urate transporter inhibitor for gout), telenzepine (selective
M1 receptor blocker for peptic ulcers), colchicine (anti-inflammatory/gout agent),
and sotorasib (KRASG12C covalent inhibitor for non-small cell lung cancer), are
either marketed as racemates, single diastereoisomers, or even separated as single
atropisomers (Figure 1.7) [24].
In Chapter 11, Prof. Helal and his team provide an overview of atropisomerism’s

utilization in drug discovery, accompanied by examples from recent literature
and FDA-approved drugs. These compounds are classified based on their chem-
ical classes into biaryls/heterobiaryls, diaryl ethers or amines, benzamides, and
macrocycles. The chapter also discusses the key advantages of controlling atropi-
somerism in the drug industry and how singular atropisomers offer safer profiles,
higher/selective bioactivity, lower administration doses, and reduced off-target
activities. Additionally, the authors discuss the main challenges hindering the
manufacture of pure atropisomeric drugs, including cost increases and the rapid
interconversion of class I atropisomers. These compounds, characterized by lowΔE
rotation (< 20Kcal/mol) and quick interconversion at room temperature (t1/2 < 60
seconds), represent the majority of atropisomeric drug molecules. The chapter
concludes by discussing potential opportunities, such as introducing bulkier,
sterically hindered scaffolds, which facilitate the switch from class I atropisomeric
racemates to class III atropisomers, easily separable via SFC chiral separation [70].
It is worth noting that while this book’s structure into two parts facilitates content

organization and accessibility for readers, there is a high degree of integration
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between the contents and context among the two parts and in each chapter. This
book consistently explores different atroposelective synthetic approaches and
highlights interconnected parts, whether discussing applications or challenges.
For instance, Chapter 3 initiates the first part by delving into vanadium-catalyzed
atroposelective synthesis and extends this discussion to the application of this
approach in creating functionalized materials such as helicenes and dehydrohe-
licenes via axial-to-helical chirality transfer. These material-based applications
are not addressed in other parts of the book. Similarly, some chapters in Part II,
dedicated to applications, discuss atroposelective synthetic strategies not previously
highlighted in Part I. For example, Chapter 10 delves into copper-catalyzed and
enzymatically based atroposelective oxidative coupling of atropisomeric natural
products, presenting novel synthetic methodologies not previously discussed in
Part I. This integrated context ensures a comprehensive discussion of atropiso-
merism from various angles, providing readers with a holistic understanding of its
applications and implications.
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2.1 Introduction

Aromatic rings are essential motifs for the synthesis of cyclic compounds, in
particular, functional organic molecules based on complex cyclic compounds
bearing multistereocenters. Therefore, the transformation of aromatic compounds
via diverse approaches such as cross-coupling reactions, C–H activation, and
enantioselective reduction of aromatic rings has been intensively studied [1–3].
Among these, the oxidative transformation of electron-rich and abundant arenols
has received much attention for the synthesis of valuable compounds such as
bisarenols. These frameworks are widespread in chiral sources for asymmetric
transformations and are common in natural products [4, 5]. Thus, the oxidation
as well as the stereoselective transformation of arenols has been the subject
of intense research. For this transformation, chiral copper salts, later vanadyl
complexes, and complexes based on group 8 elements such as iron and ruthe-
nium have been proven to be efficient catalysts [6]. In this chapter, we focus on
group 8 transition-metal complexes as catalysts for the stereoselective oxidation
of arenols.
It has been known for a long time that ferric chloride and ferric cyanide oxidize

arenols to produce bisarenol derivatives. However, the oxidation of arenols catalyzed
by these reagents suffers from a limited substrate scope owing to the occurrence of
side reactions such as overoxidation to quinone derivatives and Friedel–Craft sub-
stitutions. In contrast, in the past two decades, iron and ruthenium complexes have
been demonstrated as unique and efficient catalysts for atroposelective synthetic
processes such as oxidative coupling to bisarenols and spirocyclization. These devel-
opments are summarized in this chapter.

Atropisomerism in Asymmetric Organic Synthesis: Challenges and Applications, First Edition.
Edited by Shinobu Takizawa and Mohamed S. H. Salem.
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2.2 Oxidative Homo-coupling of 2-Naphthols to BINOL
and Its Derivatives

Axial chiral binaphthalene derivatives such as 1,1′-bi-2-naphthol (BINOL) and 2,2′-
bis(diphenylphosphino)-1,1′-binathyl (BINAP) are widely used as ligands in
various highly stereoselective reactions [5]. Therefore, the selective synthesis of
optically active BINOLs has attracted widespread interest. Several transition-metal
complexes were traditionally used as stoichiometric oxidants or catalysts for the
synthesis of BINOLs via coupling reactions until Nakajima et al. reported a highly
enantioselective catalytic oxidative coupling in 1999 [7]. They found that chiral
diamine-supported copper salts can catalyze the oxidation of methyl 2-hydroxy-
3-naphthoate to the corresponding BINOL with 78% enantiomeric excess (ee)
using dioxygen in air as the hydrogen acceptor. Subsequently, Katsuki et al. pre-
sented (nitrosyl)ruthenium-salen ([ON]Ru-salen) complexes as coupling catalysts
(Scheme 2.1) [8]. Prior to this work, they found that chiral (ON)Ru-salen 1 can
catalyze oxidative kinetic resolution of racemic secondary alcohols using molecular
oxygen as the hydrogen acceptor [9a]. According to the findings from the mecha-
nistic studies, under visible light irradiation conditions, (ON)Ru-salen complexes
release NO, and the resulting vacant site at the ruthenium ion is occupied by an
alcohol group (Scheme 2.2). These complexes could activate dioxygen to the corre-
sponding ruthenium (superoxide) intermediate via single-electron transfer (SET)
from the metal center to dioxygen, followed by dehydrogenation of the coordinated
alcohol to the corresponding ketone in a stereoselective manner [9]. Based on the
mechanistic considerations, they thought that, in the presence of arenols instead of
alcohols, (ON)Ru-salen complexes bearing a binaphthyl framework catalyzed the
oxidative coupling to yield the desired bisarenol in a stereoselective manner.

(ON)Ru-salen 1 (2 mol%)

Toluene, ho, air (O2)
OH

R
OH

R

OH

R

OH

OH

65%, 57% ee (in C6D6)
72%, 65% ee (in toluene)

OH

OH

Br

Br

30%, 71% ee
77%, 69% ee (with 5 mol% of 1)

OH

OH

45%, 71% ee
93%, 68% ee (with 5 mol% of 1)

Ph

Ph

OH

OH

MeO

MeO

73%, 33% ee

OH

OH

MeO2C

MeO2C

Trace

Scheme 2.1 (ON)Ru-salen 1-catalyzed stereoselective coupling of 2-naphthols.
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Scheme 2.2 Working hypothesis of oxidation of arenol based on the mechanism of
Ru-salen-catalyzed aerobic oxidation of alcohols.

In particular, complex 1, which exhibits a relative configuration of (Ra,R)
between the binaphthyl and cyclohexanediamine units, afforded better results
in terms of yield (65%) and enantioselectivity (57% ee) in C6D6. The yield and
enantioselectivity were also improved by using toluene as the solvent. These
ruthenium-catalyzed reactions were notable for not requiring a directing group
such as an ester group at the C3 position on 2-naphthols. Using 2mol% of complex 1,
the reaction of 6-bromo- and 6-phenyethynyl-2-naphthols yielded the correspond-
ing 6,6′-bisubstituted-1,1′-bi-2-naphthols with 71% ee, albeit in moderate yields.
Fortunately, the yields could be improved to 77% and 93% with a slight decrease in
stereoselectivity by increasing the catalyst loading to 5mol%. The homo-coupling
product of 6-methoxy-2-naphthol was also produced in 73% yield, with 33% ee
using 2mol% of complex 1. However, the reaction of a naphthol bearing a methyl
carboxylate group was sluggish due to its poor solubility in a less polar solvent and
the presence of the electron-withdrawing group.
After that, chiral copper and oxyvanadyl complexes were introduced as catalysts

of the oxidative coupling, achieving high enantioselectivities [6]. Egami and Katsuki
also reported on the efficacy of the μ-hydroxo-dimer of iron complex bearing a salan
ligand, a reduced form of salen, in catalyzing the oxidative coupling of 2-naphthol
derivatives (Scheme 2.3) [10]. They found that a salan ligand containing two
amino groups could reduce the oxidation potential of the metal complex, and the
amino protons regulated the configuration of the coordinated arenol via hydrogen
bonding. Consequently, they conducted the aerobic oxidation of 2-naphthols using
iron-salan complexes as catalysts. However, most iron-salan complexes exhibited

https://pobeda.onf.ru/


24 2 Iron- and Ruthenium-Catalyzed Atroposelective Synthesis of Axially Chiral Compounds

Fe-salan (1 mol%)
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OH

OH
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H H

(R)
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O O
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Ph Ph

HO

H H

(S)
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N N

O O
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Ph Ph
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H H

(R) PhPh
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O O

Fe

Ph Ph

HO

H H
(R)

2 2

22

Fe-salen 2 Fe-salen 3
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@30 °C: N.R.
@60 °C: 32% yield, 62% ee (Sa)

@30 °C: trace
@60 °C: 31% yield, 65% ee (Ra)
@60 °C: 87% yield, 64% ee (Ra) (4 mol%)

@30 °C: 18%, 57% ee (Sa)
@60 °C: 58% yield, 58% ee (Sa)

@30 °C: trace

(Ra) (Ra)

(Ra) (Ra)

Scheme 2.3 Surveying the efficient iron catalyst for asymmetric aerobic oxidative
coupling of 2-naphthol.

poor catalytic performance in this reaction at 30 ∘C in toluene. Only iron-salan
complex 4, which contained an (Ra)-binaphthyl moiety and (1R,2R)-1,2-
diphenylethylenediamine, gave (Sa)-BINOL in 18% yield with 57% ee. Fortu-
nately, increasing the reaction temperature to 60 ∘C improved the yield to 58%
without reducing the enantioselectivity. At 60 ∘C, other iron-salan complexes bear-
ing the binaphthyl framework gave the product with better enantioselectivity than
complex 4. The reaction with (Ra,S) iron-salan 3 bearing a cyclohexanediamine
core as the catalyst afforded the best result in terms of enantioselectivity. Moreover,
using 4mol% of catalyst improved the yield to 87%.
Under the optimized conditions, iron-salan complex 3 catalyzed the reaction of

C6-substituted 2-naphthols with moderate enantioselectivity, irrespective of the
electronic nature of the substituent (Scheme 2.4). However, when complex 3 was
used as the catalyst, the reaction of 3-methyl-2-naphthol afforded an insufficient
stereoselectivity of 16% ee. In contrast, a high enantioselectivity of 77% ee was
observed in the reaction of 3-methyl-2-naphthol when complex 4 was used as
the catalyst. Complex 4 exhibited better catalytic performance in the reaction of
C3-substituted 2-naphthols. For instance, the reaction of 3-aryl-2-naphthol yielded
3,3′-diaryl-1,1′-bi(2-naphthol) with excellent enantioselectivity, while 3-phenyl-
and 3-trimethylsilylethenyl-2-naphthols also afforded excellent stereoselectivity
and yield. Even the presence of electron-withdrawing halogenated substituents at
the C3 position resulted in excellent ee, albeit with slightly reduced yields. However,
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Fe-salan 3 or 4 (4 mol%)
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OH

MeO

79% yield, 56% ee (with 3)
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OH
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OH
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OH
91% yield, 96% ee (with 4)
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Cl
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86% yield, 94% ee (with 4)

Br

OH

77% yield, 96% ee (with 4)

I

OH
N.R.

CO2Me

(Ra)

Scheme 2.4 Iron-salan-catalyzed asymmetric aerobic oxidation of 2-naphthols.

no reaction was observed for methyl 2-hydroxynaphthylcarboxylate bearing an
electron-deficient functional group.
Later, Pappo et al. reported the enantioselective oxidative coupling of

2-naphthols to BINOLs using chiral iron-phosphate complexes as catalysts
(Scheme 2.5) [11]. A screening of the reaction conditions, such as the iron salt,
base, phosphate ligand, and oxidant, revealed that the combination of Fe(ClO4)3,

Fe-phophate 5 (2.5 mol%)
t-BuOOt-Bu (1.0 equiv)

(CHCl2)2/HFIP (1/1), r.t.
OH

OH

OH

R1

R2

R1

R2

R1

R2

OH

86% yield, 88% ee (Ra)

OH

Me

87% yield, 78% ee

OH

80% yield, 78% ee

OH

77% yield, 74% ee

OH

89% yield, 72% ee

OH

86% yield, 68% ee

OH

91% yield, 72% ee

OH

94% yield, 72% ee (Ra) 86% yield, 54% ee (Ra)

O

O
P

O

O
Fe

3

5C4H9

C8H17

OH

C4H9O

O

79% yield, 84% ee

CF3

F3C

OH

t-Bu

Scheme 2.5 Chiral iron-phosphate-catalyzed oxidative coupling of 2-naphthols.
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CaCO3, 3,3′-bis(4-tert-butylphenyl)BINOL-phosphate, and di-tert-butyl peroxide
(t-BuOOt-Bu) was efficient for the reaction. Under the optimized conditions, the
chiral iron-phosphate complex 5 catalyzed the oxidation of 2-naphthol to furnish
(Ra)-BINOL in 86% yield with 88% ee. 2-Naphthol substituted at the C6 position
with either primary or secondary alkyl groups was converted into the desired
BINOLs in good to high enantioselectivities and yields. 6,6′-Diarylated BINOLs
were also produced with good stereoselectivity under the optimized conditions.
On the basis of a kinetic study, the authors proposed that the oxidative coupling

of 2-naphthols catalyzed by chiral iron-phosphate complexes involved the decom-
position of the coordinated t-BuOOt-Bu to high-valent iron species and tert-butoxyl
radical, resulting in a ligand exchange from phosphate to naphthoxide (Scheme 2.6).
Then, valence tautomerization via SET from the naphthoxide ligand to themetal ion
produced an electrophilic naphthoxyl radical, and subsequent nucleophilic coupling
of arenol and rearomatization via hydrogen abstraction with the tert-butoxyl radical
furnished the corresponding chiral BINOL, which was released via ligand exchange.
However, the SET process in the catalytic cycle resulted in racemization of the prod-
uct and decreased the enantioselectivity of the resulting BINOL via overoxidation.

O
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O

O
Fe

3
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2
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Scheme 2.6 The mechanism of chiral iron-phosphate-catalyzed oxidative coupling of
2-naphthols.

Ishihara et al. described that chiral diphosphine oxide iron complexes catalyzed
efficiently the oxidative coupling of 2-naphthol derivatives (Scheme 2.7) [12].
In particular, an (Sa)-Xylyl-BIPHEP A-supported iron salt catalyzed the oxidative
coupling of 2-naphthol in 95% yield with 70% ee using tert-butylperoxide as
the oxidant at 0 ∘C. This iron-catalyzed coupling system afforded good to high
enantioselectivities with C7-substituted 2-naphthols irrespective of the electronic
nature and steric hindrance of the substituents (up to 92% ee). Furthermore,
in the reactions of 6-substituted 2-naphthols, (Sa)-Xylyl-BIPHEP B was more
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c-Pent: 98% yield, 90% ee
c-Hex: 92% yield, 88% ee
c-Hep: 94% yield, 84% ee

OH

OH

RO
P

RO P

(Sa)-Xylyl-BIPHEP

X

OH

O
O

R1

R1

R1

A: R = Me
B: R = i-Pr

alkyl

RO Ar

with B
MeO: 93% yield, 84% ee
i-PrO: 91% yield, 82% ee
AllylO: 97% yield, 81% ee
TESO: 82% yield, 90% ee
TBSO: 95% yield, 92% ee

with B
Br: 90% yield, 83% ee
I: 80% yield, 87% ee

with B
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OH

MsO

with A
98% yield, 81% ee

Scheme 2.7 Chiral diphosphine oxide iron complex-catalyzed asymmetric oxidative
coupling of 2-naphthols.

effective than (Sa)-Xylyl-BIPHEP A. The reaction of 2-naphthol bearing an
electron-donating methyl group at C6 afforded 60% ee, whereas substrates bearing
electron-withdrawing groups gave good enantioselectivities.
The authors proposed a catalytic cycle in which the precatalyst iron(II) species I

was oxidized to the corresponding iron(III) intermediate II, producing a naphthoxyl
radical cation III. Subsequently, its tautomer III′ underwent the oxidative nucle-
ophilic addition of an arenol to yield coupling intermediate IV, whichwas reoxidized
to the iron(III) species with the concomitant formation of iron naphthoxide II and
the desired BINOL via ligand exchange (Scheme 2.8).
Recently, Liu et al. reported chiral bisquinolyldiamines as efficient ligands in the

iron-catalyzed oxidative coupling of 2-naphthols (Scheme 2.9) [13]. Thus, 3- and
6-substituted 2-naphthols gave the corresponding BINOLs with good enantioselec-
tivity. However, 2-naphthols bearing electron-withdrawing carbonyl groups such as
carboxylic acid, benzoyl, and benzyl carboxylate groups did not work under the
reaction conditions.
Very recently, Knölker applied the iron-catalyzed aerobic oxidative coupling to

diarylamine derivatives, finding that using hexadecafluorophthalocyanine iron(II)
(FePcF16) as the catalyst and a chiral Brønsted acid as the cocatalyst under air
yielded the corresponding homo-coupling product in a stereo- and chemos-
elective manner along with slight production of N-aryldibenzo[c,g]carbazole
as an overoxidation product (Scheme 2.10) [14]. In the model reaction using
N-phenyl-2-naphthylamine, 3,3′-bis(triphenylsilyl)BINOL-phosphoric acid
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Scheme 2.10 Stereo- and chemoselective aerobic oxidative coupling of diarylamine.

gave 2,2′-bis(phenylamino)-1,1′-binaphthyl in 78% yield with 36% ee and the
corresponding carbazole in 7%yield.Under the optimized conditions, severalN-aryl-
2-naphthylamines afforded the corresponding binaphthylamineswith high chemos-
electivity and moderate to good enantioselectivities. The reaction of biphenylamine
derivatives also produced biaryl compounds with better yields and higher
enantioselectivities up to 90% ee.

2.3 Oxidative Cross-coupling of 2-Naphthols
to Asymmetric BINOLs

Progress in the transition-metal-catalyzed symmetric oxidative homo-coupling of
2-naphthols has led to the synthesis of various C2-symmetric BINOLs such as 3,3′-,
6,6′-, and 7,7′-disubstituted BINOLs with good to high enantioselectivities, regard-
less of the electronic nature of the substituents. In contrast, the selective synthesis
of C1-symmetric bisarenols using this strategy still constitutes a challenge because
to realize the cross-coupling, one arenol should be oxidized to a radical or a radical
cation and subsequently coupled with the other arenol in a chemoselective manner
to avoid undesired homo-coupling reactions. However, it is difficult for arenols
having similar structures and electronic nature to undergo oxidative coupling.
Nevertheless, several selective oxidative cross-couplings have been achieved using
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Lewis acid-mediated copper catalysis with substrates such as 2-naphthols bearing
esters and ketones at the C3 position [15]. Similarly, iron and ruthenium catalysts
also afforded interesting results in this field.
In 2010, Katsuki et al. described a highly selective cross-coupling reaction using

a di-μ-hydroxo iron-salan dimer as the catalyst [16]. During the investigation of the
reaction mechanism, they found a linear correlation between the optical purity of
the catalyst and the ee of the coupling product as well as a first-order dependency
between the reaction rate and the substrate concentration. Based on these observa-
tions, they proposed that in the coupling reaction, the dimeric iron complex gives
a monomeric naphthoxo intermediate that subsequently undergoes a rate-limiting
oxidation with molecular oxygen to produce the corresponding radical intermedi-
ates, which bind with another naphthol molecule to afford a radical cation inter-
mediate. Then, the monomeric naphthoxo intermediate regenerates via oxidative
rearomatization and subsequent ligand exchange. Furthermore, they hypothesized
that in the presence of two different naphthols, the more electronically rich, basic
one is selectively oxidized to a radical intermediate and the other, more acidic one,
acts as a nucleophile and produces the cross-coupling product in a chemoselective
manner (Scheme 2.11).
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Scheme 2.11 Working hypothesis of Fe-salan-catalyzed oxidative cross-coupling of
2-naphthols.

According to their hypothesis, they conducted the cross-coupling reaction
between 3-substituted electron-rich 2-naphthols A and 6-substituted electron-
deficient naphthols B with the iron-salan dimer as the catalyst and achieved
an excellent cross-selectivity (up to 91%) and enantioselectivity (up to 95% ee)
(Scheme 2.12). In contrast, the reactions between 2-naphthols with slight
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Scheme 2.12 Fe-salan 4-catalyzed asymmetric aerobic oxidative cross-coupling of
2-naphthols.

differences in their electronic nature proceeded with insufficient cross-selectivity
and both homo-coupling products were observed. Meanwhile, the reaction between
3-phenyl-2-naphthol as an electron-rich arenol and methyl 6-hydroxy-2-naphthoate
as an electron-deficient arenol exhibited good cross-selectivity; no electron-deficient
coupling product was observed. Increasing the amount of electron-deficient naph-
thol by twofold resulted in an enhancement of the cross-selectivity of 85%.
The authors further investigated the effect of electron-withdrawing groups such as
acetyl, formyl, and nitrile groups on the reaction, finding that these substituents
suppressed the homo-coupling and showed high cross-selectivity (>85%). The
combination with electron-deficient methyl 6-hydroxy-2-naphthoate resulted in
excellent cross-selectivity. Especially, slight electron-withdrawing bromide and
iodide groups at the C2 position gave C1-symmetric BINOL with excellent cross-
and enantioselectivity.
Later, Pappo et al. described an efficient strategy for the cross-coupling of phenols

via a coupling mechanism involving a chelated radical anion, according to which
a phenol with lower oxidation potential selectively oxidizes to the corresponding
phenoxyl radical intermediate and another stronger nucleophilic phenol selectively
undergoes an oxidative addition to form the corresponding cross-coupling adducts,
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yielding the desired bisarenols via rearomatization [17]. As a proof of concept, they
conducted the reactionwith iron chloride as the catalyst using bis-tert-butylperoxide
as the hydrogen acceptor and achieved a systematic cross-selective coupling between
a wide range of mixed arenols. Subsequently, they extended this concept to the
asymmetric version using 3,3′-bis(4-tert-butylphenyl)BINOL-phosphate-iron com-
plex 5, which was prepared form Fe(ClO4)3 and the corresponding phosphoric acid
with CaCO3 as a base [11]. A 1 : 1 mixture of 2-naphthol and C6- or C7-substituted
2-naphthol showed moderate cross-selectivity (Scheme 2.13).
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Scheme 2.13 Chiral Fe-phosphate 5-catalyzed asymmetric aerobic oxidative
cross-coupling of 2-naphthols.

Furthermore, they applied the iron-catalyzed cross-couplingmethod to synthesize
an enantiomerically pure 2-amino-2′-hydroxyl-1,1′-binaphthyl (NOBIN), which
is used as a chiral source for ligands and catalysts in asymmetric transformations
[18, 19]. The reaction between C3-substituted-2-naphthols and 2-naphthylamine
derivatives bearing a labile chiral auxiliary with FeCl3 as the catalyst and bis-tert-
butylperoxide as the oxidant under trifluoroacetic acidic conditions produced the
diastereo mixture of the cross-coupling product with moderate to high stereoselec-
tivities (Scheme 2.14). In particular, high diastereoselectivity was observed in the
reaction of 3-methoxy-2-naphthylamine derivatives.
Very recently, further developments in the cross-selective synthesis of

NOBIN have been achieved by introducing a chiral iron disulfonate complex
as the catalyst to realize an inner sphere radical anion/nucleophile coupling
(Scheme2.15) [20]. A 1 : 1.5mixture ofmethyl 7-(tert-butyl)-3-hydroxy-2-naphthoate
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and 2-naphthylamine in the presence of BF3⋅OEt2 as a binding reagent for the
amine moiety using in situ generated iron (6,6′-bibromo-1,1′-binaphthalene-2,2′-
disulfonate) (Fe[BINSate]) as the catalyst and di(dodecanoyl) peroxide (lauroyl per-
oxide) as the oxidant produced the desired cross-coupling compound in 82% yield
with 80% ee. Under the same conditions, secondary 2-naphthylamine also resulted
in a good enantioselectivity of 82% ee. Meanwhile, C4-, C6-, and C7-substituted
2-naphthylamine derivatives were converted into the corresponding products
with slightly lower enantioselectivities. The presence of C3-substituents affected
the enantioselectivity of the products, with the 3,5-dis(trifluoromethyl)phenyl
group affording the best enantioselectivity of 88% ee in 60% yield, whereas modest
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reactivity and stereoselectivity were observed in the reaction of 2-naphthol.
Directing groups such as methoxy, acyl, and ester groups at the C3 position on
2-naphthol improved the enantioselectivity up to 84% ee. Furthermore, the 6-tert-
butyl group enhanced the yield of the product without reducing the stereoselectivity.
In 2022, Smith et al. found that the iron Pybox complex is an efficient catalyst

for the cross-coupling of 3-hydroxynaphthoates with an indole derivative as a
coupling partner using bis(tert-butyl) peroxide as the oxidant (Scheme 2.16) [21].
The reaction was successful with various C2-substituted indoles, yielding the
desired cross-coupling product with almost complete chemoselectivity and good to
high enantioselectivities. Indoles bearing an electron-donating substituent, such as
a methyl or methoxy group on the benzene core, provided better yields compared to
those with electron-withdrawing substituents. Furthermore, the oxidation potential
of indoles strongly influenced the yields and chemoselectivities of the coupling reac-
tion. Specifically, lower oxidation potentials correlated with better chemoselectivity.
The authors proposed that the reaction proceeds with the formation of a

high-valent chelate complex. The complex reversibly produces a naphthoxyl radical
intermediate via valence tautomerization, which then undergoes nucleophilic
addition with indoles to form an adduct (Scheme 2.17). Subsequent rearomatization
leads to the desired coupling product.
In 2020, Uchida et al. reported an aerobic oxidative cross-coupling of 2-naphthols

using (aqua)ruthenium-salen ([H2O]Ru-salen) complexes as efficient aerobic
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oxidation catalysts that do not require any activation such as heating, pressurizing,
or photoirradiation [22]. The (H2O)Ru-salen complexes catalyzed aerobic oxida-
tions, such as olefin epoxidation and alcohol oxidation via SET from the ruthenium
ion to molecular oxygen using water or alcohol as a proton and hydrogen bond
donor, followed by a radical delocalization to form a radical cation intermediate
[22a, b]. Mechanistic studies indicated that an arenol coordinated to the ruthenium
ion could be oxidized to the desired radical anion and then undergo oxidative
coupling in a stereoselective manner. Furthermore, due to their excellent ability
to induce high stereoselectivity in aerobic oxidation, they envisioned that chiral
(H2O)Ru-salen could promote the cross-coupling process preferentially over the
homo-coupling process, even in the absence of substantial differences in the
electronic nature of the coupling partners.
To confirm their hypothesis, they investigated the homo-coupling reaction of

2-naphthol derivatives, such as 2-naphthol and 3-, 6-, and 7-bromo-2-naphthol, and
found that (H2O)Ru-salen 6 bearing a bulky 3,6-difluoro-4-trimethylsilylphenyl
group at the C2′′ position achieved the best enantioselectivity of 82% ee in the
reaction with 2-naphthol. Moreover, 6-bromo-2-naphthol exhibited better reactivity
compared to the others, yielding 87% ee (Scheme 2.18).
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Scheme 2.18 (H2O)Ru-salen-catalyzed asymmetric aerobic oxidative coupling of
2-naphthol.
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Scheme 2.19 (H2O)Ru-salen 6-catalyzed asymmetric oxidative cross-coupling of 2-naphthols.
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These observations indicated that complex 6 could distinguish the substitu-
tion pattern of 2-naphthols, favoring the oxidation of 6-substituted-2-naphthol.
Additionally, the authors proposed that the substituents at the C3 and C7 positions
on 2-naphthol might suppress the homo-coupling due to steric repulsion with
complex 6 or the naphthoxyl radical cation intermediates. Therefore, the authors
investigated the reaction between C3- and C7-substituted-2-naphthols, which
showed no considerable differences in their oxidation potential. They used the
ruthenium complex 6 as the catalyst at 30 ∘C under air. A 1 : 1 mixture of 3- and
7-bromo-2-naphthols afforded the corresponding cross-coupling product in 55%
yield with 84% cross-selectivity and 89% ee (Scheme 2.19). The cross-selectivity
was improved to 92%, and the yield increased to 71% by using 1.5 equivalents of
3-bromo-2-naphthol without reducing the enantioselectivity. Under these condi-
tions, various combinations of C6- and C7-substituted 2-naphthols were converted
with excellent cross-selectivity (>70%) and good enantioselectivity. This reaction
exhibited a wide functional group tolerance, including bromine, iodide, ester,
alkoxyl, phenyl, and nitryl groups at the C6 position and halogen, methoxy, and
aryl groups at the C7 position. The best cross-selectivity of 98% was observed in the
reaction between 6-bromo-2-naphthol and 3-(3,5-dichlorophenyl)-2-naphthol.
Furthermore, the cross-coupling reaction between 2-naphthols and phenol deriva-

tives, which are less oxidizable than 2-naphthols, was successful (Scheme 2.20).
3-Methoxy- and 3-phenyl-2-naphthol reacted with 3,5-dimethylphenol to give the
corresponding coupling products with good to high cross-selectivities, albeit with
modest regioselectivity. A high ee of 90% and 79% cross-selectivity were observed in
the reaction between 3-phenyl-2-naphthol and 3,5-dimethyl-4-bromophenol.
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Scheme 2.20 (H2O)Ru-salen 6-catalyzed asymmetric oxidative cross-coupling between
2-naphthols and phenols.
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2.4 Oxidative Spirocyclization of 2-Naphthols

As mentioned above, the SET-generated arenoxyl radical and radical cation inter-
mediates are highly reactive electrophilic species. They can react with arenols
as nucleophiles to produce a dearomatized intermediate, which then undergoes
rearomatization to give a bisarenol as a coupling product. Consequently, an
appropriate nucleophile rather than an arenol can also undergo dearomatizing
nucleophilic addition to yield a substituted arenol through a radical intermediate.
In the case of substituted arenols, the construction of a quaternary carbon center
via stereoselective oxidative dearomatization has been achieved [23]. Furthermore,
this method for the construction of quaternary carbons can be used to synthesize
spirocyclic compounds, for which iron-salan complexes are efficient catalysts [24].
In 2014, Oguma and Katsuki proposed that the generation of the radical cation
intermediate ortho-quinone methide (o-QM) could prevent the nucleophilic
dearomatization, leading to the formation of a Michael adduct that would undergo
spirocyclization (Scheme 2.21) [25].
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Scheme 2.21 Working hypothesis of oxidative tandem spirocyclization via
iron-salan-catalyzed aerobic oxidation.

Based on this hypothesis, they conducted the aerobic oxidation of 1,3-dimethyl-2-
naphthol with phenol as the nucleophile using iron-salan catalysts under air
(Scheme 2.22). The reaction in the presence of complex 4 yielded the desired
spirocyclic compound in moderate yield with 82% ee. Increasing the catalyst
amount to 10mol% improved the yield to an acceptable level. Under the same
conditions, complex 9 exhibited better enantioselectivity (92% ee) than complex 4.
Further improvement of the product yield to 86% was achieved by using 1.5 equiv-
alents of 1,3-dimethyl-2-naphthol. High enantioselectivity and a wide functional
group tolerance in phenols were observed irrespective of the electron nature, but
bulky substituents on phenols afforded the best results, with a 93% ee in the presence
of 4-tert-butylphenol as a nucleophile. Meanwhile, the product yield depended

https://pobeda.onf.ru/


2.4 Oxidative Spirocyclization of 2-Naphthols 39

Fe-salan 9 (10 mol%)

OH

ArAr

N N

O O

Fe

Ph Ph

HO

H H(R)

2
Fe-salan

R1

+
OH

R2

O
O

R1

*

R2

O
O*

Ar = Ph: 4
Ar = 3,5-Xylyl: 9

A

B

A

B

A

B

A/B = 1/1.5

4: 54% yield, 84% ee (A/B = 1/1)
  (36% yield, 86% ee)(5 mol%, A/B = 1/1)
9: 57% yield, 92% ee (A/B = 1/1)
  86% yield, 91% ee

O
O

A

B

Br

89% yield, 89% ee

(R)
O

O*

A

B

MeO2C

92% yield, 84% ee

O
O*

A

B

O2N

85% yield, 85% ee

O
O*

A

B

NC
95% yield, 90% ee

O
O

A

B

t-Bu
65% yield, 93% ee

O
O*

A

B

61% yield, 88% ee

O
O*

A

B

66% yield, 88% ee

O
O*

A

B

92% yield, 78% ee

*

O
O*

A

B

87% yield,
91% ee

O

O

O
O

R

*

A

B

R = n-Pr: 68% yield, 82% ee
R = allyl: 72% yield, 90% ee

(Ra)

Toluene, 90 °C, air (O2)

Scheme 2.22 Iron-salan-catalyzed tandem asymmetric spirocyclization of arenols.

considerably on the electron nature of the substituent, with electron-withdrawing
groups affording better yields than electron-donating groups.
However, tandem spirocyclization, including o-QM formation, Michael addi-

tion of phenols, and subsequent intramolecular nucleophilic dearomatization,
was limited to 2-naphthols alkylated at the C3 position. These observations
indicated that such iron catalysts had limitations in the formation of o-QM or
methylenebis(arenol) intermediates, hindering the development of an oxidative
spirocyclization process. Therefore, they investigated the iron-catalyzed oxida-
tive spirocyclization of methylenebis(arenol) derivatives [26]. The reaction of
1-(2-hydroxybenzyl)naphthalen-2-ols, methylenebis(areno) compounds prepared
from 3-substituted naphthols and salicylalcohol, produced the corresponding spiro-
cyclized compound in good to high yields with excellent regioselectivity and good
enantioselectivity (Scheme 2.23). During these studies, the regioisomer resulting
from the oxidation of the phenolic side was not observed. 2-Naphthols bearing
an electron-withdrawing substituent such as bromine and iodine also produced
the desired products in good yields with good enantioselectivities. An oxidative
spirocyclization of methylenebis(naphthol) bearing arenol units with a similar
electron nature was also conducted, finding that the electron-rich naphthol unit
preferentially underwent oxidative intramolecular nucleophilic dearomatization
reactions, albeit with low regioselectivity. Better stereoselectivity was observed with
sterically hindered substituents at the C3 position (Scheme 2.24).
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2.5 Conclusion

Iron and ruthenium complexes have been demonstrated as efficient catalysts in
stereoselective oxidative transformations of arenols such as oxidative homo- and
cross-coupling reactions and spirocyclization. In the early stages of the investigation
of the asymmetric oxidation of 2-naphthol, (ON)Ru-salen complexes were shown
to produce enantiomerically enriched BINOLs with good enantioselectivity using
dioxygen in air as the hydrogen acceptor. Later, iron-salen complexes emerged as
efficient catalysts in the synthesis of optically active BINOL derivatives, achiev-
ing better enantioselectivity, especially in the case of 3-substituted-2-naphthols.
The reaction of C6- and C7-substituted 2-naphthols also gave the corresponding
BINOLs with good enantioselectivity using a chiral iron-phosphate complex
and a diphosphine oxide-supported iron complex as the catalyst, respectively.
These coupling systems require a chemical oxidant such as bis(tert-butyl)peroxide
in the iron-phosphate system reported by Pappo and tert-butyl peroxide in the
diphosphine oxide system developed by Ishihara. Furthermore, very recently,
the coupling of N-aryl-2-naphthylamine derivatives co-catalyzed by phthalo-
cyanine iron derivatives and chiral phosphoric acid has been reported. A 90%
ee was observed in the reaction of biphenylamine as the substrate in the pres-
ence of 3,3′-bis(triphenylsilyl)BINOL-phosphoric acid and FePcF16 as a catalyst
system.
Along with advances in the enantioselective homo-coupling, highly chemo- and

stereoselective cross-coupling reactions of arenols have been achieved. Katsuki
et al. revealed the different reactivity between 2-naphthol and 3-bromo-2-naphthol
in the iron-salan-catalyzed homo-coupling reaction relative to the cross-coupling
and achieved selective C1-symmetric BINOLs with good to high enantioselectivity.
Pappo et al. further clarified the role of the electronic nature of arenols in their
cross-coupling reactions. They found that the cross-coupling reaction is favored over
the homo-coupling when using an electron-rich arenol and an electron-deficient
one. In contrast, Uchida et al. have demonstrated that by using (H2O)Ru-salen, they
can achieve cross-coupling of naphthol derivatives with similar chemical properties
by precisely recognizing the positions of the substituents. Moreover, Katsuki and
Oguma have demonstrated that by hindering nucleophilic dearomatization after
one-electron oxidation, as observed in compounds like 1-methyl-2-naphthol, an
o-QM intermediate is generated. This generated o-QM subsequently leads to the
formation of the corresponding spirocyclizing product with good to high enan-
tioselectivity through Michael addition and subsequent oxidative intramolecular
nucleophilic dearomatization.
Hence, optically active iron and ruthenium complexes display distinctive catalytic

efficacy in the creation of axially asymmetric compounds via enantioselective oxida-
tion of arenols, significantly propelling the field forward. Ongoing research endeav-
ors are anticipated to culminate in the achievement of highly enantioselective biaryl
compounds and spirocyclization methodologies.
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3.1 Introduction

Axially chiral molecules bearing rotation-constrained 𝜎-bonds and exhibiting
atropisomerism are advantageous synthetic targets [1]. Their significance lies
in their high utility as both transition-metal catalysts and organocatalysts [2] as
well as their presence in attractive natural products having effective medicinal
properties [3]. The value of this unique framework is evident from the fact that the
transition-metal-catalyzed enantioselective construction of axially chiral molecules
has been extensively investigated to date [4]. Recently, providing efficient ways to
perform highly selective synthesis such as chemoselectivity, regioselectivity, and
enantioselectivity of axial molecules has been a main goal of chemists [5], which
has led to green syntheses by reducing unnecessary by-products and toxic waste
emissions [6]. Over the past two decades, optically active vanadium complexes,
in particular, those comprising a Schiff base ligand and a tetravalent or pentavalent
vanadium metal center, became recognized as low environmental impact catalysts
for the formation of axially chiral molecules. This is attributed to the fact that, in
comparison to other metal catalysts, vanadium boasts abundant natural reserves
that are nearly equivalent to those of zinc, resulting in relatively low toxicity [7].
As shown in Scheme 3.1, Uang [8] and Chen [9] reported the first chiral

vanadium complexes 1a and 1b–c that function as catalysts for the enantioselec-
tive oxidative coupling of 2-naphthol derivatives 2, affording the corresponding
1,1′-binaphthalene-2,2′-diols (BINOLs) 3 in high yields and good enantiose-
lectivities. Uang also found that the addition of acids [8] improved the activity
of the vanadium catalyst. After this success, the development of vanadium
complex-mediated enantioselective reactions has evolved dramatically [10], parallel
to the emerging concept of multifunctional catalysis, with a particular emphasis
on the utilization of dinuclear vanadium complexes [11, 12] (Scheme 3.2). In 2002,
Gong group presented chiral dinuclear vanadium catalysts (Ra,S,S)-1d and 1e with

Atropisomerism in Asymmetric Organic Synthesis: Challenges and Applications, First Edition.
Edited by Shinobu Takizawa and Mohamed S. H. Salem.
© 2025 WILEY-VCH GmbH. Published 2025 by WILEY-VCH GmbH.

https://pobeda.onf.ru/


46 3 Vanadium-Catalyzed Atroposelective Coupling of Arenols and Application

OH

OH

R3

R2

R3

R2R1 = H

R2 = H, Br

R3 = H, OMe

(S)-1a (2 mol%), TMSCl (2 mol%)

2

(R)-3
50–91%
51% ee

CHCl3, O2, r.t.
24 hOHR3

R2

O

N

V

O

OR

O

(S)-1b (R = i-Pr)
(S)-1c (R = Bn)

O

N
V

O

O

O

Me

H

O

(S)-1a

R1 = H, OMe, OBn, CPh2(OH)

R2 = H, Br, OMe

R3 = H, OMe

(S)-1b or 1c (10 mol%)
2 3

75%–quant.
35–68% ee

CCl4, O2, r.t.
48–360 h

R1

R1

R1(i) Uang 2001

(ii) Chen 2001
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Scheme 3.2 Dinuclear vanadium catalysts for the oxidative coupling of 2-naphthols.

V–O–V linkage, which was prepared from VOSO4, and Schiff base ligands produced
from a condensation of 3,3′-formyl-(R)-BINOL and (S)-tert-leucine (Scheme 3.2i)
[11b]. Subsequently, Takizawa and Sasai introduced the concept of dual activation
to the dinuclear vanadium complexes (Ra,S,S)-1f and 1g for the homo-coupling of
2 (Scheme 3.2ii) [12]. In the oxidative coupling, the two vanadium metal centers
in the chiral complex stimulate two molecules of 2-naphthols simultaneously to
generate the radical active species, establishing a high reaction rate and enantio-
control. Even though the absolute configurations of Gong’s catalysts are the same
as Takizawa and Sasai’s catalysts [both components are as (Ra,S,S)], the absolute
configurations of the obtained BINOLs as major products were opposite to each
other. Gong’s catalysts produced (R)-3 but the reaction with Takizawa and Sasai’s
catalysts afforded (S)-3 in both the high yields and enantioselectivities.
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As many comprehensive books and reviews on the investigation of enantiose-
lective oxidative coupling of 2 and their relative applications have been reported
[13], in this chapter, we focus on the latest advancements in chiral vanadium
complex-catalyzed homo- and hetero-couplings, affording C2- and C1-symmetrical
biarenols involving heteroaromatics. We also discuss their applications in the
straightforward synthesis of chiral polycyclic heteroaromatics (PHAs) such as
oxa[9]helicenes and hetero[7]dehydohelicenes.

3.2 Chiral Vanadium Catalysis in Homo-Coupling
of Hydroxycarbazoles

Carbazoles are tricyclic N-heterocycles featuring two benzene rings fused to either
side of pyrrole, and their derivatives are commonly found in various natural prod-
ucts [14]. Among them, dimeric hydroxycarbazoles with carbon—carbon (C—C) or
carbon—nitrogen (C—N) linked biaryls have attracted much attention due to their
potential applications as antibiotics, antibacterial and antifungal agents as well as
free radical scavengers (Figure 3.1) [15]. Additionally, bihydroxycarbazoles are also
useful as chiral metal ligands [16].
In 2015, Kozlowski group presented the catalytic oxidative homo-coupling of

2-hydroxycarbazole 4a with the mononuclear vanadium catalyst (S)-1h for the first
time (Scheme 3.3) [17]. The regio- and enantioselective oxidative coupling was chal-
lenging due to the plural reactive sites, which led to the formation of many isomers
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Figure 3.1 Dimeric hydroxycarbazoles in natural products.
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Scheme 3.3 First chiral vanadium complex-catalyzed oxidative coupling of
2-hydroxycarbazole 4a.

such as dimers 5a and 6a and tetramer 7a with low racemization barrier. Later,
Kozlowski and co-workers employed a series of 3-substituted 2-hydroxycarbazoles 4
having bulky substituents on the nitrogen atom of the carbazole to suppress racem-
ization and the over oxidative coupling [18]. Under their optimized conditions
with 20 mol% (S)-1i and 6.5 equiv. AcOH in chlorobenzene, the desired bihydroxy-
carbazoles 5were successfully obtained in up to 91% yieldwith 96% ee (Scheme 3.4i).
Takizawa and co-workers reported the first enantioselective homo-coupling
of 3- and 4-hydroxycarbazoles 8 and 10, affording 9 and 11 in up to 90% ee
(Scheme 3.4ii–iii) [19]. Since optically active dinuclear vanadium catalyst 1g
distinctively promoted the oxidative coupling of 4-hydroxycarbazole 10a, com-
pared with that of utilizing mononuclear vanadium complex 1j (11a: 80% yield,
90% ee with 5 mol % of (Ra,S,S)-1g; 25% yield, 56% ee with 10 mol % of (Ra,S)-1j,
Scheme 3.5), a vanadium-mediated dual activation (intramolecular manner
radical–radical coupling) might be included in the reaction pathway [12].
As an application of the couplings, Takizawa group employed the mononuclear

vanadium catalyst (Ra,S)-1j bearing a binaphthyl backbone in the oxidative homo-
coupling of 4b, toward forming the natural product, (+)-bi-2-hydroxy-3-carbazole 5b
(Scheme 3.6i). Unfortunately, the reaction yielded 5b in low optical purity due
to the low racemization barrier of biaryl axial chirality even at 25 ∘C [19b].
Sorazolon E and E2 (dimeric sorazolon E), which were isolated from Sorangium
cellulosum strain soce375, exhibited a broad-spectrum antibacterial (Gram-
positive and Gram-negative) and cytotoxic (mouse fibroblast cell line L929)
activities [20]. In 2017, Takizawa and co-workers also established the first short
synthesis of 4-deoxycarbazomycin B and sorazolon E using commercially available
cyclohexanone 12 and 4-methoxy-2,3-dimethylaniline 13 as starting materials
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(Scheme 3.6ii) [19a]. Chiral dinuclear vanadium catalyst (Ra,S,S)-1g could promote
the oxidative coupling of sorazolon E to afford (+)-sorazolon E2 in 71% yield with
60% ee. After the recrystallization of the product, the absolute configuration of syn-
thetic sorazolonE2was assigned to be (R) by comparisonwith the circular dichroism
(CD) spectrum obtained for optically pure 9H,9′H-[4,4′-bicarbazole]-3,3′-diol
(BICOL) [16] in 5% DMSO/H2O. Eventually, (Ra,S,S)-1g was found to produce the
natural form of sorazolon E2.
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3.3 Chiral Vanadium Catalysis in Hetero-Coupling
of Hydroxycarbazole with 2-Naphthols

The enantioselective homo-coupling of 2-naphthols as coupling precursors was
very established using various chiral metal complexes (Cu: Kočovský and Smrčina
1993 [21a], Nakajima 1999 [21b], Kozlowski 2001 [21c], Gao 2003 [21d], Ha 2004
[21e], Habaue 2005 [21f], Sekar 2013 [21g], Cui and Wu 2014 [21h], Breuning
2015 [21i], and Zhang 2022 [21j–k]; Ru: Katsuki 2000 [21l]; V: Uang 2001 [8a],
Chen 2001 [9], Gong 2002 [11a], Takizawa and Sasai 2004 [12a], Iwasawa 2004
[21m], Habaue 2005 [21n], Bania 2015 [21o]; Fe: Katsuki 2009 [21p], Pappo 2016
[21q], Ishihara 2019 [21r]). This approach has also been applied to afford the
hetero-coupling products so far (Cu: Smrčina and Kočovský 1994 [22a], Kozlowski
2003 [22b], Habaue 2005 [22c], Tian and Tu 2019 [5a], 2021 [5b]; Ru: Uchida
2020 [22d]; Fe: Katsuki 2010 [22e], Pappo 2022 [22f] (Figure 3.2). On the contrary,
achieving enantioselective hetero-coupling reactions posed a significant challenge
due to the intricate task of effectively suppressing the formation of homo-coupling
side products. As mentioned in the previous section, Kozlowski and Takizawa
independently studied the first chiral vanadium-catalyzed homo-coupling reactions
of hydroxycarbazoles [18, 19]. While chiral vanadium catalysts showed promise
in the oxidative coupling of diverse arenols, efficient chiral vanadium catalysis in
hetero-couplings remained unreported until the conclusion of the second decade of
the twenty-first century.
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In 2021 [23], Takizawa and co-workers reported the first highly chemo-, regio-,
and enantioselective hetero-coupling of 3-hydroxycarbazoles 8 and 2-naphthols 2
catalyzed by a chiral mononuclear vanadium complex, affording various unsym-
metrical carbazole-based biaryl molecules 14 (Scheme 3.7). Among the screened
catalysts, the mononuclear vanadium catalyst (Ra,S)-1k with a 2,6-dimethylphenyl
substituent resulted in the most promising results for the hetero-coupling of
2-naphthol 2a and 3-hydroxycarbazole 8a (R=H). On the coupling reaction with a
1 : 1 molar ratio between 2a and 8a under air in 1,1,2,2-tetrachloroethane (TCE),
the bulky substituent at the 3′-position on the catalyst showed a crucial role for
high enantiocontrol to furnish the corresponding hetero-coupling product 14a in
92% yield with 64% ee. Upon further optimization, 1,4-dioxane was found to be
the optimum solvent for the hetero-coupling to give 14a in 40% yield with 84% ee
together with the recovery of coupling precursors 2a and 8a. Finally, the addition
of lithium chloride (LiCl) [18] improved the conversion to afford 14a in 84% yield
with 88% ee. Since vanadium complexes easily undergo self-assembly to form their
oligomers, LiCl as an additive plays a key role in the dissociation of such oligomers
to regenerate highly active monomeric species [24].
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Scheme 3.7 Chiral vanadium complex (Ra,S)-1k catalyzed hetero-coupling of 2a and
3-hydroxycarbazoles 8.

Under the optimized conditions, Takizawa group studied the substrate scope
of 3-hydroxycarbazoles 8 as shown in Scheme 3.7. 3-Hydroxycarbazoles 8 with
various substituents such as methyl and aryl groups reacted smoothly with 2a to
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afford the hetero-coupling products 14b–e in up to 85% yields with 86% ees. The
hetero-coupling of 7H-benzo[c]carbazol-10-ol 8f as a π-expanded hydroxycarbazole
and 2a afforded the hetero-coupling product 14f in 72% yield with 74% ee. The abso-
lute configuration of the obtained 14fwith (Ra,S)-1kwas determined to be (R) based
on X-ray crystallographic analysis. Using an N-protected 3-hydroxycarbazole such
as N-methyl 3-hydroxycarbazole, 8g was found to decrease the enantioselectivity of
the resulting hetero-coupling product 14g.
Takizawa group also studied the scope of 2-naphthols 2 as shown in Scheme 3.8.

The reactions of various derivatives of 2 bearing either electron-deficient or -rich
substituents such as 6-bromo, 6-iodo, 6-methoxy, 7-methoxymethyl, 7-allyloxy,
6-phenyl, and 6-(pinacolate)boryl-2-naphthols with 8a gave the desired hetero-
couplings 14h–s in up to 98% yield with 90% ee. This system exhibited remark-
able tolerance to various functional groups such as halogen, alkoxy, allyl,
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and (pinacolate)boryl groups. It was noted that the oxidative coupling of
3-hydroxycarbazole 8a and 1,2-dimethyl-4-hydroxycarbazole 10b in a 1 : 1
molar ratio showed an excellent chemoselectivity to give the corresponding
hetero-coupling product 14t in 64% yield with 42% ee.
In 2018, Kozlowski group performed a mechanistic investigation on the

vanadium-catalyzed enantioselective oxidative radical–radical coupling reactions
of hydroxycarbazoles. They found a positive nonlinear effect (NLE) between the
ee of the catalyst and ee of the coupling product, indicating that the formation
of a dimeric cluster, which includes a vanadium complex, played a significant
role in the C—C bond formation [18]. The hetero-coupling of naphthols and
hydroxycarbazoles reported by the Takizawa group could have proceeded via
a different activation mode compared to that of Kozlowski’s homo-coupling of
hydroxycarbazoles. In Takizawa’s hetero-coupling system, the linear correlation
was observed upon conducting the NLE experiment (Scheme 3.9i). Additionally,
when a competing reaction of 8a with both 2c containing a MeO group and 2d
containing a Br group was conducted, hetero-coupling product 14h (56% NMR
yield) was preferentially formed rather than 14l (17% NMR yield) (Scheme 3.9ii).
These results suggested that the 2-naphthol 2 nucleophilically attacked the radical
cations of 8a since themore electron-rich nucleophile 2c exhibited a higher reaction
rate than that of 2d [25].
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Scheme 3.9 Control experiments. (i) ee of product 14h as a function of ee of catalyst
(Ra,S)-1k and (ii) hetero-coupling of 8a in the presence of both 2c and 2d.

Takizawa group estimated a plausible catalytic cycle on chiral vanadium complex-
mediated hetero-coupling of 8a with 2a. Initially, the intermediate I was generated
via the reaction of the mononuclear vanadium complex (Ra,S)-1k with 8a, as 8a
is more readily oxidized than 2a [cyclic voltammetry in MeCN with Bu4NPF6:
E8a(ox) = 0.45V; E2a(ox) = 0.97V]. A single electron transfer (SET) from the carbazole
moiety of I to vanadium occurred to afford the electrophilic radical intermediate II.
Next, an intermolecular radical–anion coupling of II with 2a afforded intermediate
III with a new C—C bond formation via the nucleophilic attack of 2a. The reoxida-
tion of vanadium(IV) to vanadium(V) proceeded viamolecular oxygen in air, giving
the intermediate IV, which upon reaction with 8a afforded the hetero-coupling
product 14h and intermediate I to start another catalytic cycle (Scheme 3.10).
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3.4 Enantioselective Synthesis of Oxa[9]helicenes via
Chiral Vanadium Complex-Catalyzed Homo-Couplings
of Polycyclic Phenols

Heterohelicenes and other screw-shaped helical scaffolds, that can be categorized
as PHAs, exhibit helical chirality caused by the steric repulsion of terminal aromatic
rings [26]. Over the past few decades, helicenes have attracted attention in the
field of synthetic organic chemistry and physical sciences because of their high
potential as valuable materials such as liquid crystals, catalysts, and molecular
devices [27]. Historically, most helicenes have been synthesized through pho-
tochemical processes using stilbene-type molecules as key intermediates [28].
Following a ground-breaking report on the successful synthesis using chiral metal
catalysts, the construction of helicenes has drastically improved until now [26, 27].
While metal-assisted synthetic approaches have demonstrated numerous advan-
tages, including efficient synthesis with a high level of stereoselectivity in a short
number of steps [28], several challenges persisted. These included the preparation
of complex starting substrates with multisteps, high reaction temperature, and high
catalyst loading.
In 2016, Takizawa and co-workers developed a mononuclear vanadium com-

plex (Ra,S)-1l, which cooperatively worked as both an oxidative and Lewis
acid catalyst to produce the oxa[9]helicenes 16 in good yields (56–86%) with
up to 94% ee. The reaction proceeded via the oxidative homo-coupling of
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2-hydroxybenzo[c]phenanthrenes 15, followed by the Lewis acid-mediated
intramolecular dehydrative cyclization sequence (Scheme 3.11) [29]. Optically pure
oxa[9]helicene 16a (R=H) was readily obtained by a single recrystallization of the
enantioenriched product showing a unique optical rotation, [α]19D =−2647 (c 0.32,
CHCl3). The absolute configuration of 16a was confirmed to be (M) based on the
Flack parameter of the obtained crystal.

OH

R

O

(Ra,S)-1l (10 mol%)

CCl4, O2, 50–60 °C

48–72 h

(M)-16

HO
HO

Axially chiral intermediate
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R

R

Intramolecular 
cyclization

Oxidative C-C
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(R)

(M)-16a (R = H): CCDC 1493624 Side view

R

R

O
V

N

O
O

O
X

OH

(Ra,S)-1l (X = OH)

(Ra,S)-1m (X = OMe)

Ph

Ph

R = H, Me, hexyl, Br, Ph, tolyl, p-FC6H4

56–86% yield
44–94% ee

Scheme 3.11 Chiral vanadium complex-catalyzed homo-coupling of polycyclic arenol 15,
followed by intramolecular dehydrative cyclization to produce oxa[9]helicene 16.

The oxidative coupling reaction could be promoted with one molecule of the
mononuclear vanadium complex (Ra,S)-1l because the rate of the sequential process
was first order with respect to the concentration of (Ra,S)-1l, indicating that the
common radical–radical coupling mediated pathway by two chiral metal complexes
[8, 9, 11, 21a, b] was not involved in this sequential process. Instead, the reaction of
15a using a mononuclear vanadium(V) complex (Ra,S)-1l generated intermediate
I, which next underwent SET to produce the corresponding electrophilic radical
intermediate II. Then, a subsequent intermolecular radical–anion coupling of
intermediate IIwith another molecule of 15a occurred to give intermediate IIIwith
a new C—C bond. After the regeneration of vanadium(IV) to vanadium(V) species
IV via auto-oxidation under oxygen atmosphere, the Lewis acidity of the vana-
dium catalyst promoted a subsequent dehydrative cyclization to give the desired
oxa[9]helicene 16a along with regeneration of the intermediate I (Scheme 3.12i).
Because the methyl-capped mononuclear vanadium catalyst (Ra,S)-1m

(Scheme 3.11) showed a lower reaction rate but maintaining the ee of the
product compared to that of (Ra,S)-1l [29], the hydroxy group in the binaphthyl
ligand of the vanadium complex probably make an improvement to the vanadium
Lewis acidity through intramolecular hydrogen bonding. As a control experiment,
treatment of a 1 : 1 mixture of electron-rich 15a and electron-poor brominated 15b
with (Ra,S)-1l (10mol%) produced a mixture of the hetero-coupling product 16ab
(30% yield, 84% ee) and the homo-coupling products 16a (28% yield, 69% ee) and
16b (13% yield, 94% ee) (Scheme 3.12ii). The relative proportions of the products
caused by the metal-mediated radical–radical couplings were aligned with the
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relative reactivities of the coupling precursors [12, 11, 21c]. In principle, 15b is
less oxidizable than that of 15a, which should lead to the homo-coupling 16a
as a major product. As shown in Scheme 3.12ii, cross-coupling control experi-
ments and kinetic studies indicated the coupling reaction of 15a proceeded via a
nucleophilic attack of 15a to the radical intermediated II (radical–anion coupling)
[21f, 21q-r, 22e, 29].

3.5 Enantioselective Synthesis of Oxaza[7]
dehydrohelicenes via Chiral Vanadium Complex-
Catalyzed Hetero-Couplings of 3-Hydroxycarbazoles
and 2-Naphthols

Heterodehydrohelicenes, also known as quasi-heterocirculenes with helical chiral-
ity, can also be categorized as PHAs in which the two helical ends of a helicene are
connected by a sigma bond [30]. The unique helical chirality of heterodehydrohe-
licenes results in exceptional chiroptical responses [27] that can be implemented
in various material-based applications such as field-effect transistors (FETs) and
organic light-emitting diodes (OLEDs). Additionally, their excellent chiroptical
properties, e.g. CD and circularly polarized luminescence (CPL) open the door
to various applications in the storage and transfer of optical information, in such
cases, the level of CPL can facilitate additional dimensions of information content
transmitted via light irradiation. [31]. Although Zander and Franke reported the
first synthesis of dehydrohelicenes 50 years ago [32], there are no reports of catalytic
and enantioselective synthesis of chiral heterodehydrohelicenes (Figure 3.3).
In 2022, Salem and Takizawa introduced an efficient electrochemical sequential

approach for the synthesis of diverse unsymmetrical oxaza[7]dehydrohelicenes
18. Leveraging the readily available substrates: N-tolyl-3-hydroxycarbazole 8b and
7-methoxy-2-naphthol 2e as key coupling partners, their differential oxidation
potentials (E8b(ox) = 0.69V, and E2e(ox) = 1.32V) played a crucial role in orchestrating
the chemoselectivity of the oxidative hetero-coupling step, resulting in the exclusive
formation of diol derivatives 14u. Subsequent dehydrative cyclization of these diols
yielded oxaza[7]helicene derivatives 17a, followed by an intramolecular C—C bond
formation between the helical termini, ultimately furnishing the corresponding
oxaza[7]dehydrohelicene 18a (Scheme 3.13i) [33]. This protocol presented a highly
efficient method for accessing diverse hetero[7]dehydrohelicenes 18 under mild
conditions. The green electrochemical process sets itself apart by entirely elimi-
nating metal waste, a notable departure from syntheses catalyzed by transitional
metals [4].
Subsequently, Salem and Takizawa extended this approach to demonstrate the

stepwise enantioselective scalable synthesis of the optically active dehydrohelicene
(Scheme 3.13ii). Mononuclear vanadium complex (Ra,S)-1n catalyzed oxidative
hetero-coupling of 8c and 2e giving the diol (R)-14v in 83% yield with 59% ee.
After the recrystallization of the obtained 14v (91% ee), the diol (R)-14v underwent
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an electrochemical dehydrative furan ring formation to give the corresponding
oxaza[7]helicene, followed by the intramolecular coupling of the two helical termini
to produce the desired oxaza[7]dehydrohelicene (M)-18 in 87% yield maintaining
its high optical purity (92% ee) (Scheme 3.13ii). Notably, the protocol was readily
scaled up to produce 0.62 g of (M)-18b (current efficiency= 48%, and overall yield of
up to 55%) [32]. Among the synthesized oxaza[7]dehydrohelicenes 18 the authors
screened, the dehydrohelicene 18a showed notable properties (intense blue-colored
CPL (|glum|≈ 2.5× 10–3 at 433 nm); racemization barrier: ΔG‡

> 140 kJ/mol and
t1/2 > c. 9.5× 103 years at 25 ∘C), discernibly higher level of chiral stability when
compared to its oxaza[7]helicene counterparts (ΔG‡

> 110 kJ/mol and t1/2 > c. 5.7
days at 25 ∘C) [33].
To optimize the electrochemical conditions for the synthesis of double dehy-

drohelicenes, in 2023, Salem and Takizawa performed a data-driven optimization
technique. Bayesian optimization (BO) is one of the robust probabilistic optimiza-
tion methods for identifying the global maxima of a black-box objective function,
particularly suitable for multiparameter systems within minimum data [34].
To efficiently discover the optimal conditions with minimal experimentation, BO
operates via a series of iterations, balancing exploration by sampling uncharted
regions and exploitation by focusing on areas where improvement is expected.
Based on their prior works [35], Salem and Takizawa pursued an in-depth study
of this electrochemical sequence and performed BO-assisted screening for five
numerical synthetic parameters such as concentration of electrolyte, current
intensity, concentration of 8d, BF3⋅OEt2 concentration, and equivalence of 2e.
While other fundamental parameters showed limited potential for yield enhancing
via further optimization [33, 36], these five parameters, due to the intricacies of
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Scheme 3.14 Data-driven electrochemical synthesis of double oxaza[7]dehydrohelicene.
Source: Adapted from Langeslay et al. [7].
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this electrochemical sequence, held the promise to significantly improve the yields.
By fine-tuning the conductivity and cell potential using these specific parameters,
Salem and Takizawa eventually achieved the specific optimization context in just 16
trials with judicious switching between acquisition functions tailored to the specific
optimization context. This strategic approach led to a remarkable yield of 38% with
a faradic efficiency (%FE) of 14.4% [37] (Scheme 3.14).

3.6 Summary and Conclusion

The development of axially chiral biaryl-derived ligands and catalysts has signifi-
cantly enhanced the efficiency of transition metal and organocatalytic asymmetric
processes. While these frameworks are crucial to chemists, some axially asymmet-
ric systems still lack efficient construction techniques, especially for asymmetric
metal catalyst systems. In this chapter, recent advances and research on vana-
dium complex-catalyzed oxidative coupling of arenol and its applications to PHA
preparation were discussed. Chiral vanadium complexes, consisting of Schiff
base ligands and vanadium center, represented highly active catalysts in various
regio- and enantioselective C—C bond formation reactions to construct the axial
chirality. The high valency and ability of vanadium to exist in multiple oxidation
states enabled vanadium complexes to act as Lewis acid and/or redox catalysts
[38]. Moreover, the highly selective and characteristic vanadium activity not only
suppressed side reaction pathways and peroxidation but also enabled various
functional group tolerances in various organic syntheses [7, 39]. In fact, Takizawa
group performed the reaction of aniline 19 and 7-methoxy-1-naphthaldehyde 20
with 10mol% of the chiral mononuclear vanadium complex (Ra,S)-1j to give the
C1-symmetrical phenanthridine derivative 21 in 51% yield and 65% ee through a
Pictet–Spengler reaction, followed by dehydrogenative aromatization sequence
(Scheme 3.15) [40].

NH2

MeO

OMe

+

MeO

MeO

N
(Ra,S)-1j(10 mol%)

CHCl3, 20 °C, air

99 h

19 20
(1.2 equiv) 21

51%, 65% ee

MeO

MeO

(S)-21
CCDC 2005061

CHO

Scheme 3.15 Chiral vanadium complex-catalyzed Pictet–Spengler reaction, followed by
dehydrogenative aromatization sequence, producing axial chiral molecules.

Needless to say, continued efforts are required to elucidate the mechanisms,
precise active species, and modes of activation as well as the development of new
and more challenging C—C bond formations. In 2020, Kozlowski group reported
that 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as a reaction solvent drastically
enhanced the vanadium catalyst activity to promote the coupling of less-activated
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phenols efficiently [41]. Hybridization of vanadium, biocatalysts, and/or organocat-
alysts has sprung new transformation protocols to construct key building blocks
in previously unknown pathways [42, 43]. We continue to believe that new chiral
vanadium-mediated catalytic processes will promote novel and promising aspects
and lead to further breakthrough discoveries in the near future.
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4.1 Introduction

Suzuki–Miyaura coupling (SMC) is one of the most important methods for
carbon–carbon bond-forming reactions [1]. It was reported in 1979 by Suzuki and
Miyaura [2]. Afterward, numerous studies have been conducted on the construction
of the sp2–sp2, sp–sp2, sp3–sp2, and even sp3–sp3 carbon bonds [1, 3, 4]. In 2010, the
Nobel Prize in Chemistry was awarded for the reaction [5]. During the formation
of biaryls, the steric hindrance of substituents at the ortho position slows the axial
rotation of sp2–sp2 carbon bonds, resulting in atropisomers. Such atropisomeric
chirality is observed and used in a wide range of molecular systems, including
pharmaceuticals [6], bioactive compounds [7], luminescent materials [8], and
chiral ligands [9]. A reasonable rotational barrier is required for the enantiomers of
the atropisomer to be present. The enantiomers can be analytically separated if the
half-life (t1/2) of the interconversion is at least 1000 seconds and if the approximate
energy barriers to rotations of (ΔErot) exceed 20 kcal/mol [10]. However, a larger
rotational barrier of ΔErot > 30 kcal/mol is required to isolate and store the enan-
tiomers in the order of years [6e]. To obtain such a large rotational barrier, three or
four substituents are required at the ortho position of biaryls. This construction of
chiral biaryls is also possible with SMC reactions [11], either by a chiral directing
group on the aryl substrates in the presence of an achiral catalyst (diastereoselec-
tive SMC) or by the coupling of achiral substrates using an asymmetric catalyst
(asymmetric SMC). The latter enables a more straightforward synthesis since many
reaction substrates for general SMC reactions can be used without modification if
the appropriate asymmetric catalyst is prepared. Thus, asymmetric SMCs continue
to be developed, with certain excellent examples; however, they are frequently
limited.
This chapter describes an asymmetric SMC using an asymmetric catalyst to

afford chiral biaryls. It discusses the mechanism of asymmetric induction based on
reported examples to develop better asymmetric catalysts in the future. Since only
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cases where the mechanism was discussed are described in this chapter, see the
excellent reviews [11] for a summary of previous asymmetric SMC examples.
In this chapter, the structural diagrams of the mechanism are drawn based on the

original papers, and the numbering of compounds, complex intermediates, etc., was
independently assigned.

4.2 Mechanism Insight of SMC Reaction
and Enantiodetermining Step

During SMC reactions, the axial chirality of the coupling product (P) is introduced
during the reductive elimination (RE) of the Pd-Ar2 intermediate produced through
the oxidative addition (OA) of aryl halides (H) to zero-valent Pd, followed by
the transmetalation (TM) of arylboronic acids (B) (Scheme 4.1) [1a, 4]. When
asymmetric SMC is performed, a chiral catalyst comprising Pd with a chiral ligand
is used [11d]. The chiral environment created by the ligand enables the axial
chirality of the reacting biaryl groups to develop during the RE. Thus, although
the RE transition state (TS) is considered the most important for determining
enantioselectivity (Scheme 4.1) [12], in practice, it is insufficient to compare only
the two TSs that afford the R- and S-enantiomers.

Arʹ B(OH)2 (B) + Base

Ar

Pd*L Arʹ
Ar

Pd*L X

Pd*L Ar-X (H)Ar-Arʹ (P)

RE OA

TM
Pd Pdvs

Transition states of RE

×

OA productTM product

Scheme 4.1 Catalytic cycle of SMC reactions and schematic of asymmetric induction
during RE.

When considering a RE process to produce a C2-symmetric chiral biaryl, at least
eight different TSs must be considered because of differences in the conformation
of the aromatic ring to be eliminated. For example, TS-AS and TS-AR have four
substituents at ortho position oriented in the same direction (the black circles in
the figure are drawn in the foreground). However, the twist of the benzene ring
endows one with (S)-P and the other with (R)-P (Figure 4.1). When there are many
conformations or in C1-symmetric chiral biaryl-producing reactions, more TSs
require consideration.
Furthermore, the asymmetric induction step to be considered changes depending

on whether or not equilibrium is achieved during the reaction process. If equilib-
rium is rapidly achieved between the TM products or during the reaction process
until the formation of the TM products, the Curtin–Hammett principle [13] applies
because of the high activation free energy forRE giving tri- or tetra-ortho-substituted
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Figure 4.1 Pattern of transition states of RE to afford S- or R-enantiomer.

biaryls, and the enantioselectivity can be evaluated by calculating the activation
energy of RE (ΔERE) (Scheme 4.2, gray arrows). Contrarily, in the absence of such
equilibrium (no gray arrows), the relative population of OA products (OA) and TM
products (TM) should be considered [14]. Even at its simplest, during the OA step,
intermediates of at least two different aryl group orientations are formed (OA1,
OA2). Considering that the TM for these two intermediates introduces aromatic
rings from two directions, four intermediates are obtained (TM1–TM4). In reality,
more conformers require consideration.
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Scheme 4.2 Channel branching in the asymmetric SMC mechanism.

The change in enantioselectivity with and without equilibrium has been reported
by Patel et al. [15] During the coupling reaction of 1-bromo-2-methylnaphthalene
(H1) with 2-methylnaphthyl (2-MeNp)-B(OH)2 (B1) (SMC) or 2-MeNp-ZnBr
(Negishi coupling) [16], the reactions using the same chiral ligand of NitinPhos (L1)
afforded different enantioselectivities of 2,2′-dimethyl-1,1′-binaphthalene (P1) (89%
enantiomeric excess (ee) for SMC vs 61% ee for Negishi coupling) (Scheme 4.3).
In addition, the chiral ligands that produced the best results differed for each
(L1 dominance for SMC vs L2 dominance for Negishi coupling). The different
selectivities of both reactions, which proceed via the same RE process, implied
that the enantiodetermining step differed. The authors assumed that the Negishi
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Scheme 4.3 Change in enantioselectivity of P1 between Negishi coupling and SMC.

coupling and SMC reaction were reversible and irreversible, respectively, and
verified this assumption through density functional theory (DFT) calculations. The
results showed that RE was the enantiodetermining step in the Negishi reaction,
whereas all the steps of the catalytic cycle affected enantioselectivity in the SMC
(see Scheme 4.20).
Thus, an accurate analysis requires a very large number and cumbersome

theoretical investigations [4, 17], although it is occasionally worthwhile to consider
a single intermediate or reaction step.
Next, examples of specific considerations for asymmetric induction are provided.

4.3 Asymmetric SMC Reaction

4.3.1 Examples of Early Studies

Asymmetric cross-coupling was attempted from the earliest stages of the reaction
development. In 1975, asymmetric Kumada coupling [18] using a Pd/(S)-(R)-BPPFA
[19] catalyst was reported to afford (R)-P1, although with an optical purity of only
4.6% [20]. In 1988, an improved catalyst, Pd/(S)-(R)-PPFOMe, afforded (R)-P1 in 95%
ee in the same reaction [21]. The results of reactions using the same catalyst with two
opposite reaction substrates (1-Np-Br/2-Me-Np-MgBr or 2-Me-Np-Br/1-Np-MgBr)
revealed extremely different enantioselectivities (80% and 16% ee, respectively). This
indicates thatOA and/or TM play a major role in stereoselectivity. The first example
of an asymmetric SMC reaction was reported by Cammidge and Crepy, and the
reaction using Pd/(S)-(R)-PFNMe afforded (R)-P1 in 85% ee [22]. In the same year, a
highly enantioselective SMC using a Pd catalyst with Kenphos (L3) was performed
by Buchwald and co-workers and yielded products in up to 92% ee (see Scheme 4.6,
P3b) [23]. In the reaction, the aryl coupling partner contained a Lewis basic directing
group (PO(OEt)2) at the ortho position unlike the aforementioned reaction of Cam-
midge et al. The presence of such a directing group in the aryl coupling partner was
important to achieve high enantioselectivity in the SMC reaction. In 2003, Baudoin
and co-workers reported a speculative model for asymmetric induction in the SMC
reaction ofH2 with B2 bearing the NH2 group using a Pd/L3 catalyst (Scheme 4.4)
[24]. Based on the X-ray structure of the analogs, they hypothesized that the Pd/L3
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Scheme 4.4 Asymmetric SMC using Pd/L3.

complex had a secondary interaction between Pd and the naphthyl group of L3
that was unique to Buchwald-type ligands and that the benzene ring introduced
by the subsequent OA was parallel to the naphthyl (Np) group of L3, producing
OA1 and OA2 with the R substituents in opposite directions (Scheme 4.5). It was
further assumed that there was equilibrium between the intermediate complexes
and that only the thermodynamically stableOA1 underwent TM. They believed that
the introduced 2-aminophenyl ring in the TM intermediate (TM) was twisted in a
manner that avoided steric repulsion with L3. This rendered TM1

R more stable and
resulted in the formation of (R)-P2. The insight did not describe any interactions
involving a directing group; however, it proposed the idea that the enantiodetermin-
ing step preceded RE.
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Scheme 4.5 Interconversion between intermediates in OA or TM products.

Even in recent examples, asymmetric induction is still explained by the
steric effects of reaction substrates and chiral ligands. In 2019 and 2020, Qiu
and co-workers reported an asymmetric SMC using a chiral-bridged biaryl
monophosphine ligand, L4 [25]. They hypothesized that the eliminating aromatic
addends were sterically repulsive to L4 and that the twist produced by the repulsion
affected the enantioselectivity (Figure 4.2) [26, 27]. Similarly, during an asymmetric
SMC with L5 by Zhang and co-workers, the speculative model of TS in RE was pro-
posed, in which large substituents were arranged to avoid steric repulsion between
large substituents (Np and POPh2 groups) in a sterically chiral environment created
by L5 (Figure 4.2) [28].
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Figure 4.2 Explanation of asymmetric introduction based on steric effects.

4.3.2 Consideration of the Asymmetric SMC: Cases Dependent
on a Directing Group

Although the speculative model helps interpret the experimental results, a detailed
consideration using computational chemistry is required for catalyst design. A 2010
study by Buchwald and co-workers on the mechanism of asymmetric induction by
DFT calculations revealed the importance of the directing group at the ortho posi-
tion of the reacting aromatics and has functioned as a guide for subsequent studies
[29]. In the reaction described in Scheme 4.6 [23], although larger R substituents
in H3 and B3 afforded better enantioselectivity (86% ee and 92% ee for P3a and
P3b, respectively), the consideration by DFT calculations showed that the inter-
action of the ortho-phosphonate group on the naphthyl ring was more important
than steric repulsion. First, they focused on TM products as an enantiodetermining
step, and calculation considerations of the reaction system of H3a and B3a at the
B3LYP/6-31G(d) and LanL2DZ(Pd) levels were performed. Interconversion between
TM products in T-shaped complexes easily occurs by oscillating and/or rotating the
o-tolyl group via square-planar complexes (Scheme 4.7). The higher activation free
energy of RE from a T-shaped complex (22.9 kcal/mol), compared with the inter-
conversion energy of 11.5 kcal/mol for the tolyl rotational barrier, indicated that
the Curtin–Hammett principle applied and that the TS of RE was the enantiodeter-
mining step. After TS search, the authors observed 14 TS structures in the RE, and
the stable complex structures were naphthylphosphonate addends in the cis posi-
tion of the P atom of L3. The most stable TS structure (TSforSP3a) was the structure
that formed (S)-P3a, and the oxygen atoms in the phosphonate group interacted
with three C–H in L3 of -Cy and –Np moiety (C–H· · ·O interactions) and the tolyl
addend (Scheme4.8). Contrarily, the lowest energyTS structure (TSforRP3a) in afford-
ing (R)-P3a had two C–H· · ·O interactions [30]. The C–H· · ·O interactions were
expected to be stronger for TSforSP3a, which had a closer linear H· · ·O–P sequence.

R
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R+
(S)-L3 86% ee
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H3a (R = Me)
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H3b (R = Et)

B3a (R = Me)

B3b (R = Et)

P3a (R = Me)

92% ee

P3b (R = Et)

Scheme 4.6 Asymmetric SMC of the substrate having phosphonate group using Pd/L3.
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Scheme 4.7 Interconversion between TM products.
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Scheme 4.8 Interactions by phosphonate group in TS of RE.

This resulted inTSforSP3a being 0.9 kcal/molmore stable thanTSforRP3a. The authors
concluded that subtle differences in the C–H· · ·O interactions contributed to the rel-
ative energies of the TSs.
The weak interactions with the reaction substrates and chiral ligands were

shown to strongly influence enantioselectivity, thereby impacting the subsequent
reaction design. Tang et al. developed a superior chiral ligand, L6, bearing an
oxaphosphole moiety and harnessed the weak interactions between the reaction
substrates for asymmetric SMC (Scheme 4.9, top) [31]. They proposed that the
interaction between a directing group of the aromatic addend and the aromatic
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Scheme 4.9 Asymmetric SMCs of the substrate having various directing groups using
Pd/L6.
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face of the other coupling partner in a TM product could effectively improve
enantioselectivity. The asymmetric SMC of an H4a-bearing aldehyde group with
B4 using Pd/(S,S)-L6 only afforded P4a in 20% ee. When the aldehyde was replaced
with carbonyl-benzooxazolidinone (H4b), the enantioselectivity significantly
improved to 96% ee (P4b). The influence of the benzooxazolidinone moiety was
analyzed by DFT calculations. Based on the aforementioned analysis of Buchwald
et al., the authors considered that the TM structures prior to RE were important
and searched for these optimized structures at the B3LYP/6-31(g) level with the
all-electron basis set from the optimization of a face-centered cubic (fcc) Pd bulk
for Pd. After optimization, 24 conformers of TM products were discovered. Among
them, the three lowest energy conformations led to the same chirality in P4b
that corresponded with the experimental chirality. In the most stable conformer
(TMforP4b), a π–π interaction existed between the benzooxazolidinone moiety and
Np addend (Figure 4.3, left). The authors concluded that the interaction helped
to guide the orientation of the two aryl groups at the RE step, resulting in good
enantioselectivity. Similarly, they showed that the coupling reaction of H5 bearing
a bis(2-oxo-3-oxazolidinyl)phosphinyl (BOP) group using Pd/(R,R)-L6 afforded P5
in 94% ee (Scheme 4.9, middle) [32]. The high enantioselectivity was assumed to
be due to the polar–π interaction [33] of the BOP group and the other Np addend
in the TM product (TMforP5) (Figure 4.3, middle). Such polar–π interaction was
used in the working hypothesis (TMforP6) of the coupling reaction of H6, bearing
a triflate group (Figure 4.3, right), where P6 was obtained in 90% ee (Scheme 4.9,
bottom) [34].
Kwong and co-workers recently developed a chiral ligand, Cyp-Kin-Phos (L7)

[35], which was an aryl group introduced to one side of the carbazole ring of the
PhenCarPhos ligand [36] in anticipation of a fluctuating secondary interaction
between the Pd and carbazole ring during the SMC reaction (Pd–arene-walking
coordination) (Scheme 4.10) [35]. The Pd/(S)-L7 catalyst was effective for the
reaction ofH7 bearing an ortho-1,3-dioxolane group with B5 bearing an ortho-MeO
group to afford (S)-P7 in 94% ee. The computational study of SMC steps using the
ωB97XD functional, and the Stuttgart–Dresden–Bonn basis sets for Pd with the
6-31G(d) was performed focusing on the consideration of the Pd–arene interaction.
The Pd–arene-walking coordination mode in the OA step and the MeO group of
L7 in the TM step were observed to stabilize the respective TSs. The calculations
showed that RE was the rate-determining step of the reaction, and the authors
stated that these intermediates were free to interconvert with each other, hence
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Figure 4.3 Interactions by directing groups in TM.
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Scheme 4.10 Asymmetric SMC of the substrate having 1,3-dioxolane group using Pd/L7.

allowing all the possible TSs accessible before RE. Thus, eight TSs were calculated
during the RE, and the percentage distribution by Boltzmann distribution was
estimated to yield 100% (S)-P7. The effect of the directing groups in the TS structure
was not described in the original paper. However, a detailed check of the structure
of the most stable TS, TSforSP7, revealed that the oxygen of 1,3-dioxolane and the
two hydrogen atoms in L7 were located within the van der Waals radius (rvdW)
(Scheme 4.11). Similarly, hydrogen of 1,3-dioxolane and oxygen of MeO in the
Np addend were close within the rvdW. Furthermore, CH–π interaction [37] was
observed between the proton of the 1,3-dioxolane group and 2,6-dimethoxyphenyl
in L7. It is speculated that these weak interactions contribute to the stabilization
of the TS.

TSforSP7

OMeO
O P

NO

OMe

C
HH
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H
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H
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Pd

3 CH–O interact.

CH–π interact.
(S)-P7

Scheme 4.11 Interactions by 1,3-dioxolane or MeO group in TS of RE.

The directing group can achieve conformational control by interaction between
reactive aromatic substrates or ligands and by interaction with Pd. Qiu and
co-workers conducted DFT investigations of the enantioselectivity of the
Pd/L8-catalyzed SMC reaction of H3a bearing a phosphonate group with B6
bearing a formyl group (Scheme 4.12) [38]. The authors discovered 64 TS structures
after optimization calculations of RE at the B3LYP/6-31G(d), LanL2DZ level. The
prediction of the ee of (R)-P8 by the distribution analysis ofΔG≠ calculated from the
TSs was 88% ee, which corresponded to the selectivity achieved by the experiment
of (R)-P8 in 95% ee. The most stable TSforRP8, giving (R)-P8, in which the hydrogen
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CHO
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O
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(R)-L8

95% ee
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Cy-MOP L8
H3a B6
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4 mol% Pd

Scheme 4.12 Asymmetric SMC of the substrates having phosphonate or formyl group
using Pd/L8.
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Scheme 4.13 Interactions of Pd with directing groups in TS of RE.

atom in the formyl phenyl addend and the oxygen atom of the phosphoryl group in
the naphthyl addend interacted with Pd from the opposite directions (Scheme 4.13),
resulting in a distorted octahedral structure. Contrarily, in the most stable TS,
TSforSP8, giving (S)-P8, a similar interaction was observed only between Pd and
the hydrogen atom in the formyl group, which was 2 kcal/mol more unstable
than the case of (R)-P8. Thus, the authors concluded that the origin of the high
enantioselectivity of (R)-P8was the distorted octahedral configuration derived from
the directing group in both aryl addends of the TS of RE.
In the examples so far, high enantioselectivity was controlled by the interaction

of a directing group in a reactive substrate with an aryl adduct, Pd, and a chiral
ligand. As an advanced approach, chiral ligands have been developed to introduce
the directing groups to the ligand and actively apply the directing groups to
enantioselectivity control. In 2020, Tang et al. redesigned previous ligands (see L6)
and developed a chiral ligand bearing a hydroxy-directing group (BaryPhos, L9)
[39]. The asymmetric SMC of H8 with B7 using Pd/(S,S)-L9 afforded (S)-P9 in
93% ee (Scheme 4.14). The authors considered a stereoselectivity model based on
the X-ray structure of an OA product using (R,R)-L9. Based on the X-ray structure,
the proton of the cyclopentyl (Cyp) group in (R,R)-L9 interacted with the formyl
group in the aromatic addend, and the interaction was assumed to be present
in the subsequent TM product (TMforRP9) as well (Scheme 4.15). In TMforRP9,
it was assumed that further interaction occurred between the hydroxy group in
(R,R)-L9 and the formyl group in the other aryl addend. The authors presumed
that these interactions contributed to the TS to afford (R)-P9. The L9 ligand could
provide excellent enantioselectivities for asymmetric SMCs involving noncovalent
interactions between L9 and two coupling partners; it was used in the synthesis of
antitumor agent (−)-gossypol [40].
In 2022, Phipps and co-workers utilized the strong electrostatic interac-

tion provided by the sulfonate metal salt in the chiral ligand [41]. Enantiomerically
pure sSPhos (L10) [42] was synthesized and used for the asymmetric SMC of H9
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Scheme 4.14 Asymmetric SMC using Pd/L9 bearing a directing group.
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Scheme 4.15 Interactions between the directing groups of both the ligand and the
substrate.
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Scheme 4.16 Asymmetric SMC using Pd/L10 bearing a directing group.

and B8 to afford chiral biphenol P10 with up to 99% ee (Scheme 4.16). When the
sulfonate group in L10 was alkylated to convert the SO3

iBu group, the enantiose-
lectivity of P10 significantly reduced to 8% ee, experimentally indicating that the
sulfonate anion played a major role in the asymmetric induction. Based on these
results, in the TM or RE step, the authors considered a speculative model in which
the hydrogen bond of the sulfonate anion with the hydroxy group of the aryl addend
and an additional hydrogen bond involving the hydroxy group in the other aryl
adduct (Scheme 4.17). The authors speculated that the high enantioselectivity was
achieved by the cooperation of the two hydrogen bonds.
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Scheme 4.17 Hydrogen bonds between the directing groups of both the ligand and the
substrate.

4.3.3 Consideration of the Asymmetric SMC: Cases Independent
of a Directing Group

In the examples discussed thus far, the high enantioselectivity was due to the
harnessing of the interaction between directing groups at the ortho position in
the reaction substrate. However, as mentioned earlier, a highly enantioselective
Kumada coupling forming 2,2′-dimethyl-1,1′-binaphthalene (P1) in 95% ee without
directing groups has been reported [21]. Furthermore, a few examples of highly
enantioselective SMCs without directing groups have been reported, and this
section discusses the enantioselective introduction of this type of coupling.
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In 2008, Lassaletta and co-workers reported an asymmetric SMC using the
(S,S)-L11 ligand (Scheme 4.18) [43]. The reactions afforded the binaphthyl
products, P11, with high enantioselectivity with a substrate bearing a directing
group (H10 to P11a, R = OMe, 90% ee) and a substrate without a directing group
(H1 to P11b, R = Me, 95% ee). The authors considered four types of TM products
(TM), in which two reactive Np addends were differently oriented, to explain the
high selectivity (Figure 4.4). Here, Np substituents, X and Y, oriented in the same
direction were defined as syn, and those oriented in the opposite direction were
defined as anti. The conformation in which the X group of Np faces the front of the
paper is TM1 and vice versa is TM2. Depending on the orientation of the Np group,
π–π stacking interaction [44] between the Np addend and Ph group of (S,S)-L11
is possible. The interaction functioned in two places at TM2-anti; therefore, the
intermediate was considered to be the most stable. The authors stated that upon
subsequent RE, the steric effect of the prominent Ph group of (S,S)-L11 caused the
Np group to twist counterclockwise, thereby forming a highly sterically controlled
compound.
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+
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N N
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Ph Ph

Ph Ph
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5 mol% Pd
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H1 (R = Me)

L11

P11a (R = OMe)  90% ee

P11b (R = Me)  95% ee

Scheme 4.18 Asymmetric SMC of the substrate having no directing group using Pd/L11.

Although the plausible speculations were not theoretically tested, the idea
of controlling the aromatic ring surfaces by their interactions explained the
experimental results well. On the other hand, control of the asymmetric induc-
tion by the steric repulsion of the chiral ligand and the reacting substrate was
recently proposed without theoretical calculation. In 2019, Shi et al. reported the
asymmetric SMC using a chiral NHC ligand, L12 (Scheme 4.19) [45]. During the
asymmetric SMC reactions using L12, highly enantioselective reactions occurred
using reaction substrates with various ortho-directing groups, e.g. R = OMe (H10).
However, (R)-P11b was obtained in 94% ee even when R = Me (H1), without
an ortho-directing group. Most reactions were performed using 1mol% of the
catalyst; however, the gram-scale coupling of 2-Me-Ph and naphthyl derivative
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Figure 4.4 Control of the orientation of the Np group by π–π stacking interaction in TM.
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Scheme 4.19 Asymmetric SMC of the substrate having no directing group using Pd/L12.

groups was performed with an extremely low catalyst loading (0.2mol%). Owing to
the X-ray structure and topographic steric map analysis of Pd/ligand [46], the
bulky 3,5-di-tert-butyl phenyl groups (bulky Ar) on L12 were believed to play a
significant role in the high enantioinduction ability. The authors postulated four
TM intermediates (TM) (Figure 4.5). Here, the R substituent of the Np group
described at the front was defined as TM1 and vice versa as TM2. In addition, the
model with two fused benzene rings of the Np group pointing in the same direction
was defined as syn, and the model with the R group and the fused benzene ring
in the same direction was defined as anti. In the catalytic system, the repulsion
between the R substituent and bulky Ar group of L12 (R–Ar repulsion) was believed
to have a significant destabilizing effect; therefore, TM1 was more stable than
TM2. Simultaneously, when the fused benzene ring of the naphthyl group on
the right side of the figure faces the front, it repels the bulky Ar of L12 (Np–Ar
repulsion). Thus, the authors speculated that the intermediate TM1-syn would be
the most stable.
Although such speculative models not based on theoretical calculations were

only valid for the explanation of experimental results in the reaction of reactive
substrates without directing groups, the consideration by TS calculations indi-
cated the importance of weak interactions at sites other than directing groups. In
2018, Patel et al. performed a theoretical deep consideration of the asymmetric
induction of the SMC of aryls without directing groups [15]. They attempted to
modify the P-chiral dihydrobenzooxaphosphole ligand, L6, developed by Tang
and found that the (S,S)-NitinPhos (L1) ligand was effective in synthesizing
(S)-2,2′-dimethyl-1,1′-binaphthalene (P1) in 89% ee (Scheme 4.3) (In Ref. [15],
some depictions of P1 enantiosense were incorrectly described. In this chapter, the

Figure 4.5 Steric control
by bulky group of chiral
ligand.
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enantiosense of P1 was depicted based on the Supporting Information of Ref. [15]
and the calculation results.). As mentioned earlier, asymmetric SMC and Negishi
coupling reactions using the same ligand afforded the same product (P1) with
different enantioselectivities (Scheme 4.3). During the Negishi coupling, it was
concluded that only the TS of RE affected the asymmetric induction because the
reaction process was an equilibrium reaction. In contrast, the authors described that
the reaction mechanism during the SMC was irreversible and that interconversion
between intermediates was inhibited. Thus, the reaction pathways were identified
by energies based on TS calculations at the B3LYP-D3/6-31G(d), LANL2DZ (Pd,
Br) level for each reaction step (Scheme 4.20). During the OA step, six TSs were
considered, leading to two OA products (OA1 and OA2) with the Np rings oriented
in opposite directions to each other. At this time, the reaction pathway branched
into two channels because of irreversible OA. It then distributed a bifurcation with
distributions of 85% and 15% forOA1 andOA2, respectively, based on the Boltzmann
distribution of the relative enthalpies of the corresponding TSs. Similarly, during
the TM step, the Boltzmann distribution based on 20 TSs was calculated, revealing
the presence of four TM products, TM1-syn (10%) and TM1-anti (90%) from OA1
and TM2-syn (58%) and TM2-anti (42%) from OA2. Here, syn indicates that the
two fused benzene rings of the naphthyl group were oriented in the same direction,
and anti indicates that they were oriented in opposite directions. Similar calcu-
lations were made for the RE. After calculating 32 TSs, the distribution is shown
in Scheme 4.20. The only pathway in the eight RE pathways that preferentially
afforded (S)-P1 was the pathway from TM1-anti, whereas the other pathways
preferentially yielded (R)-P1. However, since this reaction system was irreversible,
it was deemed inappropriate to only consider the RE step. The selectivity calculated
from the distribution of all the branches was 78% ee, considerably lower than the
best experimental value of 94% ee. Therefore, the authors assumed that the overall
enantioselectivity of the reaction was controlled only by the selectivity of the major
branch (thick arrow). In that case, the selectivity was calculated to be 90% ee, close
to the experimental value. In this case, the most dominant step was considered to
be TM, and the authors compared the TS structures of TM (TSforTM1) (Figure 4.6).
The most stable TS (TSforTM1anti) in five TS structures, leading to TM1-anti, and
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Scheme 4.20 Channel branching in the asymmetric SMC mechanism of the reaction of H1
with B1 using Pd/L1.
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Figure 4.6 Destabilization by steric repulsion and stabilization by weak hydrogen bonds in
TS of TM.

the most stable TS (TSforTM1syn) in five TS structures, leading to TM1-syn, were
compared. The destabilization by 1.25 kcal/mol of TSforTM1syn appeared to be
due to the proximity and repulsion of the two methyl groups (Me–Me repulsion).
Early asymmetric SMC studies to obtain P1 have suggested that such repulsion
between the Me groups in Np addends (Me–Me repulsion) significantly impacts
chiral induction [21]. TSforTM1anti and TSforTM1syn had C–H· · ·O hydrogen bonds
between the two reactive Np addends and the oxygen atoms of the methoxy groups
of L1. The authors stated that these stabilizing interactions contributed to fewer
accessible low-energy TM TS conformations. Contrarily, it was concluded that
using (DME)-BOP ligand, which with an Et group instead of a MeO group, that
does not exhibit this interaction in TS (TSforTM1anti_DMEBOP) may result in multiple
pathways that are accessible at various energy levels, leading to reduced selectivity.
In the aforementioned example, the directing group in the chiral ligand was

shown to weakly interact with the reacting substrate without directing groups.
However, when using a chiral ligand that is less prone to such interactions, steric
repulsion between the chiral ligand and substrate is the most important factor.
In 2021, Byrne et al. reported the asymmetric SMC of tetra-ortho-substituted
biaryls without directing groups using a Buchwald-type biaryl ligand, (R,R)-L13,
a SagePhos [47] analog (Scheme 4.21) [48]. Although the enantioselectivity using
o-tolyl-B(OH)2 (B3a) was moderate (54% ee), high enantioselectivity (90% ee) was
achieved using 1-Np-B(OH)2 (B4). The authors performed DFT calculations at the
B3LYP-D3/LACVP* level to elucidate the source of the enantioselectivity. They
evaluated the OA products (OA), TM products (TM), and TSs of RE (TS-RE). The
2-Me-Np group of H1 in OA was coordinated in a cis position to the phosphine,
and the two conformers were observed. OAprox means that the fused benzene ring
of the 2-Me-Np group is “proximal” to the protruding phospholane substituent of
the (R,R)-L13 ligand, and OAdist means that the fused benzene ring is “distal” to

ArBr

+
Ar

B(OH)2

MeO

P

OMePh

Ph

L13

(Ar = o-tolyl)

(Ar = 1-Np)

54% ee

90% ee

H1

Pd(OAc)2

(R, R)-L13

5 mol% Pd

B3a
B4

P11b

P12
(Ar = o-tolyl)

(Ar = 1-Np)

Scheme 4.21 Asymmetric SMC of the substrate having no directing group using Pd/L13.
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Scheme 4.22 Channel branching in the asymmetric SMC mechanism of the reaction of H1
with B3a or B4 using Pd/L13.

that. Considering that the OA was assumed to be irreversible, the reaction pathway
was divided into two reaction channels, prox- and dist-channels leading to OAprox
and OAdist, respectively (Scheme 4.22). Furthermore, it was concluded that OAprox
and OAdist could not be interconverted in dihedral scan calculations. Contrarily,
the next TM stage allowed interconversion within the same channel; since this
interconversion energy was lower than the activation energy of the subsequent
RE, the Curtin–Hammett rule applied at the RE stage. Furthermore, the authors
did not assume a crossover between the prox-channel (TMprox) and dist-channel
(TMdist) in the case using B3a, and the prox-channel was preferred. Thus, the four
TSs of RE in the prox-channel were compared, and the relatively faster pathway
was TS-REpR (black thick arrow) derived from TMprox

syn, where syn implies
that the Me groups of the 2-Me-Np and o-tolyl were oriented in the same direction.
The pathway yielded (R)-P12, whose activation energy was 6.9 kJ/mol lower than
the pathway via TS-REpS, which had the lowest energy that afforded (S)-P12 in the
prox-channel. The Me group of the o-tolyl group in TS-REpS was oriented in the
opposite direction to that of TS-REpR, and the Me group appeared to repel the fused
benzene ring of the 2-Me-Np group (Me–Np repulsion), resulting in destabilization
(Figure 4.7). In the reaction using B4, the enantioselectivity was suggested to
have been dominated by TS-REdR, which was the lowest energy in both channels
and was in the dist-channel, dissimilar to the case of B3a (Scheme 4.22). The
results of the experimental validation suggested that crossover occurs between both
channels in the case using B4, although selective OA is a possibility. Therefore, it
was assumed that all the TS-RE were accessible and proceeded via the pathway
with the lowest energy of TS-REdR (gray thick arrow) in TS-RE, where syn implies
that the Me group of the 2-Me-Np was closed to the fused benzene ring of the Np
group inserted by TM from B4. The activation energy of the TS-REdR pathway
that yielded (R)-P11b was 11.0 kJ/mol lower than the TS-REdS pathway. Thus, the
larger energy difference relative to the case of B3a (6.9 kJ/mol) corresponded with
the experimental selectivities, 90% ee for P11b vs 54% ee for P12 (Scheme 4.21). The
large destabilization of TS-REdS was presumably due to steric repulsion between
the 2-Me-Np and Np fused benzene rings (Np–Np repulsion) (Figure 4.7).
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Figure 4.7 Steric repulsion of reactive substrates in TS of RE.

4.4 Conclusion

The development of appropriate chiral ligands has enabled highly enantioselective
SMC reactions. In many cases, the directing groups of the reaction substrate
significantly contribute to asymmetric induction. Computational analyses reveal
that even for reactive substrates without oriented groups, weak interactions,
such as aromatic ring or C–H interactions, play a role in asymmetric induction.
Although many successful examples are presented herein, most of the catalysts
were substrate-specific, and further catalyst development will be required for
the synthesis of versatile chiral biaryls. Furthermore, a catalyst amount of more
than 1mol% is required in most cases, rendering its industrial use difficult. This
is because the activation energy required for RE is considerably higher during
tetra-ortho-biaryl synthesis; therefore, the catalytic activity was considerably lower.
For use in process synthesis, it is essential to develop catalysts that enable the
synthesis of tetra-ortho-biaryls with a low catalyst amount, in addition to the
development of advanced asymmetric induction control methods. Therefore, to
develop practical asymmetric catalysts, it is necessary to have both high steric
control and high catalytic activity. The most promising ligand among the nonchiral
SMCs would be Buchwald’s ligands, which are biaryl monophosphine [49]. This
type of ligand undergoes stabilization by the secondary interaction of palladium
with the aromatic ring of the ligand, which facilitates RE [50]. By exploiting
this secondary interaction, Korenaga recently developed an SMC catalyst for the
synthesis of tetra-ortho-substituted biaryls that allows the reaction to proceed even
with 0.025mol% of catalyst [51]. It is expected that high-performance asymmetric
catalysis for SMC will be produced by combining a chiral unit with such a highly
active achiral catalyst in the future.

References

1 (a) Miyaura, N. and Suzuki, A. (1995). Palladium-catalyzed cross-coupling
reactions of organoboron compounds. Chem. Rev. 95 (7): 2457–2483.
(b) Kotha, S., Lahiri, K., and Kashinath, D. (2002). Recent applications of the
Suzuki–Miyaura cross-coupling reaction in organic synthesis. Tetrahedron
58 (48): 9633–9695. (c) Phan, N.T.S., Sluys, M.V.D., and Jones, C.W. (2006).

https://pobeda.onf.ru/


86 4 Atroposelective Suzuki–Miyaura Coupling Toward Axially Chiral Biaryls: Mechanistic Insight

On the nature of the active species in palladium catalyzed Mizoroki–Heck and
Suzuki–Miyaura couplings – homogeneous or heterogeneous catalysis, a critical
review. Adv. Synth. Catal. 348 (6): 609–679. (d) Martin, R. and Buchwald, S.L.
(2008). Palladium-catalyzed Suzuki−Miyaura cross-coupling reactions employing
dialkylbiaryl phosphine ligands. Acc. Chem. Res. 41 (11): 1461–1473. (e) Han,
F.-S. (2013). Transition-metal-catalyzed Suzuki–Miyaura cross-coupling reactions:
a remarkable advance from palladium to nickel catalysts. Chem. Soc. Rev. 42 (12):
5270–5298. (f) Maluenda, I. and Navarro, O. (2015). Recent developments in the
Suzuki–Miyaura reaction: 2010–2014. Molecules 20 (5): 7528–7557. (g) Beletskay,
I.P., Alonso, F., and Tyurin, V. (2019). The Suzuki–Miyaura reaction after the
Nobel prize. Coord. Chem. Rev. 385: 137–173.

2 (a) Miyaura, N., Yamada, K., and Suzuki, A. (1979). A new stereospecific cross-
coupling by the palladium-catalyzed reaction of 1-alkenylboranes with 1-alkenyl
or 1-alkynyl halides. Tetrahedron Lett. 20 (36): 3437–3440. (b) Miyaura, N. and
Suzuki, A. (1979). Stereoselective synthesis of arylated (E)-alkenes by the reac-
tion of alk-1-enylboranes with aryl halides in the presence of palladium catalyst.
J. Chem. Soc. Chem. Commun. 19: 866–867.

3 Recent reviews for SMC: (a) Farhang, M., Akbarzadeh, A.R., Rabbani, M., and
Ghadiri, A.M. (2022). A retrospective-prospective review of Suzuki–Miyaura
reaction: from cross-coupling reaction to pharmaceutical industry applications.
Polyhedron 227: 116124. (b) Tsuchiya, N., Sheppard, T.D., and Nishikata,
T. (2022). Tertiary alkylative Suzuki–Miyaura couplings. Synthesis 54 (10):
2340–2349. (c) Tovar, J.D., Rataboul, F., and Djakovitch, L. (2021). Heteroge-
nization of Pd(II) complexes as catalysts for the Suzuki–Miyaura reaction. Appl.
Catal. A Gen. 627: 118381. (d) Kadu, B.S. (2021). Suzuki–Miyaura cross cou-
pling reaction: recent advancements in catalysis and organic synthesis. Cat. Sci.
Technol. 11 (4): 1186–1221. (e) Bhattacherjee, D., Rahman, M., Ghosh, S. et al.
(2021). Advances in transition-metal catalyzed carbonylative Suzuki-Miyaura
coupling reaction: an update. Adv. Synth. Catal. 363 (6): 1597–1624.

4 There were about 6500 reports in the 10 years from 2011–2020: D’Alterio,
M.C., Casals-Cruañas, È., Tzouras, N.V. et al. (2021). Mechanistic aspects of
the palladium-catalyzed Suzuki-Miyaura cross-coupling reaction. Chem. Eur. J.
27 (54): 13481–13493.

5 Suzuki, A. (2011). Cross-Coupling reactions of organoboranes: an easy way to
construct C–C bonds (Nobel Lecture). Angew. Chem. Int. Ed. 50 (30): 6722–6737.

6 (a) Yang, Y.-D., Yang, B.-B., and Li, L. (2022). A nonneglectable stereochemi-
cal factor in drug development: atropisomerism. Chirality 34 (10): 1355–1370.
(b) Glunz, P.W. (2018). Recent encounters with atropisomerism in drug discov-
ery. Bioorg. Med. Chem. Lett. 28 (2): 53–60. (c) Toenjes, S.T. and Gustafson, J.L.
(2018). Atropisomerism in medicinal chemistry: challenges and opportunities.
Future Med. Chem. 10 (4): 409–422. (d) LaPlante, S.R., Fader, L.D., Fandrick,
K.R. et al. (2011). Assessing atropisomer axial chirality in drug discovery and
development. J. Med. Chem. 54 (20): 7005–7022. (e) LaPlante, S.R., Edwards, P.J.,
Fader, L.D. et al. (2011). Revealing atropisomer axial chirality in drug discovery.
ChemMedChem 6 (3): 505–513.

https://pobeda.onf.ru/


References 87

7 (a) Wang, Z., Meng, L., Liu, X. et al. (2022). Recent progress toward develop-
ing axial chirality bioactive compounds. Eur. J. Med. Chem. 243 (5): 114700.
(b) Dos Santos, A.R., Pinheiro, A.C., Sodero, A.C.R. et al. (2007). Atropiso-
merism: the effect of the axial chirality in bioactive compounds. Quim. Nova 30
(1): 125–135.

8 Wan, S.-P., Lu, H.-Y., Li, M., and Chen, C.F. (2022). Advances in circularly polar-
ized luminescent materials based on axially chiral compounds. J Photochem
Photobiol C: Photochem Rev 50: 100500.

9 (a) McCarthy, M. and Guiry, P.J. (2001). Axially chiral bidentate ligands in asym-
metric catalysis. Tetrahedron 57 (18): 3809–3844. (b) Shimizu, H., Nagasaki, I.,
and Saito, T. (2005). Recent advances in biaryl-type bisphosphine ligands. Tetra-
hedron 61 (23): 5405–5432.

10 Oki, M. (1983). Recent advances in atropisomerism. Top. Stereochem. 14: 1–81.
11 Reviews for asymmetric SMC: (a) Hedouin, G., Hazra, S., Gallou, F., and

Handa, S. (2022). The catalytic formation of atropisomers and stereocenters
via asymmetric Suzuki−Miyaura couplings. ACS Catal. 12 (9): 4918–4937.
(b) Cheng, J.K., Xiang, S.-H., Li, S. et al. (2021). Recent advances in catalytic
asymmetric construction of atropisomers. Chem. Rev. 121 (8): 4805–4902.
(c) Loxq, P., Manoury, E., Poli, R. et al. (2016). Synthesis of axially chiral biaryl
compounds by asymmetric catalytic reactions with transition metals. Coord.
Chem. Rev. 308: 131–190. (d) Zhang, D. and Wang, Q. (2015). Palladium cat-
alyzed asymmetric Suzuki–Miyaura coupling reactions to axially chiral biaryl
compounds: chiral ligands and recent advances. Coord. Chem. Rev. 286: 1–16.
(e) Cherney, A.H., Kadunce, N.T., and Reisman, S.E. (2015). Enantioselec-
tive and enantiospecific transition-metal-catalyzed cross-coupling reactions
of organometallic reagents to construct C–C bonds. Chem. Rev. 115 (17):
9587–9652. (f) Baudoin, O. (2005). The asymmetric Suzuki coupling route to
axially chiral biaryls. Eur. J. Org. Chem. 4223–4229.

12 Goetzke, F.W., Dijk, L.V., and Fletcher, S.P. (2019). Catalytic asymmetric
Suzuki−Miyaura couplings. In: PATAI’S Chemistry of Functional Groups, 1–54.
Wiley.

13 (a) Chakraborty, S. and Saha, C. (2016). Resonance 21: 151–171. (b) Seeman,
J.I. (1983). Effect of conformational change on reactivity in organic chemistry.
Evaluations, applications, and extensions of Curtin–Hammett Winstein–Holness
kinetics. Chem. Rev. 83 (2): 83–134.
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5.1 Introduction

Inspired by enzyme catalysis [1] and representing a valid alternative to asymmetric
metal catalysis [2], the use of small organicmolecules for promoting enantioselective
transformation has become an extremely powerful tool for the synthetic community,
in both industry and academia. The use of organocatalysis indeed avoids utiliza-
tion of expensive, toxic, and polluting metals and makes use of “privileged chiral
catalysts” that aremore easily synthesizedwith respect to enzymes and readily avail-
able from natural sources.
The primary concept at the base of all the organocatalytic reactions is the

activation of the substrate into a more active reagent, by means of making it a
better nucleophile or electrophile. The principal classification based on the type
of interaction between the catalyst and the substrate is between covalent- and
noncovalent-based activation: the first takes place when the organocatalyst is
covalently bonded to the substrate with a bonding energy exceeding 15 kcal/mol
and is recycled through hydrolysis or displacement by a pendant group on the final
product; examples of this activation are amino and carbene catalysis. When the
organocatalyst is instead bonded via ion pairing or secondary interactions such as
hydrogen bonding, in general lower than 4 kcal/mol, noncovalent-based activation
occurs. Inside this class, a further classification according to the mechanistic role of
the catalyst distinguishes between donating and removing electrons or protons to
or from the substrate or transition states; Brønsted acid/base, Lewis acid/base, and
hydrogen bonding activation are included in this class.
Besides numerous asymmetric transformations aimed at obtaining target

central-chiral molecules, the applicability of this kind of catalysis appeared highly
effective for enantioselective construction of atropisomers [3], the subclass of
axially chiral compounds where the stereoisomerism results from a rotationally
restricted single bond. In this chapter, we will highlight the role of the different
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types of organocatalytic activation in the enantioselective synthesis of atropisomers.
Specifically, distinctions will be made between aminocatalysis, base-catalysis,
phase-transfer catalysis, and phosphoric acid catalysis. The adaptability of this
catalysis to different synthetic strategies and the orthogonality of the mode of
action resulted to be useful for the enantioselective construction of a wide variety
of atropisomers bearing different scaffolds. Literature reports a growing number
of examples about non-biaryl atropisomers, as well as atropisomers featuring
restricted bonds different form C—C. For each activation mode we will focus on
selected examples regarding structurally diverse atropisomers, including C—C
(biaryls and non-biaryls) and C—N as well as C—O, C—B, and N—N atropisomers.

5.2 Aminocatalysis

Within the category of covalent-based activation, the leading position is occupied by
aminocatalysis, a consistent strategy especially for the generation of stereocenters at
α and β positions of carbonyl compounds [4]. Primary or secondary chiral amines
are exploited, with the catalytic active species being an enamine or iminium ion
formed upon condensation of the catalyst with the carbonyl substrate (Scheme 5.1).
Enamine activation results in an increased electron density at the reaction center
through HOMO (highest occupied molecular orbital) energy raising and possible
reactions with electrophiles. Iminium ion activation corresponds to a decrease in
electron density at the reaction center due to LUMO (lowest unoccupied molecular
orbital) activation and possible reaction with nucleophiles.

R

O

R
R

R

O N
H

R

N

R
R

R

N

HOMO

New
HOMO

LUMO

New
LUMO

N
H

Enamine Iminium ion

Scheme 5.1 Aminocatalytic activation of carbonyl compounds.

Through this approach, different synthetic strategies are allowed for atropos-
elective synthesis, including enantioselective de novo ring formation, dynamic
resolution, desymmetrization, and direct formation of the rotationally restricted
bond, as presented in the following sections of this chapter through significant
examples.

5.2.1 Atropisomeric Synthesis of C—C Biaryls via Aminocatalysis

From its conception, atroposelective synthesis has seen an enormous growth of syn-
thetic strategies for the obtaining of axially chiral biaryls, providing a large variety
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Scheme 5.2 Atroposelective synthesis of biaryls via amine catalyzed aldol condensation.
Source: Sparr and Link [6]/with permission of John Wiley & Sons.

of innovative synthetic protocols and possible applications [5]. In this context, Sparr
and co-workers conducted a series of studies for the enantioselective synthesis of
atropisomeric biaryls where, with respect to approaches where the arene rings
are already present in the substrate, they achieved concomitant formation of the
chiral axis and de novo formation of one or more aromatic rings (Scheme 5.2).
They realized the first example of atroposelective synthesis using secondary
amine as catalyst, inspired by biosynthesis of aromatic polyketide: [6] promoted
by cyclase and aromatase enzymes, the biosynthesis relies on the intramolecular
aldol addition to a ketone functionality and final dehydration–aromatization
event. Instead of enol formation, they exploited dienamine generation as a new
trigger of the aldol reaction. The pyrrolidinyl-tetrazole catalyst 2 can react with
the aldehyde functionality of 1 to generate a chiral dienamine that promotes the
stereoselective aldol addition to the ketonemoiety; central-to-axial chirality transfer
occurs during the dehydration–aromatization step, representing the driving force
of the transformation.
Two years later, they applied the enamine-catalyzed aldol addition to obtain

well-defined 1,2-naphthalene oligomers (Scheme 5.3) [7]. These compounds
represent the rotationally stable analogs of stereodynamic helically shaped
ortho-phenylenes, where the enhanced hindrance of the building blocks with
respect to phenylenes ensures from helix-sense inversion. The geometry of the
stable P-helix secondary structure is dictated by the use of a natural amino acid as a
catalyst; in this case, the steric encumbrance of the 1,2′-binaphthalen-2-yl (phenyl)
ketone 4 requires a primary amine for efficient yield, and 90% enantioselectivity
is achieved using L-isoleucine. By adding another building block to the product 6,
quarter naphthalenes 9 could be obtained in an atropo-diastereoisomeric fashion
due to substrate-controlled aldol condensation.
Another example reported by Sparr shows a highly atroposelective cascade reac-

tion where noncanonical poly-carbonyls 10 are directly converted to binaphthyls
through twofold enantioselective cyclization catalyzed by the aminoethanol-derived
proline catalyst 11 (Scheme 5.4) [8]. Double 5-enolexo aldol cyclization leading
to hydropentalene 12, which would occur in nature starting from canonical
poly-carbonyls, is suppressed by the presence of the terminal aldehyde groups on
the substrate that react with proline catalysis to afford only the final biaryl 13. This
work offers an easy route to atropisomeric biaryls and shows the ability of privileged
small-molecule catalysis to promote highly enantioselective transformation not
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Scheme 5.3 Synthesis of configurationally stable oligonaphthalenes via aldol
condensation. Source: Sparr and co-workers [7]/with permission of John Wiley & Sons.
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Scheme 5.4 Atroposelective synthesis of tetra-ortho-substituted biaryls via amine
catalyzed noncanonical cyclization. Source: Sparr and co-workers [8]/with permission of
Springer Nature.

only mimicking natural syntheses but also providing different products from what
nature would produce.

5.2.2 Atropisomeric Synthesis of C—C Non-biaryls via Aminocatalysis

Non-biaryl atropisomers are molecules defined by a stereogenic axis featuring at
least one non-arene moiety. One example of non-biarylic atropisomer is repre-
sented by amides, whose first enantioselective synthesis was developed byKoide and
Uemura using the desymmetrization of an arene-tricarbonylchromium complex [9].
One year later, Clayden et al. reported the organocatalytic dynamic resolution of
naphthamides under thermodynamic control with a chiral diamine resolving agent
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Scheme 5.5 Atropisomeric synthesis of amides via dynamic resolution with L-proline-
derived resolving agent. Source: By Clayden.

derived from proline (Scheme 5.5) [10]. Condensation of the secondary amine
catalyst 15 on the aldehyde group of the racemic substrate 14 gives rise to just one of
the two possible aminal diastereoisomers. Considering the reaction conditions, the
authors found that the reason for the atroposelectivity was the rapid epimerization
between 16 and epi-16, leading to the thermodynamically favored diastereoisomer
16; hydrolyzation provided the enantioenriched naphthamide and after reduction
of the aldehyde moiety, a good stability to rotational racemization was obtained.
Benzamides like 18 were also deracemized using this procedure, though with a
poorer enantioselectivity due to the lower energy barrier.
In 2004, Walsh and co-workers exploited a L-proline 22 catalyzed aldol reaction

to generate an atropisomeric amide by means of increasing the steric hindrance
next to the axis, with the formation of the new stereocenter (Scheme 5.6) [11].
A dynamic kinetic resolution character was obtained with high diastereo- and
enantioselectivity.
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21
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Scheme 5.6 Dynamic kinetic resolution of atropisomeric amides. Source: Walsh and
co-workers [11]/with permission of American Chemical Society.

Inside C—C atropisomeric non-biaryls, growing attention is regarding the class
of styrenes, whose enantioselective synthesis has remained overlooked for years
despite the pivotal work of Adams [12] in 1940 indicating the potential of this type
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of axially chiral molecules, further confirmed by Kawabata in 1991 [13]. It is in
fact difficult to achieve good enantioselectivity with a low stereochemical stability
like one of the styrenes, but significant advances on asymmetric strategies led to
overcome these difficulties, with an increase in their atroposelective syntheses
in the past years. The first organocatalytic synthesis was developed by Tan in
2017 through a secondary amine-catalyzed direct Michael addition reaction of
substituted diones 25 to alkynals 24 (Scheme 5.7) [14]. Through this approach, the
proline-derived catalyst 26 selectively forms the chiral iminium ion with the alkynal
that upon addition of the nucleophile generates in situ the chiral allenamine 29.
Thanks to the control of the covalently bonded catalyst, this intermediate is able
to discriminate between the E/Z configuration of the resulting iminium ion 30
(only one isomer may exhibit axial chirality) that finally transfers the chirality to
the rotationally stable styrene. Product 27 was obtained with excellent yield and
enantioselectivity, and with a rotational energy barrier around 30.38 kcal/mol at
25 ∘C, which ensures good stability. This procedure was also applicable to the use
of ketone esters and malonitriles as nucleophiles, broadening the scope of this
restricted class of compounds.

O

H

N
H

OTIPS

Me
Me

R1

OAc

OAc
R2 cat 26 (5 mol%)

LiOAc

DCM, 0 °C

N

H
R1

Me

Me

N

H

AcO OAc
R2 AcO OAc

R2

N

H
R1

R1

AcO OAc
R2

CHO

R1

24
R1: I, CF3, 

SO2Ph, Ph

25
R2: Br, Cl, 

H, OMe

27
Up to 95% yield, 94% ee

N
H

26

28

29 30 E-configuration

+

Scheme 5.7 Atroposelective synthesis of styrenes. Source: Tan and co-workers
[14]/American Chemical Society.

Other than C(sp2)–C(sp2) atropisomers that present the usual planar-orthogonal
disposition of the substituents around the rotationally restricted bond, uncom-
mon C(sp2)–C(sp3) conformational diastereomeric atropisomers were isolated by
Oki [15] and Ford [16] and successively observed by Dubois [17]. The enantiose-
lective synthesis of C(sp2)–C(sp3) atropisomers was first obtained by Sparr through
transition metal catalysis, where a rhodium complex enabled the formation of more
than six stereoisomers of the sole substrate [18]. A first organocatalytic approach to
these scaffolds was reported by the group of Bencivenni with the enantioselective
Friedel–Crafts addition of β-naphthols to inden-1-ones (Scheme 5.8) [19]. The reac-
tion was catalyzed by the quinine-derived primary amine 33 that after addition to
the electrophile forms a chiral iminium ion, which is activated by trifluoroacetic
acid cocatalyst for the interaction with the nucleophile giving an already C—C
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Scheme 5.8 Enantioselective Friedel–Crafts alkylation of β-naphthols with inden-1-ones.
Source: Bencivenni and co-workers [19]/with permission of American Chemical Society.

rotationally restricted intermediate; after rapid aromatization, when large enough
substituents are placed on both starting materials, the major ap-conformational
diastereoisomer is formed with total diastereocontrol and with excellent enantios-
electivity. This transformation is driven by a complete thermodynamic preference
toward the formation of just one of the two conformational diastereoisomers. For
this reason, evidence of restricted rotation and determination of the energy barrier
was possible only analyzing scaffolds bearing substituents on only one of the two
starting materials (Scheme 5.8: ΔG‡

epi(exp) = 22 kcal/mol), where the sp-conformer is
obtained by simple rotation of the not very stable axis; from calculations, however,
an energy barrier of 25 kcal/mol is suggested when both 31 and 32 possess large
substituents, as in the case of 34b.
A rare case of kinetic control was instead found in seminal work developed by

Jørgensen et al. in 2022 [20], where a secondary amine 37 catalyzed cycloaddition
between 5H-benzo[a]pyrrolizine-3-carbaldehydes 35 and electron-poor olefins 36
furnished atropisomeric 39 with the simultaneous generation of the C(sp2)–C(sp3)
stereogenic axis and two stereogenic centers (Scheme 5.9). Atropisomeric cyclazine
cores were thus obtained for the first time through an enantioselective synthesis and
showed a large variety of possiblemolecularmotives with high level of enantioselec-
tivity. DFT (density functional theory) calculation, together with isolation of a reac-
tive intermediate, demonstrated that the stereogenic axis is formed under a kinetic
control in a Curtin–Hammet equilibrium, where the rate-determining elimination
step controls the atropo- and enantioselectivity. This made possible the determina-
tion of rotational stability of these substrates, with a value of 32.7 kcal/mol on the
model substrate.

5.2.3 Atropisomeric Synthesis of C—N Scaffolds via Aminocatalysis

Amines proved to be efficient catalysts also for the preparation of molecules with
stereogenic axes different from C—C. Chiral anilides featuring a restricted C—N
bondwere reported by Curranwho demonstrated that these structures could exhibit
significant stereochemical stability [21].
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Scheme 5.9 Atroposelective synthesis of C(sp2)–C(sp3) configurationally stable cyclazines.
Source: Jørgensen and co-workers [20]/with permission of American Chemical Society.

Atropisomeric succinimides were synthesized by Bencivenni and co-workers
through an innovative aminocatalytic desymmetrization of maleimides via viny-
logous Michael addition with 9-epi-9-amino-9-deoxy quinine 33 [22], where the
product was obtained with high enantiocontrol on three stereogenic elements: one
C—N axis and two stereocenters (Scheme 5.10). The presence on 41 of a bulky
substituent at the ortho position of the aryl proved to be fundamental to restrict
C—N bond rotation and to direct the nucleophilic attack to the opposite face of
the maleimide. Experimental results and DFT analyses precisely explained the
mechanism of this transformation [23]. The primary amine catalyst 33 is able
to form the chiral dienamine and remotely direct the attack on one of the two
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Scheme 5.10 Desymmetrization of N-arylmaleimides via vinylogous Michael addition.
Source: Bencivenni and co-workers [23]/with permission of American Chemical Society.
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electrophilic carbons of the maleimide, controlling the atroposelectivity of the
reaction; the presence of 2 equiv of N-Boc-L-phenylglycine 42 with respect to the
catalyst enhances the effectiveness of the transformation: the first molecule reacts
with the catalyst forming the catalytic salt and the second bridges reacting partners
in a cyclical fashion.
The atroposelective desymmetrization of N-arylmaleimides was realized through

an aminocatalyzed Diels–Alder reaction of enones exploiting the same catalyst 33
[24], where the chirality of the C—N axis is determined by the remote control of the
catalyst.
While existing organocatalytic approaches regarded the synthesis of atropisomers

where the C—N bond is already preformed, direct formation of the C—N bond was
developed for the first time by the group of Jørgensen through an amino catalysis
(Scheme 5.11) [25]. Atroposelective coupling between indole-2-carboxaldehydes 45
and ortho-quinones 46was promoted by a new fluorine-substituted proline-derived
catalyst 47 that was designed and synthetized ad hocwith an increased outer sphere
bulk to ensure good levels of enantioselectivity and, especially, perfect regiocontrol
between C3 and N1 sites on the indole core (49 : 48 – 20 : 1). Final central-to-axial
chirality transfer promoted by DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone)
resulted in the atropisomeric C—N scaffold.
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Scheme 5.11 Enantioselective addition of indole-2-carboxaldehydes to ortho-quinone
derivatives via amine catalysis. Source: Jørgensen and co-workers [25]/with permission of
John Wiley & Sons.

5.3 Brønsted Base Catalysis

Prominent role inside base catalysis activation is represented by Brønsted base catal-
ysis, as the one promoted by chiral tertiary amines. The key to the activation is the
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proton transfer from a pro-nucleophile or charged nucleophile–electrophile adduct
to the basic catalyst; the substrate is situatedwithin a chiral pocket formed by the cat-
alyst, and the enantioselective attack depends on the conformation of this complex
(Scheme 5.12). However, stereoselectivity based only on this ion pairing interactions
can become challenging, hence catalysts combining both a basic moiety and a sec-
ond activation site were required as they would provide bifunctional activation that
greatly enhances the final enantioselectivity. Brønsted base-hydrogen donor bifunc-
tional catalysts were designed to obtain such organized activation states where the
nucleophile is activated and stabilized, or both nucleophile and electrophile are sta-
bilized. Selected examples of simple Brønsted base and bifunctional catalysis are
reported for the synthesis of atropisomers.

5.3.1 Atropisomeric Synthesis of C—C Biaryls and Heterobiaryls via
Base Catalysis

In 2010, Miller reported the atroposelective electrophilic aromatic substitution of a
racemic biaryl with simple bromination reagents, catalyzed by a tripeptide-derived
small-molecule catalyst 52 (Scheme 5.13) [26]. The presence of bromine substituents
at the ortho position in fact attributes to the stereogenic axis a high enough barrier
to rotation to preclude product racemization. From single-crystal X-ray analysis of
the major enantiomer and awareness of the possible conformation of the catalyst,
a docking model of the substrate–catalyst interactions was proposed (Scheme 5.13).
The bifunctional catalyst can deprotonate the carboxylic acidmoiety of the substrate
51 through the tertiary amine group and simultaneously coordinate the phenolic
proton through hydrogen bonding with the amide diacetate. These interactions,
together with the folding properties of the catalyst and conformation of the N-acyl
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piperidine, ensure high level of enantioselectivity in a dynamic kinetic resolution
strategy to obtain optically enantioenriched biaryls.
Atroposelective addition of naphthols 55 to halogenated quinones 54 was

reported by Bella in 2016 [27], where simple quinine 56 as organocatalyst pro-
moted the transformation with high level of enantioselectivity in mild reaction
conditions (Scheme 5.14). Non-C2-symmetrical biaryls were obtained through
this approach, where mono- and disubstituted quinones ensured a high enough
energy barrier to rotation on the final product. To impart atroposelectivity, a
possible rationalization regards the interactions between the deprotonated hydroxyl
group on the naphthol unit and the protonated quinuclidine unit on the qui-
nine as well as the hydrogen bonding between the quinone carbonyl and the
9-hydroxy moiety of the catalyst. It was in fact observed experimentally and from
DFT calculations that a catalyst missing free 9-hydroxy group led to inversion of
stereoinduction.
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Scheme 5.14 Enantioselective synthesis of biaryls via quinine catalysis. Source: Bella and
co-workers [27]/with permission of John Wiley & Sons.
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A similar transformation was reported by Miller [28], who developed the cou-
pling of naphthols 59 and ester-bearing quinones 58 to achieve non-C2-symmetric
BINOL-type scaffolds (Scheme 5.15). As a catalytic approach, they used a tetrameric
peptide 60 featuring the basic residue β-dimenthylaminoalanine (Dmaa), which
proved to be highly effective in the synthesis of a large variety of substrates with
different frameworks with good yield and enantioselectivity.
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Scheme 5.15 Synthesis of axially chiral non-C2-symmetric biaryls via peptide catalysis.
Source: Miller and co-workers [28]/with permission of John Wiley & Sons.

In 2017, Rodriguez and Bonne developed the first enantioselective synthesis of
unknown furan atropisomers through a domino Michael/O-alkylation reaction
between chloronitroalkenes 63 and 2-naphthols 62 (Scheme 5.16) [29]. The orig-
inality of the sequence lies in the central-to-axial chirality conversion based on
the enantioselective formation of dihydrofuran heterocycles sp-65 and ap-65
promoted by the bifunctional squaramide organocatalyst 64, and subsequent
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Scheme 5.16 Enantioselective synthesis of furan-based atropisomers via base-catalyzed
point-to-axial chirality conversion. Source: Rodriguez and co-workers [29]/with permission
of American Chemical Society.
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atroposelective oxidative dehydrogenation withMnO2. Frommechanistic investiga-
tion, a Curtin–Hammet equilibrium seems present between the two conformations,
and selective oxidation in favor of the intermediate with the most accessible
hydride leads to atroposelective formation of the rotationally stable product 66
(26.4–36.5 kcal/mol).
This strategywas exploited by the same group for the formation of S- andE-shaped

bis-benzofuran atropisomeric oligoarenes 71 and 72with two C—C stereogenic axes
(Scheme 5.17) [30]. A double central-to-axial chirality transfer was promoted by the
unique bifunctional squaramide catalyst 70 with subsequent oxidative aromatiza-
tion, achieving a wide range of differently substituted structures. By using the enan-
tiomer of catalyst, the opposite stereogenic axis could be obtained, resulting in an
elegant stereodivergent approach that enabled the formation of all four diastereoiso-
mers of the final atropisomeric oligomer.
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1. cat 70 (10 mol%)
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82–86% yield, 70–95% ee
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69
R: Cl, Br, I, NO2, 

CO2Me, Ph, SMe

67
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Scheme 5.17 Atroposelective synthesis of bis-benzofuran oligoarenes via base catalysis.
Source: Rodriguez and co-workers [30]/with permission of Royal Society of Chemistry.

The group of Yan reported several examples of atropisomeric heterobiaryls
obtained through vinylidene ortho-quinone methide (VQM) intermediates
(Scheme 5.18a). The strategy consists in initial tautomerization of an alkyne 73
promoted by a quinine-derived catalyst 74 provided with a hydrogen bonding
moiety that imparts stereoinformation to the newly formed allene 75. Axially
chiral aryl-C2-indoles 76 were obtained for the first time by the group through this
organocatalytic approach with excellent enantioselectivity in the final nucleophilic
intramolecular annulation [31]; the final products were found to be useful for
further functional-group transformations as well as a possible key skeleton for
organocatalysts for reactions as enantioselective aza-Bayliss–Hillman and [4+ 2]
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Scheme 5.18 (a) Atroposelective syntheses of axially chiral aryl-C2-indoles. Source: Yan and co-workers [31]/with permission of John Wiley & Sons.
(b) Atroposelective syntheses of axially chiral N,N- and N,S-1,2-azoles. Source: Yan and co-workers [32]/Springer Nature/CC BY 4.0.
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tandem cyclization. Few years later, they developed the synthesis of axially chiral
N,N- and N,S-1,2-azoles using the same VQM method (Scheme 5.18b) [32].
Racemic mixture of N-naphthyl propargylsulfinamides 77 with a stereogenic sulfur
center underwent kinetic resolution leading to the final atropisomeric 1,2-azole 79
with excellent enantioselectivity, which is possibly due to the favored nucleophilic
attack from the less sterically hindered side of the intermediate. Axially chiral
naphthyl-pyrazoles 83 were also obtained through this highly atroposelective
protocol with excellent results; interestingly, biological tests showed that this kind
of scaffold seems to have promising action as a therapeutic agent.

5.3.2 Atropisomeric Synthesis of C—C Non-biaryls via Base Catalysis

Yan and co-workers posed a milestone on the asymmetric synthesis of atropi-
someric styrenes [33]. In 2018, they developed a methodology to obtain chiral
sulfone-containing styrenes through the formal nucleophilic addition of an acti-
vated nucleophile to the VQM intermediate (Scheme 5.19). In this example, the
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Scheme 5.19 Atroposelective syntheses of axially chiral styrenes. Source: Yan (co-author).
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nucleophile sulfinate salt is activated by L-proline that upon formation of the
quaternary ammonium salt increases the nucleophile solubility; after addition of
the sulfonate to the chiral allene 86, atropisomeric styrenes 85 were obtained with
high yields, enantioselectivity, and E/Z ratio. Notably, the use of D-proline furnished
the same enantioselectivity as L-proline, suggesting that only the bifunctional
thiourea catalyst 74 is responsible for the enantioinduction. This methodology
was used by the same group for the one-pot formation of similar axially chiral
sulfone-containing styrenes, where the nucleophile was in situ generated by the
same thiourea-catalyzed Mannich reaction [34]. Squaramide-derived cinchona
catalysts were exploited by the group for the synthesis of a large variety of
functionalized styrenes featuring one or more than one stereogenic axis [35–37].
Another relevant example of thiourea-catalyzed atroposelective formation of chi-

ral styrenes was reported by Tan as extension of the methodology developed for
organocatalytic dihalogenation of alkenes and alkynes (Scheme 5.20) [38]. Axially
chiral vicinal dihaloalkenes 93 and 94were obtained in high yield and enantiomeric
excess in exclusive E configuration. The role of the catalyst 92 consists of facilitating
the initial transfer of the bromonium ion to the alkyne by interaction with the quin-
uclidine group, while the substrate is able to orientate the halide ion via hydrogen
bonds with the urea group for the addition to the bromirenium species.
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Scheme 5.20 Enantioselective dihalogenation of alkynes to obtained axially chiral
styrenes. Source: Tan and co-workers [38]/with permission of Springer Nature.

5.3.3 Atropisomeric Synthesis of C—N Scaffolds via Base Catalysis

The first report about an atropisomeric anilide 97, where the nitrogen atom is
directly attached to the aromatic ring, was described by Jørgensen [39]. His group
in fact developed an unprecedent organocatalytic asymmetric Friedel–Crafts
amination of 2-naphthols 95 with azodicarboxylates using cinchona-alkaloid 96
(Scheme 5.21); the final atropisomer showed a good stability to rotation, as from
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Scheme 5.21 Atropisomeric synthesis of C—N non-biaryl compounds via base catalysis.
Source: Jørgensen and co-workers [39]/with permission of John Wiley & Sons.

HPLC (high-performance liquid chromatography) analysis only a decrease of 3%
ee was observed leaving the compound at r.t. for 10 days; the barrier to rotation
was measured experimentally and computationally on the substrate missing
the amino group on the naphthol, giving values of ΔG‡

(exp)= 20 kcal/mol and
ΔG‡

(cal )= 22 kcal/mol. Interestingly, the same transformation could be performed
on the quinine-derived catalyst 96 as substrate, and the resulting aminated product
99 was effective for catalyzing the reaction itself.
As reported for the enantioselective formation of atropisomeric biaryls, Miller

exploited small peptide catalysis for the asymmetric construction of axially chiral
anilides by bromination of 3-hydroxyl 1-benzamides 100 via electrophilic aromatic
substitution (Scheme 5.22) [40]. The tertiary amine moiety of catalyst 101 is
again able to deprotonate the quinazolinone hydroxyl group, while the binding
interactions with the β-turned peptide impart chirality to the substrate, with the
first bromination event being stereodetermining and resulting in rotationally stable
mono-ortho-substituted isomer 103.
A bifunctional organocatalyst 105was used by the group of Tan for the asymmetric

tyrosine click-like reaction for the formation of axially chiral urazole 106withN—Ar
bond restricted rotation (Scheme 5.23) [41]. This example shows desymmetrization
of the triazoledione 104 by means of remote control of the catalyst, able to discrim-
inate between the two reactive sites and imparting excellent enantioselectivity by
hydrogen bonding interactions.
As a similar approach, base-catalyzed desymmetrization of maleimides was

reported by Bencivenni and co-workers exploring the reactivity of 1,3-dicarbonyls
108 and cyanoesters 109 using pyrimidine-bridged cinchona alkaloid catalyst 110
(Scheme 5.24a) [43], and the year later with the study on Michael addition of oxin-
doles 113 to maleimides using catalyst 114 (Scheme 5.24b) [42]. These examples are
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Scheme 5.22 Atroposelective synthesis of 3-arylquinazolin-4(3H)-ones via peptide
catalyzed bromination. Source: Miller and co-workers [40]/with permission of American
Chemical Society.
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Scheme 5.23 Enantioselective synthesis of axially chiral urazole via thiourea-catalyzed
tyrosine click reaction. Source: Tan and co-workers [41]/Springer Nature/CC BY 4.0.

complementary to the amino-catalyzed desymmetrization of maleimides previously
mentioned, showing the versatility of organocatalysts in promoting orthogonal
approaches for the synthesis of similar scaffolds.
Various axially chiral anilides were obtained by the group of Li via asymmetric

N-allylic alkylation with achiral Morita–Bayliss–Hillman adducts (Scheme 5.25).
Different cinchona alkaloids (110, 120, and 123) were able to promote the atropos-
elective synthesis of C—N axially chiral anilides 118 (Scheme 5.25a) [44], phospho-
namides 121 (Scheme 5.25c) [45], and sulfinamides 124 (Scheme 5.25b) [46]. The
ortho-iodine derivative of atropisomeric phosphamide 121was found to be effective
as chiral hypervalent iodine catalyst for the asymmetric oxidative dearomatization of
phenols. Axially chiral sulfonamides 128were also obtained by Zhao and co-workers
through an asymmetric allylic alkylation promoted by the cinchona dimers 127 and
110 (Scheme 5.25d), strategy that proved to be useful also for obtaining enantiopure
NOBIN derivative (R)-126 via kinetic resolution [47].

https://pobeda.onf.ru/


X N

O O

O
O

R1

tBu

NO O

tBu

X
O

R1

O
O

O

NC R3

N

O

O

tBu

NC O

O
R3 N N

OO

OMeMeO

cat 110 (10 mol%)

DCM or acetone
–78 °C

cat 110 (10 mol%)

108
X: CH2, O

R1: Me, Bn

111
Up to 90% yield,

>19 : 1 dr, 99% ee

R2

R2

DCM, –78 °C

R2

112
up to 82% yield 

>19 : 1 dr, 92% ee

N MeN
Me

109
R3: Et, tBu

N

O

O

N
O

Boc

N

O

O

N
O

Boc

+
R1

R2

DCM, 25 °C

R2

R1

NN

H N

O

O

N

CF3
F3C

N OOH

H

O
O

O
N

H

Br

Favored TS

H

cat 114 (10 mol%)

R3

R3

113
R1: F, Br, OMe, Me

R2: OMe, Me

107
R3: Cl, Br,  tBu, NO2

N

NH

N

O

O NH

CF3

CF3

107
R2: OMe, tBu, Br

110

114115
up to 98% yield,

>19 : 1 dr, >99% ee

(a)

(b)

Scheme 5.24 (a) Desymmetrization strategies to obtain axially chiral maleimides by the addition of 1,3-dicarbonyls and cyanoesters.
(b) Desymmetrization strategies to obtain axially chiral maleimides by addition of oxindoles. Source: Bencivenni and co-workers [42]/with permission of
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Scheme 5.25 (a) synthesis of C—N axially chiral anilides; (b) synthesis of C—N axially chiral sulfinamides; (c) synthesis of C—N axially chiral
phosphonamides; and (d) synthesis of C—N axially chiral sulfonamides.
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As analogs of anilides, atropisomeric lactams were synthesized one of the first
times by the group of Taguchi in 2000 [48]. Interestingly, they reported variation in
stereochemical stability when different ring sizes were considered: a difference of
4–5 kcal/mol between six- and five-membered lactams was found, highlighting that
when a smaller ring is present, external bond angles of substituents cause them
to position further away from the axis compared to larger rings. In this scenario,
Tan developed an organocatalytic synthesis where chiral guanidine 131 was
found to promote a tandem isomerization-Michael reaction toward atropisomeric
six-membered lactams 132 (Scheme 5.26) [49]. Alkynamide 130 was converted
to the product via a conjugated allenoate intermediate, followed by a highly
enantioselective aza-Michael addition.
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133
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Scheme 5.26 Tandem isomerization–Michael reactions of alkynes to obtain axially chiral
lactams. Source: Tan and co-workers [49]/with permission of John Wiley & Sons.

5.3.4 Atropisomeric Synthesis of N—N Scaffolds via Base Catalysis

A recently expanding field in atropisomeric synthesis regards the construction of
N—N atropisomers, which has seen a significant growth in the past two years with
the development of new and various synthetic strategies, with organocatalysis being
one of the most exploited [50].
Cinchona-catalyzed asymmetric N-alkylation was an efficient method to synthe-

size for one of the first times this type of rotationally restricted molecules. In 2021,
Lu and Houk presented the first enantioselective synthesis of N—N axially chiral
scaffolds by quinidine catalysis (Scheme 5.27) [51]. The transformation was appli-
cable to both aminopyrroles 134 and aminoquinazolinones 137 as substrates, which
undergo MBH alkylation to obtain rotationally stable atropisomers. High enantio-
control was ensured by hydrogen bonding interactions between the acceptor and
donating groups on the substrate and the catalyst, through an extremely efficient
remote control on the stereogenic axis. Computational calculation further confirmed
the origin of enantioselectivity from these secondary interactions.
Isothiourea-catalyzed N-acylation of amides 139 with anhydrides was described

by Li in 2022 (Scheme 5.28) [52]. Axially chiral quinazolinone scaffolds with
aromatic substituents at C2 were obtained in high enantioselectivity, with a high
enough energy barrier to rotation (see 142), although slightly lower than the one
obtained by Lu and Houk. Computational analyses showed strong stabilizing
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and co-workers [51]/with permission of Elsevier.
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Scheme 5.28 Enantioselective acylation for the construction of N-N atropisomeric
quinazolinones. Source: Li and co-workers [52]/Royal Society of Chemistry/CC BY 3.0.

hydrogen bonding interaction between catalyst 141 and substrate 139, while two
noncovalent interactions between the catalyst and the aryl group of the substrate
led to discrimination between the two final enantiomers.

5.4 Phase Transfer Catalysis

Phase transfer catalysis (PTC) [53] represents a valid and widely employed synthetic
tool for both industry and academia due to themild reaction conditions, the easiness
of operations, and the adaptability to large-scale synthesis [54]. The general strat-
egy for the asymmetric approach relies on generating the reactive species from the
starting substrate within a biphasicmixture and taking advantage of its different par-
tition coefficient in the reaction medium compared to its reaction partner, in order
to prevent their chemical interaction without the assistance of the chiral catalyst.
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Nucleophilic substitution reactions are the most developed and studied processes
where the anion of the nucleophilic species arises from an alkaline environment;
besides, chiral organic salts based on quaternary ammonium or phosphonium scaf-
folds are commonly employed as catalysts for possessing a large ionic radius which
allows them to dissolve in both phases. Indeed, catalysis is realized when the chiral
cation matches the anion of the nucleophile and forms a new species that can reach
and interact with the electrophilic partner in a stereoselective way. Despite the sole
ionic generally noncovalent interactions involved in the asymmetric ionic pair, the
chiral counterion has widely proved to exert elevated levels of chirality transfer over
the stereocontrolled formation of the products. PTC was initially conceived for the
asymmetric synthesis of non-natural amino acid derivatives (Scheme 5.29) [55], but
recently has found application in several different purposes, such as the construction
of axially chiral architectures.
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Scheme 5.29 Phase transfer catalysis general mechanism and most common examples
of phase transfer catalysts. Source: Takashi and Maruoka [55]/with permission of John
Wiley & Sons.

5.4.1 Atropisomeric Synthesis of C—C Biaryls, Heterobiaryls,
and Non-biaryls via PTC

The desymmetrization of achiral dichloropyrimidine derivatives conducted by
Smith’s group in 2014 represents a milestone in the history of PTC employed in
the preparation of axially chiral biaryls [56]. This was realized with thiophenols as
nucleophile and quinine-based salt as catalyst in a biphasic mixture of CCl4/water
(Scheme 5.30). The single C—C bond of 144 involved in the plane of symmetry
is converted into a stereogenic axis thanks to the excellent ability of the catalyst
in recognizing the pseudo atropisomeric sides of the substrate and directing
thiophenol toward the regioselective replacement of one of its chlorine atoms. The
arising diastereoisomeric Meisenheimer intermediate possesses also a stereogenic
carbon, before its rapid loss in favor of the rearomatization event. Interestingly,
pseudoenantiomers of the chiral catalyst showed a preference of delivering the
same configuration of the axis; the opposite configuration is achievable changing
the pendant group of the quaternary ammonium. A slight excess of tiophenol reacts
exclusively with the minor enantiomer ent-146, provoking the enhancement of the
enantiomeric excess of the desired product.
Later in 2017, the same group realized the first general enantioselective and

catalytic approach to enable access to various C2 biaryl compounds possessing the
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Scheme 5.30 Enantioselective synthesis of atropisomeric biaryls via phase transfer
catalyzed nucleophilic aromatic substitution. Source: Smith and co-workers [56]/with
permission of John Wiley & Sons.
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BINOL scaffolds via dynamic kinetic resolution of racemic substituted tetralones
148 [57]. The strategy relies on the conversion of the racemic starting material
into a biarylic architecture with a defined configuration via two consecutive
steps conducted in a one-pot fashion (Scheme 5.31). Within a biphasic alkaline
mixture, the racemic mixture of tetralone with point chirality is converted into
an equilibrium mixture of two axially chiral enolates. Afterward, the reversible
matches with the chiral cation of the quinidine-based catalyst generate two
diastereomeric salts possessing yet a fixed configuration of the axis which eventu-
ally undergoes the following benzylation under kinetic resolution control. Indeed,
the O-alkylation takes place preferentially onto one chiral pair with the effect of
definitively locking the free rotation around the C—C bond. The biaryl motif is
finally obtained after the oxidationmediated by DDQ, furnishing the desired BINOL
scaffold 151.
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Later in 2019, Smith’s group exploited the same approach in the atroposelective
synthesis of chiral benzamide derivatives (Scheme 5.32) [58]. The dynamic kinetic
resolution is realized thanks to an intramolecular H-bond of the benzamide 152,
which allows the fast rotation of the axis within the reaction time. Computational
studies suggested that this interaction lowers the energy of the TS (transition state)
of the bond’s rotation stabilizing the transient sp3 character of the nitrogen atom.
Erasing this interaction via O-alkylation also provides more steric hindrance around
the C—C bond and contributes to enhance the rotational barrier. This strategy
was carried out with solid cesium carbonate in benzene and with the assistance
of cinchonidinium-based catalyst 153, which promotes the O-benzylation in an
enantioselective fashion.
In 2022, Smith realized the enantioconvergent synthesis of medium-size lactams,

which bear both point and axial chirality (Scheme 5.33) [59]. The starting 155 poten-
tially possesses three rotationally restricted bonds and one stereogenic center and
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Scheme 5.33 Atroposelective synthesis of medium-size lactams via enantioconvergent
PTC. Source: Smith and co-workers [59]/American Chemical Society/CC BY 4.0.
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thus exists as a mixture of diastereoisomeric conformers. Nevertheless, when sub-
jected to a basic environment the enolate of 157 is formed, causing both the loss of
the stereogenic carbon and the release of the torsional constriction around C—N
bond due to the pyramidalization of the amide’s nitrogen [60]. At this stage, the
conformational isomers are paired with the chiral cation of 157 and all converge
into the thermodynamic stereoisomer through rotation of different unlocked bonds.
Eventually the enolate is quenched undergoing the stereoselective intramolecular
nucleophilic substitution under the control of the chiral counterion of 156, which
establishes the concomitant configuration of both the axis and the center.
When prochiral substrates take part in additional reactions, multiple diastereoiso-

mers may form. Having access to all the stereoisomers is still a current and hard
challenge in the field of catalysis, also because often diastereoselectivity is substrate
dependent. In 2022, Sparr achieved for the first time the diastereodivergent syn-
thesis of arenes 165 bearing two stereogenic axes (Scheme 5.34) [61]. Intramolecu-
lar aldol condensation followed by dehydration and final aromatization carried out
in a basic environment allowed the smooth conversion of 1,5 diketone derivatives
into ortho disubstituted beta-naphthols. Quinidine/quinine-based catalysts 161–164
operating in PTC conditions promoted the two steps in an enantioselective fash-
ion. While pseudoenantiomers of the catalyst led to the formation of opposite enan-
tiomers of the product, changing the benzyl moiety on the quaternary amine with
the anthracene motif interestingly allowed the desired diastereodivergence.
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Scheme 5.34 Phase transfer catalyzed arene-forming aldol condensation for the
construction of two-axis systems. Source: Sparr and co-workers [61]/with permission of
John Wiley & Sons.

In 2019, Bin Tan recognized rotationally restricted alkenes 166 as precursors
for the construction of axially chiral 2-arylpyrroles 170 or 176 (Scheme 5.35) [62],
whose synthesis lacked any approach until then. The strategy relies on a two-step
procedure. The first N-allylation/propargylation occurs stereodefinitely promoted
by the unusual chiral phase transfer catalyst 167 and is designed for providing suf-
ficient hindrance to lock the rotation around the alkene-arene bond. The resulting
enantioenriched intermediate 169 or 175 being activated on the benzylic either
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Scheme 5.35 Atroposelective synthesis of 2-arylpyrroles from axially chiral alkenes.
Source: Tan and co-workers [62]/with permission of John Wiley & Sons.

propargylic moiety (when available), undergoes a regioselective annulation via
LDA-mediated deprotonation. Moreover, 2-arylazepine 173 is achievable through
facile manipulation of the noncyclic intermediate 169 followed by the ene reaction.

5.4.2 Atropisomeric Synthesis of C—N Scaffolds via PTC

Axially chiral anilides are widely found in nature and may display biological
activity [63]. Moreover, the planarization of the nitrogen atom beside sufficiently
hindered substituents placed in the ortho position of the aryl ring can cause
torsional constrain around the C—N bond. Since 2002 [64, 65], several strategies
have been developed to deliver axially chiral anilide derivatives in highly enantios-
elective fashion, but the scope was limited to o-tBu substituted arenes which allows
higher rotational barriers. Nevertheless, during 2012 Maruoka demonstrated the
feasibility of chiral salt 179 in the construction of the more valuable ortho-iodo
anilide 180 as configurationally stable C—N atropisomers (Scheme 5.36a) [66].
The catalytic cycle begins with the deprotonation of amide 177 with solid KOH
followed by ion pairing with the chiral quaternary ammonium cation, which locks
the rotation of the pseudo stereogenic C—N axis. The determination of the absolute
configuration through X-rays of the product allowed the authors to suggest that the
enantioselective addition of the alkylbromide to the chiral salt is controlled by two
main features: the preference of the chiral counterion in matching one enantiomer
of the anions and its ability to effectively shield one side of the anion with its aryl
substituents. In fact, high enantiocontrol is observed when the difference in the
bulkiness of the ortho groups of the aryl ring is evident and when catalysts with
large substituents are employed. Later, in 2013 Maruoka’s group also demonstrated
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Scheme 5.36 (a) Asymmetric synthesis of atropisomeric o-iodoanilides by PTC. Source:
Maruoka and co-workers [66]/with permission of American Chemical Society.
(b) Atroposelective synthesis of anilides via enantioselective alkylation. Source: Maruoka
and co-workers [67]/John Wiley & Sons.

that a similar approach is feasible for the atroposelective synthesis of o-tButyl
anilide 184 and 185 with 183 as the catalyst (Scheme 5.36b) [67].

5.4.3 Atropisomeric Synthesis of C—O Scaffolds via PTC

Despite diaryl ethers may exhibit atropisomerism around C—O bonds, their
asymmetric synthesis is still overlooked mainly due to their poor configuration
stability. The pioneering studies conducted by Clayden [68] highlighted the steric
hindrance factors necessary to increase the rotational barrier around the ether
bonds. Afterward, his groupwas the first to successfully employ a catalytic approach
to build configurationally stable diarylethers via enantioselective desymmetriza-
tion reaction promoted by enzymes [69]. Following these recent developments,
Gustafson and co-workers [70] exploited for the first time the organocatalyst 187 to
perform the conversion of substrate 186 into stable atropisomers by phase transfer
methylation (Scheme 5.37). The catalyst is a chiral salt provided also of a pivotal
thiourea motif which proved to engage critical hydrogen bonds with the anion of
186, locking its configuration before the moderate enantiocontrolled addition of
the nitroalkane occurring toward the side not shielded by the catalyst. This allows
the formation of the product 188-exo, which rapidly equilibrates through gearing
mechanism into the more stable conformer 189-endo.

5.4.4 Atropisomeric Synthesis of N—N Scaffolds via PTC

N—N rotationally hampered bonds have been detected in several natural com-
pounds such as Schischkiniin and Dixiamycin B. Although extensive studies on
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the nature of atropisomerism arising from such compounds [71] and the evidence
that they may exist as configurationally stable enantiomers, the development of
asymmetric strategies that described their synthesis have been reported only within
the past few years, soon after the pilot work of Rinaldi [72]. In 2022, Bencivenni’s
group demonstrated an organocatalytic approach to access rotationally restricted
tetrasubstituted hydrazides [73]. The one-pot procedure relies on a sequential
catalysis promoted by two quinine/quinidine-based catalysts which operate in
different reaction conditions (Scheme 5.38). The first stereoselective amination step

OtBu

N
O

O
R2

N
O

OtBu

H

O

R2

R1

+ N
N Boc

Boc

OtBu

N
O

O
R2

N
O

OtBu
H

R1

R1

cat 33 (5 mol%)
TFA

cat 194 (10 mol%)

KOHaq 50% w/w

Toluene, –5 °C

(S)

(S)Br

R3

R3

190
R1 = Me, Et

R2 = p-OMe-Ph, Ph

195
Up to 77% yield,
12 : 1 dr, 99% ee

N

NH

NH2

OMe

N

N

OH

OMe
Br

193
R3 = p-Br,

m-OMe

191

Toluene, r.t.

192

33

194

Scheme 5.38 One-pot synthesis of atropisomeric hydrazides with construction of axially
chiral N—N bond via PTC. Source: Bencivenni (author).
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is mediated by catalyst 33, which activates the racemic substrate 190 forming the
chiral enamine; the following N-alkylation is assisted by catalyst 194 in a biphasic
mixture and is effective in hampering the free rotation around the trisubstituted
hydrazide, furnishing a diastereoenriched mixture of tetrasubstituted hydrazide 195
possessing both point and axial chirality.
In 2022, Li’s group employed quinazolinone amides 196 as precursors for the

construction of NN atropisomers 199 (Scheme 5.39): [74] the N-benzylation
performed in PTC conditions is indeed sufficient to restrict the free rotation of
the pseudo-stereogenic bond. The authors accurately designed a quinine-based
catalyst 198 capable of installing multiple hydrogen bonds to better control the
enantioselection. Indeed, computational studies highlight how catalyst 198 in
toluene establishes critical bifurcated hydrogen bonds along with π–π interactions,
which are responsible for the high level of enantioselection detected.
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Scheme 5.39 Alkylation in PTC for the construction of atropisomeric quinazolinone
derivatives. Source: Li and co-workers [74]/with permission of American Chemical Society.

5.5 Chiral Phosphoric Acids

In 2004, Akyama [75] and Terada [76] showed, independently, the feasibility
of chiral phosphoric acid (CPA) possessing a BINOL backbone, of promoting
the enantioselective Mannich-type reaction. Since this disclosure, CPAs became
progressively a landmark in the field of asymmetric synthesis for their versatility
toward such different reactions. Numerous explorations and computational studies
during the years suggested different modes of activation [77]; nevertheless, among
this variety, activation of the LUMO of the electrophile is supposed to be the
most common to happen. Indeed, the phosphoric acid moiety could act as simple
hydrogen bond donor either as Brønsted acid along with offering the P=O motif
as Lewis basic site, interacting with the reaction partners via dual or bifunctional
activation (Scheme 5.40). Although the most employed backbone involves a BINOL
scaffold, which further allows to easily install substituent in 3,3′ thus creating
a surrogate of the enzyme’s chiral pocket, many other skeletons are feasible in
bearing the phosphoric acid moiety thus broadening the scope of such class of
catalysts.
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5.5.1 Atropisomeric Synthesis of C—C Biaryls and Heterobiaryls
via CPA

Akyama in 2013 accessed biaryl derivatives via a CPA-mediated desymmetriza-
tion reaction (Scheme 5.41) [78]. The achiral tetra-ortho-substituted biaryl 200
is voluntarily designed to create an intramolecular network of hydrogen bonds,
which provide more structural rigidity and enable interactions with the chiral
catalyst in the transition state. The desymmetrization strategy is pursued involving
N-bromosuccinimide as a source of bromide which is delivered enantioselec-
tively onto the diphenoxy arene by 201. The product is obtained with excellent
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Scheme 5.41 Atroposelective synthesis of biaryls via CPA-catalyzed desymmetrization/
kinetic resolution. Source: Akyama and co-workers [78]/with permission of American
Chemical Society.
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enantiomeric excesses thanks to an efficient kinetic resolution occurring onto
the minor enantiomer ent-202, which is converted into the achiral dibromide
203. When the reaction is performed with the corresponding substrate provided
by masked OH group, a worse enantioselection along with lower conversion is
observed, highlighting the role of hydrogen bonds in both promoting the reaction
and arranging a better-organized transition state.
In 2013, Kurti disclosed the first enantioselective synthesis of BINAM derivatives

via [3] rearrangement (Scheme 5.42) [79]. Starting from the previous noncatalytic
trial reported by Sannicolo in 1985 [80], Kurti designed the asymmetric catalytic
strategy employing CPAs. Notably, the best catalysts in terms of yield and enan-
tioselectivity are the more acidic 205 and 206; in fact, according to computational
investigations, the substrate 204 needs to be protonated instead of just engaging
hydrogen bonds. Therefore, the catalyst acts as chiral counterion, controlling the
spatial approaching of the two aryl rings which occurs within its chiral pocket. The
configuration of the stereogenic axis arising from the C—C formation is maintained
through a very fast rearomatization event before any further bond rotation occurs,
avoiding any loss of chiral information. This remarkable reaction enables the direct
construction of the axis with good to high level of enantiocontrol starting from com-
mon 1,2-diaryl hydrazines.
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Scheme 5.42 Enantioselective synthesis of BINAM derivatives via direct construction of
chiral axis through CPA catalysis. Source: Kurti and co-workers [79]/with permission of
American Chemical Society.

After the pioneering work of Akyama and Kurti, in 2015 Tan described a general
procedure to access privileged axially chiral biarylic diols via CPA-mediated addi-
tion of β-naphthols to quinones [81]. The chiral 213 is supposed to behave as a dual
catalyst, guiding the addition of the enantiotopic faces of the reaction partners stere-
oselectively. The stereogenic center on 241 arising along with the C—C formation
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is rapidly lost in favor of the aromatization process, furnishing the desired biaryl
motif. Such protocols will tolerate a halogen atom placed instead of the ester moiety,
allowing further derivatization of the product (Scheme 5.43).
In 2022, List reported a benchmark work on the enantioselective synthesis of

tertiary silyl ethers bearing chirality on the silicon atom [82]. Inspired by this
approach, in 2023 Bin Tan’s group exported such knowledge into the development
of the asymmetric synthesis of axially chiral siloxanes [83]. The strategy relies on
the releasing of relatively high tension of the five-membered ring of 216 involving
the silicon atom through a ring-opening event triggered by the regioselective proto-
nation of the alpha carbon (Scheme 5.44). In this context, N-triflylphosphoramides
218 realized the rate- and stereodetermining protonation step, indeed providing
the proper chiral environment that guaranteed excellent enantiocontrol over the
formation of the axially chiral biaryl. In the case of nonsymmetrical biaryl, amixture
of regioisomers is generated (220a and 220b); besides, not symmetrical silafluorenes
are converted into siloxanes 220c bearing a chiral silicon atom diastereoselective.
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Scheme 5.44 Enantioselective synthesis of axially chiral biaryl siloxanes via Si—CAryl bond
functionalization. Source: Tan (co-author).
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In 2020, Tan exploited CPAs to access enantioenriched IAN analogs 224 through
the transient formation of VQM intermediate (Scheme 5.45) [84]. Such compounds
represent promising catalysts because of their architecture that has the Lewis basic
site of the nitrogen atom in proximity to the stereogenic axis. CPA 201 is supposed to
generate the reactive VQM 225 via 1,5-H transfer fromortho-alkynyl-naphthylamine
221 and assist, through a hydrogen network, the addition of ortho trifluoroacetyl
aniline 222 and the following stereodetermining annulation event. The scope was
revealed to be very broad, but the protocol is limited to anilines provided of CF3
moiety and N-benzylated naphthylamine.
In 2022, Zhou’s group recognized CPA as a bifunctional catalyst to promote the

[3+ 2] cycloaddition between 3-alkynil-indole derivatives 226 and azonaphthalenes
227 [85]. Various alkynyl indoles smoothly undergo the annulation to provide highly
enantioenriched products at −50 ∘C in chloroform (Scheme 5.46). Moreover, 2- and
7-substituted indoles yielded diastereisomericmixtures (229a and 229b), which indi-
cates that the free rotation of the otherC—Ccould behampered. Thefirst C—Cbond
formation, which forges two contiguous stereogenic elements (point and axis), is the
stereodetermining event. This former stereogenic center is retained during the evo-
lution of subsequent different intermediates and converted into a single stereogenic
axis after the last rearomatization event.

5.5.2 Atropisomeric Synthesis of C—N Scaffolds via CPA

In 2019, Miller reported the same ability of a peptide-based phosphoric acid 231 and
amore commonBINOL-based phosphoric acid 232 in promoting the intramolecular
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cyclodehydration of ortho-substituted aniline derivative 230, delivering the hetero-
biaryl 233 in high enantioenriched form (Scheme 5.47) [86]. Besides the excellent
results in yielding the desired benzimidazoles with high enantiomeric excess, this
study offers a deep insight into the different modes of action exploited by the
chiral catalysts. Although in both cases the catalysis is promoted by the phosphoric
acid moiety, experimental investigations along with computational calculations,
suggested that the more flexible peptide-based phosphoric acid could arrange
its conformation following the steric demand of the substrates, thus sometimes
performing better than the BINOL-based phosphoric acid which is shown to
discriminate the stereogenic axis via classical steric repulsion. Moreover, this study
demonstrated how the strategic assembly of the amino acids gives rise to diverse
peptides, which may be more versatile with respect to the common catalyst known
so far.
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Scheme 5.47 Atroposelective synthesis of heterobiaryls via CPA catalyzed
cyclodehydration of aniline derivatives. Source: Miller and co-workers [86]/with permission
of American Chemical Society.
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Later, in 2021 Bin Tan pursued the enantioselective synthesis of N-arylbenzylimi-
dazoles via domino catalysis (Scheme 5.48) [87]. The reaction proceeds smoothly in
six days at room temperature or three days at 45 ∘C in the presence of the CPA 237,
which promotes the last stereodetermining intramolecular annulation step. During
the reaction, a first C—N bond is forged between the reaction partners, followed
by oxidation mediated by an excess of nitroarene or via 1,5 hydrogen shift, deliv-
ering the crucial intermediate 241 which undergoes the intramolecular annulation
via the construction of the C—N bond. The consecutive oxidative rearomatization
enables the formation of the desired axially chiral C—N atropisomer. Despite for
N-arylglycine 234 is sufficient an excess of nitroarene which also works as an oxi-
dant, N-benzyl-2-naphthylamines 235 generates, during the reaction, a more inert
intermediate that requires biscyclopentylcarbonyl copper as an external oxidant to
proceed through the ring formation. Noteworthy, the catalyst induces the opposite
configuration of the stereogenic axis starting fromN-benzyl-2-naphthylamines with
respect to N-arylglycine, maybe due to π–π interaction in the TS.
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Scheme 5.48 Enantioselective synthesis of axially chiral N-arylbenzimidazoles. Source:
Tan and co-workers [87]/with permission of John Wiley & Sons.

o-Alkynylanilines have been considered a privileged scaffold to access substituted
indoles via metal-catalyzed 5-endo-dig cyclization [88]. Moreover, within the last
century numerous reports described the enantioselective version of such transfor-
mation [89], but only two examples involved chiral organic molecules as catalysts.
In 2019, Yan for first demonstrated that a Brønsted base could effectively replace
the role of the metal in the cyclization process, which proceeds through a strategic
VQM intermediate [31]. Afterward, in 2022 Ye’s group disclosed the atroposelective
annulation of o-anylino ynamide mediated by CPAs (Scheme 5.49) [90]. The CPA
catalyst 243 works in mild conditions to deliver the atropisomeric indoles 244 with
excellent yield and enantiomeric excess within one hour at −40 ∘C. Computational
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studies along with experimental observations suggested a novel mode of activation,
which relies on the addition of the OHmoiety of the catalyst onto the alkyne group,
followed by an irreversible and stereodetermining nucleophilic vinylic substitution
carried out by the nitrogen of the diarylamine. Further investigations revealed that
the ortho tert-butyl group is the element that discriminates the energy of the two
diastereomeric TSs, in fact when it is replaced with a less steric hindered group a
lower enantioselection is observed.
After the landmark work of Jørgensen [39] in the atroposelective synthesis

of axially chiral C—N bond involved in non-biaryl compounds, in 2019 Zhang
reported the enantioselective amination of 2-aminonaphthol derivatives 245 medi-
ated by CPA 247 (Scheme 5.50) [91]. The substrate 245 was accurately designed
to possess a free NH provided of a benzylic moiety to better interact with the
catalyst via H-bonds and π–π packing in the transition state. The formation of the
addition intermediate that also possesses a stereogenic carbon is followed by a rapid
tautomerization, which finally realizes the point to axial chirality transfer. Besides
the critical importance of the NH in installing tight interaction with the catalyst
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Scheme 5.50 Synthesis of atropisomeric C—N non-biaryls via CPa-catalyzed amination.
Source: Zhang and co-workers [91]/with permission of Springer Nature.

https://pobeda.onf.ru/


128 5 Organocatalytic Enantioselective Formation of Atropisomers

thus enhancing the enantiocontrol, it was proved that the intramolecular H-bond
between the NH and the carbamate moiety is beneficial for the configurational
stability of the product.
In 2009, Kawabata showed that diaryl amines could exist as configurationally sta-

ble atropisomers [92]. Despite the potential to exhibit a dual contiguous axis, a strate-
gic intramolecular hydrogen bond may simplify the number of conformers and also
raise the rotational barrier, alongwith excluding the gearing effect. Taking these con-
siderations in mind, in 2020 Gustafson designed, for the first time, an enantioselec-
tive synthesis of diarylamine-like scaffolds via halogenation strategy (Scheme 5.51)
[93]. The catalyst 250 is found to establish critical hydrogen bonds with the reaction
partners, both activating the source of the halogen donor and the nucleophile which
acts as an enamine. π–π interaction among the catalyst and the quinone 249 is the
origin of the discrimination between Sa and Ra axes of the product. As expected,
computational studies demonstrated the presence of a tight intramolecular bond on
the exo product 251, which is responsible for higher rotational barrier.
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Scheme 5.51 Atroposelective synthesis of N-aryl quinoid derivatives via CPA catalysis.
Source: Gustafson and co-workers [93]/with permission of American Chemical Society.

5.5.3 Atropisomeric Synthesis of C—O Scaffolds via CPA

The pioneering investigations conducted by Clayden [13] in 2006 officially opened
the route to the comprehension of the atropisomerism arising from hindered
diarylethers. Such disclosure triggered the appeal to obtain these compounds in an
asymmetric fashion. Clayden for first accomplished the enantioselective synthesis
of axially chiral diarylethers through an enzymatic approach [14], followed by
Gustafson [15] in 2018 who successfully hampered the free rotation of exo-188
(Scheme 5.37) around the C—O axis exploiting PTC catalysis. After these pivotal
reports, in 2023 Zeng [94] and Yang [95] independently developed the synthesis
of tetrasubstituted diarylethers mediated by CPAs. Inspired by the enzymatic
desymmetrization of diacarbaldehydes realized by Clayden, the Zeng’s group
performed a similar transformation but via an asymmetric transfer hydrogenation
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(ATH) approach (Scheme 5.52). The combination of 201 and Hantzsch ester 254
and arylamine 252 in diethylether at −50 ∘C allowed the preparation of stable
axially chiral diarylethers 256 (around 29.9 kcal/mol) via reductive amination of the
dicarbaldehydes. Insight into the mechanism revealed a dynamic kinetic resolution
regime: the formation of the imine 255 is not stereocontrolled and just one of the
enantiomers is selectively converted into the product.
Shortly after, Yang exploited the desymmetrization strategy for the conversion

of the rigid achiral diaryl ethers 257 into stable atropisomers (Scheme 5.53) [95].
In this case, a complementary approach takes place, where the electron-rich arene
of the starting material is subjected to electrophilic aromatic substitution in the
presence of azodicarboxylates. The CPA 259 promotes the desymmetrization event
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Scheme 5.53 CPA-catalyzed desymmetrization for the enantioselective synthesis of
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in an excellent stereoselective fashion, being able to recognize the enantiotopic
sides of the aryl ring. Although electron-deficient aryls are not suitable for the
amination, this method was revealed to be highly tolerant toward both diverse
functional groups installed into the inert arene ring and different substituents bore
by the amine moiety. The same catalyst could also resolve a racemic mixture of
nonsymmetrical diarylether, with an s factor up to 198.

5.5.4 Atropisomeric Synthesis of C—B Scaffolds via CPA

Compounds possessing rotational constrain around C—B bond are still little
explored. In this context, B-aryl-1,2-azaborines represent a potential C—B atropiso-
mer but their asymmetric syntheses still lack a general approach. The B—N motif
makes the six-membered ring isoelectronic to benzene [96]; therefore, the entire
scaffold may be treated as a biaryl system. Nevertheless, the unique features of the
heteroaromatic ring and the longer C—B bond [97] compared to C—C [78] and
C—N [86] bonds make their asymmetric synthesis challenging. Indeed, before the
pioneering contribution of Bin Tan, configurationally stable B-aryl-1,2-azaborine
have been isolated only via HPLC resolution on a chiral stationary phase. In 2021,
Tan’s group recognized the desymmetrization strategy as the best approach to
achieve enantiomerically pure B-aryl-1,2-azaborines 263 [98]. The substrate was
rationally designed to be provided of strategic NH and OH moieties, which may
establish a network of hydrogen bonds with both the catalyst and the electrophile.
This proved to be crucial in achieving high enantiocontrol. Indeed, the CPA 262
guides the approach of 260 to 261 delivering the product within only 10 minutes
in an elevated enantioenriched form, despite the presence of a strong background
reaction (Scheme 5.54). Investigation of the mechanism evidenced a linear effect;
therefore, it is noteworthy to highlight how just one molecule of the catalyst is
involved in the TS and could effectively transfer remotely its chiral information.

5.5.5 Atropisomeric Synthesis of N—N Scaffolds via CPA

The N—N bond is ubiquitous in nature and its configurational stability has been
widely proven. The first enantioselective synthesis of heterobiarylic N—N com-
pounds was carried out by Zhang and Shi in 2022 who proposed a de novo ring
construction via Paal–Knorr reaction to prepare both atropisomeric indole-pyrrole
and bispyrrole scaffolds [99]. Starting from indoles 264 or pyrrole 268 already
provided of the N—N bond, the CPA 266 promotes the stereoselective cyclization
process that involves the free amino group and the tricarbonyl compound. The
products are delivered with elevated yields and enantiomeric excesses and exhibit
a high rotational barrier (up to 52.20 kcal/mol), which makes them suitable for
different purposes, such as novel drugs or catalysts (Scheme 5.55).
A similar strategy was exploited by Liu for the atropisomeric synthesis of C2 sym-

metrical bisquinazoline analogs via ring formation [100]. The CPA promotes the
condensation of the aldehyde in order to furnish the quinazoline scaffold and the
stereogenic N—N axis.
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5.6 Conclusions

The literature selection presented herein aims to offer an overview of the excel-
lent feasibility of small organic molecules in promoting a wide range of enantios-
elective transformations involving the formation of a stereogenic axis, beyond the
more common organocatalytic strategies previously designed to form new stere-
ogenic centers. Atropisomers featuring diverse restricted bonds (C—C, C—N, C—O,
C—B, and N—N) as well as bearing different scaffolds can be efficiently obtained
through organocatalytic protocols exploiting the complementary activationmethods
that these molecules can provide.
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Remarkably, in the noteworthy evolution of organocatalysts, a large variety of
atropisomers have found significant utilities for catalyzing atroposelective trans-
formations themselves, suggesting that further breakthroughs can still be expected
from nowadays research in expanding fields like organocatalysis and atropisomers.
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6.1 Introduction

Enantioselective ring-opening reactions of fused biaryl compounds are effective
methods for producing axially chiral products, offering practical advantages such
as a wide range of applicable substrates, precise selectivity control, and high atom
efficiency. These reactions selectively break inert chemical bonds under mild con-
ditions by opening tensegrity structures, facilitated by torsional strain from twisted
conformations. Recent significant progress in this field has beenwell documented in
various reviews and books [1–3]. This chapter delves into the historical background
of asymmetric ring-opening strategies for accessing atropisomers, highlighting key
advancements. This chapter is organized into six sections based on different types of
bond cleavage, including the C(O)—O bond of “Bringmann’s Lactone” and various
C—X (X = group 17, 16, 15, 14 elements) bonds. The final section briefly touches
upon ring-opening reactions of transient pentacyclic metal species.

6.2 Asymmetric Ring Opening of Biaryl Lactones
and Their Derivatives

6.2.1 Preliminary Findings

The presence of a six-membered bridge in biaryl compounds is typically considered
an advantageous factor in facilitating rotation around the biaryl axis between differ-
ent conformations due to ring strain, thus enabling the dynamic kinetic resolution
(DKR) of such compounds. Biaryl lactones are exemplary and the earliest molecules
that have been thoroughly examined [4–7].
In 1986, Bringmann et al. discovered the equilibrium of two conformers of biaryl

lactones containing two ortho substituents adjacent to the axis. Subsequently,
they realized DKR by transforming the lactones into configurationally stable
benzyl alcohols with high enantioselectivity using chiral aluminum hydride [6, 8],
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Scheme 6.1 Tautomeric equilibria of biaryl lactones and enantioselective reduction.

as shown in Scheme 6.1. This transformation wasmade possible by the spontaneous
internal racemization of lactones, which created a “pro-chiral” axis between the
P-1 and M-1 conformers via a planarized transition state. The degree of helical
distortion in these lactones was found to vary based on the size of the ortho
substituents [4].
In 1993, Miyano and co-workers observed that optically biaryl phenolic acids,

which possessed highly restricted stable configurations, would undergo racemiza-
tion in acidic conditions via lactone intermediates 4 [9]. In addition, treatment of
the racemic lactone 4 with sodium (−)-methoxide could obtain the optically pure
(−)-menthyl-(R)-2′-hydroxy-1,1′-binaphthyl-2-carboxylate with varying degrees of
stereoselectivity (0–70% ee) depending on the reaction conditions (Scheme 6.2).
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OH O

OH2SO4, 100 oC
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Fast
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CO2H
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O
H2O
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Scheme 6.2 Racemization of optically biaryl phenolic acids.

Investigating the influence of substituents on rotational barriers of lactones
revealed a quick atropisomerization with small to moderate-size substituents
adjacent to the axis, as is shown in Scheme 6.3 [5]. The rotational barrier ΔG#
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Scheme 6.3 The substituent effect on the rotational barriers of biaryl lactones.
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(298K) increased with the enlargement of steric hindrance. The equilibria between
two isomers (R)-5 and (S)-5 occurred rapidly at room temperature with a half-life
being less than one minute at 298K when the ortho substituents were H, OMe, Me,
or Et. The half-life could be increased to 28 minutes by enlarging the steric size
(iPr) at the ortho position. Only when the substituent was the highly steric hindered
tert-butyl group, the half-life could be prolonged to 2.2 days, which was thought to
be configurationally stable and resolvable.
In 1999, Bringmann et al. investigated an atrop-diastereoselective ring-opening

reaction of configurationally unstable lactones with chiral alkali metal-activated pri-
mary 1-arylethylamines [10]. A significant effect of the diastereomeric ratio on the
activating metal was observed. Compared with the lithium amide, which proceeded
with a low diastereomeric ratio of 59 : 41, the higher homologs Na and K exhibited
excellent diastereomeric ratios of up to 95 : 5. Notably, the steric hindrance at the
biaryl axis hadminimal impact on the diastereomeric ratio, as only a slight difference
in asymmetric induction was observed between methyl and methoxy substituents
(Scheme 6.4).
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Scheme 6.4 Ring-opening reaction of the lactones with chiral metal-activated amines.

6.2.2 Catalytic Asymmetric Reactions

During the past two decades, several catalytic protocols for atrop-enantioselective
ring cleavage of biaryl lactones have been developed. The most commonly
implemented strategies have utilized metal/chiral ligand complexes to facilitate
hydrogenation processes. In 2002, Bringmann and Hurtung reported the first enan-
tioselective ring opening of biaryl lactones by using 10mol% of the CBS reagent as
the catalyst with BH3⋅THF as the reduction reagent to yield a range of chiral biaryl
alcohols with high yields and selectivity (up to 94% yield, up to 88% ee) [11]. In 2008,
Yamada’s group realized a versatile atroposelective borohydride reduction of biaryl
lactones catalyzed by an optically active β-ketoiminatocobalt(II) complex [12a].
To achieve optimum results, a significant surplus of alcohol was added to the
mixture. Dynamic chiral high-performance liquid chromatography revealed a rapid
equilibrium between the conformers of biaryl lactones. The study revealed that

https://pobeda.onf.ru/


140 6 Synthesis of Atropisomers via Enantioselective Ring-Opening Reactions

the addition of NaBH4 in diglyme was crucial in achieving elevated yields and
enantioselectivity. In 2016, Wang and co-workers reported a development for the
catalytic asymmetric ring-opening reaction of Bringmann lactones with achiral
alcohols or phenols using a chiral bifunctional amino thiourea as the catalyst [12b].
Zhang, Yin and co-workers introduced an efficient Ir-catalyzed direct asymmetric
hydrogenation of Bringmann’s lactones with H2 in 2018 [13]. They found that the
structurally unique ligands with oxa-spirocyclic diphenol skeletons were effective
in iridium-catalyzed asymmetric hydrogenation of biaryl lactones, providing an
atom-economic and facile method for synthesizing chiral biaryl benzyl alcohols.
In 2019, the same group developed a CuH-catalyzed atroposelective reduction
of Bringmann’s lactones with poly(methylhydrosiloxane) (PMHS) as the hydride
source [14], yielding good to high stereoselectivity (Scheme 6.5).
Organo-catalyzed atrop-enantioselective ring-opening reactions of biaryl lactones

were also explored by Miller and co-workers in 2020 [15]. They developed a novel
class of peptide-based guanidine catalysts that were found to be effective for the
enantioselective ring opening of lactones and asymmetric halogenations. Through a
two-step cascade reaction of asymmetric ring opening andhalogenations at the ortho
position to the axis, terphenyl scaffolds with two chiral axes could be constructed
with approximately 70% yields and up to 99 : 1 de (Scheme 6.6).
In 2021, Liao and co-workers reported an unprecedented atroposelective DKR

of Bringmann’s lactones with C-nucleophiles [16]. Activated isocyanides were
used to access axially chiral oxazole-substituted biaryl phenols in high yields
and enantioselectivity via an Ag-catalyzed tandem atroposelective addition of
isocyanides to the lactone substrate followed by a rapid cyclization. In 2022, the
same group further developed a ring-opening reaction of biaryl thionolactones with
activated isocyanides [17]. The torsional strain of bridged biaryls was found to be
critical for high efficiency, with lower reactivity of low-strain substrates (for details
of the relations between the reactivity and torsional strain, see Figure 6.1). The
possible mechanism involved the deprotonation of isocyanides with the assistance
of [Ag] to form [Ag]-intermediate A1 and its tautomer A1′, which then underwent
nucleophilic addition to lactones selectively, generating the S,O-ketal Int1 with
both axial and central chirality. Subsequent intramolecular cyclization produced
the thiazolinyl-silver intermediate Int2 and then protonation to generate the
intermediate Int3. Finally, further elimination of Int3 led to the desired products
(Scheme 6.7).
Derivatives of biaryl lactones possess characteristics similar to those of Bring-

mann’s lactones, making them ideal substrates or key intermediates for the DKR
process. In 2016, Akiyama and co-workers described an asymmetric synthesis of
chiral hydroxy aniline derivatives via chiral phosphine acid-catalyzed ring opening
of active cyclic biaryl N,O-acetals [18]. The ring-opening/ring-closing equilibrium
between the biaryl N,O-acetal 20, and biaryl imine 21 played a crucial role in the
DKR, and the strong hydrogen bonding interaction between biaryl imines and
CPAs facilitated enantioselectivity for the asymmetric transfer hydrogenation.
Notably, the atroposelectivity of the products was entirely controlled by the choice
of hydroxy aniline derivatives. The proposed mechanism indicated two crucial

https://pobeda.onf.ru/
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factors for achieving excellent selectivity. First, the fast equilibrium between the
biaryl N,O-acetal 20, and biaryl imine 21 led to a quicker interconversion than the
transfer of hydrogenation to imines. Second, an appropriate difference in transfer
hydrogenation rate and the equilibrium rate between 21 and ent-21 resulted in the
rapid consumption of the single isomer (Scheme 6.8).
In 2018, Wang and Zhang reported an atroposelective redox-neutral amination

of biaryl compounds through a cascade-borrowing hydrogen process under the
cooperative catalysis of a chiral iridium complex and an achiral Bronsted acid
(Scheme 6.9) [19]. The DKR process was achieved via the dynamic equilibriums
of the cyclic biaryl N,O-acetal intermediate. High yields, broad substrate scopes,
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and good functional-group tolerance enabled the synthesis of a large number
of biaryl compounds via the methods discussed, achieving impressive levels of
stereoselectivity.
Recently, Trapp and co-workers investigated the equilibrium between the alde-

hyde alcohols and hemiacetal forms via enantioselective dynamic HPLC analysis,
which could be strong evidence for the interconversion of the hemiacetal enan-
tiomers [20].
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The rapid equilibrium displayed by biaryl lactones and their derivatives enables
the development of asymmetric ring-opening reactions as a useful strategy for
preparing diverse biaryl atropisomers. These reactions involve the use of chiral
substrate induction, metal-chiral ligand complexes, and organo-catalysts to induce
selectivity and provide practical ways of rapidly assembling axially chiral biaryl
molecules. Stereoselective cleavage of configurationally unstable bridged biaryl
lactones crucially relies on two main factors: (1) the rapid interconversion between
two lactone-bridged conformers enables the DKR process and (2) the effective
protocols are employed for the stereoselective ring opening. Nonetheless, it is
essential to recognize that the scope of biaryl atropisomers currently is limited
to alcohols, esters, or amines, which emphasizes the necessity for developing
innovative strategies for biaryls with different skeletons.

6.3 Asymmetric Ring-Opening Reactions via C—I Bond
Cleavage

Cyclic diaryliodonium salts exhibit distinctive structures that render them
well-suited substrates for the enantioselective synthesis of atropisomers [21, 22].
The rapid interconversion between two conformations enables the DKR, while
the presence of an iodine atom broadens the derivatization of the products. In
2004, Hayashi and co-workers performed a palladium-catalyzed asymmetric
ring-opening carbonylation insertion reaction. Under the induction of (R)-(+)-2,
2′-bis(diphenylphosphino)-1,1′-binaphthyl, the best result they achieved was a 36%
yield accompanied by 28% ee (Scheme 6.10) [23].

I BArF
4

+ CO + MeOH

 Pd(OAc)2  (3 mol%)
(R)-BINAP (6 mol%)

Et3N (5 equiv)
CO2Me

I
36% yield, 28% ee

29 30

DMF, 60 °C, 3 h

Scheme 6.10 Palladium-catalyzed asymmetric ring opening of binaphthalonium
iodide salts.

A breakthrough was developed in 2018 when Gu and co-workers disclosed that
the chiral Cu-bis(oxazolinyl)pyridine complexes cat1 and cat2 had extremely high
catalytic activity and excellent discrimination to the conformers of cyclic diaryliodo-
nium salts, resulting in high yields and enantiomeric excess (Scheme 6.11) [24].
Density functional theory (DFT) calculations exhibited a small energy barrier
between two conformations of cyclic diaryliodonium salts, which was just
8.6 kcal/mol, revealing a fast equilibrium between the two conformers (S)-31 and
(R)-31. A series of diaryliodoniums and substituted aromatic amines were utilized
with a broad functional-group tolerance, and up to 99% yields were obtained with
up to 99% ee. Although ring-opening reactions can also be carried out with benzyl
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Scheme 6.11 Copper-catalyzed enantioselective ring opening of cyclic diaryliodonium
salts.

or aliphatic amines, the high degree of competitive coordination necessitated the
presence of a Lewis acid or a slow addition of the amines for optimal results [25].
They also investigated the torsional strain effect of copper-catalyzed ring-opening

reactions (Figure 6.1). The crystal structure revealed that the axially ortho-dimethyl
substituted diaryliodonium (31) underwent a distortion of 31.0∘, indicating the pres-
ence of intramolecular torsional strain. However, the corresponding structures with-
out the ortho-methyl group (34) or with one ortho-methyl group (35) had distortion
of 0.3∘ or 3.6∘, respectively. The control experiments additionally substantiated a
strong correlation between the torsional angle and reaction activity, indicating that
the reaction activity escalated with an increase in the torsional angle. Subsequently,
the torsional strains of cyclic diaryliodoniums and other distorted compounds were
calculated, whichwere around 8.5–15.1 kcal/mol. To gain a deeper understanding of
the relationship between the torsional angle of cyclic molecules and torsional strain,
Xuemade further efforts to calculate various types of pentacyclic compounds, reveal-
ing a positive correlation [26]. These discoveries are highly significant and will serve
as valuable guidance for further investigations into asymmetric ring-opening reac-
tions of pentacyclic compounds.
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The reactionwas postulated to proceed via theDKR. Initially, the copper/di-ligand
complex cat1 released one ligand to form the active catalyst cat3, which would fur-
ther coordinate with amines 32 to give Int4. Then, the Int4 underwent oxidative
addition with cyclic diaryliodonium salts 31 to furnish Int5, where rapid intercon-
version of the two conformers of iodoniummoieties was expected. Finally, the Int5
would undergo reductive elimination to form biaryl amines 33a, releasing the active
catalyst for the next cycle. It was also reasonable that oxidative addition may occur
before amine coordination to form Int6. Since there was no chiral ligand coordi-
nated with copper, cat4 would give racemic products, thus resulting in decreased
enantioselectivity (Scheme 6.12).
The subsequent research has further enriched the copper-catalyzed ring-opening

reactions. Gu and co-workers developed a series of enantioselective ring-opening
reactions with different nucleophiles, such as thiocarboxylic acids [27], carboxylic
acids [28], hydroxyl amines [29], 1,2,3-triazoles [30], oximes [31], and trifluo-
romethylthio salts [32] (Figure 6.2).
Significant contributions also came from several other research groups in recent

years (Figure 6.2). In 2019, Zhang and co-workers developed enantioselective
ring-opening reactions with various carboxylic acids [33]. In 2020, the same group
achieved ring-opening of cyclic diaryliodonium salts with heterocyclic thiophenols
[34]. Recently, Zhang’s and He’s groups independently reported copper-catalyzed
enantioselective ring opening with halogen anions [35, 36]. In 2022, Wang and
co-workers developed an efficient copper-catalyzed asymmetric ring-opening
reaction of diaryliodonium salts with imides, affording a wide range of axially chiral
2-imido biaryl compounds, which were ready to give primary anilines [37].
In 2019, Gu and co-workers revealed that with the assistance of 2,2,6,6-tetra-

methylpiperidin-1-oxyl, ring-cleavage reactions involving diarylphosphine oxides
would afford diarylphosphates via a cascade ring-opening/oxidative phosphoryla-
tion process in high yields and enantioselectivity [38]. The 18O-labeled experiments
exhibited that the oxidation reaction occurred before the C—O bond formation
step, presumably through the key intermediate Int7. It is worth noting that the
enantiopure diarylphosphates can be transformed to atropisomers 2′-hydroxy
biaryl phosphine oxides through an efficient intramolecular synergism phosphorus
transfer reaction with high enantioretention via Int8, which could be further
reduced to 2-(diphenylphosphine)-2′-methoxy-1,1-binaphthyl (MOP)-type ligands
(Scheme 6.13).
Recently, diols activation through a boronic acid strategy was developed and

applied in the enantioselective ring-opening reactions by Gu and co-workers. Low
nucleophilic diols benefited from a coordination–dissociation equilibrium between
diols and boronic acids, which remarkably enhanced their nucleophilicity and
reactivity [39]. Notably, the activation of diols was found to be highly dependent
on the structure of boronic acids, with the six-membered boronic acid B2 being
suitable for the activation of 1,2-diols, and the five-membered boronic acid B1
selectively activating 1,4-diols (Scheme 6.14).
The efficacy of the chiral Cu/Box or Cu/PyBox catalytic systems was limited in the

presence of bulky amines, such as 2,6-dimethylaniline 57, due to significant steric
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hindrance that hampered the reaction. This was attributed to the hard formation of
crowded intermediates. In 2021, Gu and co-workers employed the chiral cobalt(III)
anion to control the enantioselectivity in the ring opening of cyclic diaryliodonium
salts with bulky anilines (Scheme 6.15) [40]. The protocol relied on the interaction
between chiral anions and cations to achieve elevated reactivity and enantioselective
induction. The single crystal of chiral cobalt(III) anion with cyclic diaryliodonium
cation complex 59 revealed a close connection between two parts, and the chiral
anion could induce the diaryliodonium to form a single conformer. Additionally,
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they found the addition of anionic chiral cobalt(III) dramatically accelerated the
reaction to achieve good to excellent enantioselectivity.
Very recently, the Gu group developed an enantioselective ring-opening/three-

component coupling reaction of cyclic diaryliodoniums with sodium cyanate and
phenols (or alcohols) for the synthesis of atropisomeric carbamates (Scheme 6.16)
[41]. A process involving phenol-activated chemoselective isocyanation was pro-
posed due to the acceleration of ring-opening reactions with the addition of phe-
nols. It was proposed that phenols not only served as reagents to trap highly active
intermediate isocyanates but also activated the copper catalyst as oxygen ligands,
generating the active spice cat6.
In 2022, Liao and co-workers described a palladium-catalyzed enantioselective

carbonylation reaction of cyclic diaryliodoniums enabled by high-valent palladium
catalysis (Scheme 6.17) [42]. The sulfoxide dialkylphosphine ligands (SOPs) were
found to be privileged frameworks for this reaction. High reactivity and excellent
enantioselectivity have been demonstrated with broad substrate scopes in high
yields and enantioselectivity (up to 93% yield, up to 99% ee). When N-aryl anilines
67 were used, monocarbonylation products were obtained with moderate to excel-
lent yields and high selectivity (63–93% yields and up to 99% ee). In contrast, benzyl
or aliphatic primary amines 68 selectively formed double CO insertion products.
Mechanism studies in combination with DFT calculations exhibited a nonclassical
Pd(II)/Pd(IV) process. Initially, coordination with imines to the Pd(II) catalyst
with subsequent CO insertion gave the Pd(II) intermediate Int11, which could
undergo oxidative addition with diaryliodonium salts to form Pd(IV) intermediate
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Int12. The Int12 could immediately undergo a second CO insertion and reductive
elimination to give the final products.
Transition-metal-catalyzed enantioselective ring-opening reactions of cyclic

diaryliodonium salts offer effective strategies for the synthesis and utilization of
atropisomers. The addition of diverse nucleophiles enables the formation of different
chemical bonds, considerably enhancing the range of atropisomers. Three primary
advantages should be highlighted for optimal protocols: (i) The ring-opening
reaction of cyclic diaryliodonium is highly atom economic. (ii) The derived aryl-I
bond can be adapted for various further modifications. (iii) The molecule’s torsional
strain significantly enhances the reaction by relieving ring strain.

6.4 Asymmetric Ring-Opening Reactions via C—N
and C—P Bonds Cleavage

While atroposelective ring opening of Bringmann’s lactones and their derivatives
has achieved great success, investigations with the corresponding lactams are
still infrequent. This situation is largely attributed to the low reactivity of the
C—N bond. In 2010, Furuta et al. developed an optically active alcohol-induced
asymmetric ring-opening of N-Boc lactams, and the optical binaphthyl amino
ester could be obtained with 99% de values from the separation of diastereomers
via proper recrystallization [43]. In 2020, Fu and co-workers reported a catalytic
cleavage of C—N bonds in N-sulfonyl biaryl lactams by using a bifunctional
thiourea catalyst [44]. The strong electron-withdrawing substituent (Ts) on the
nitrogen atoms of the lactams was found to be crucial for the activation of the C—N
bond, as no reaction was observed when using other substituents such as Boc or
Cbz. They discovered the cooperative effects of the bifunctional moieties of the
Cinchona-alkaloid-derived thiourea catalyst played a critical role in achieving high
yields and enantioselectivity (Scheme 6.18).
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Recently, Fu and co-workers further extended the substrate to N-arylindole
lactams, which delivered axially chiral amino acids bearing C—N chiral axes
upon asymmetric ring opening [45]. Notably, several novel skeletons, such as
N-aryl indole, thieno[3,2-b]pyrrole, furo[3,2-b]pyrrole, and pyrrolo[2,3-b]pyridine,
are compatible with the reactions, thus demonstrating a considerable structural
diversity (Scheme 6.19).
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In 2022, the Li group reported a palladium-catalyzed stereoselective cleavage
of the C—P bond via asymmetric ring-opening reactions for the construction
of atropisomers bearing a P-stereogenic center (Scheme 6.20) [46]. The prod-
ucts were obtained in moderate to high yields (up to 82%) and exhibited high
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diastereo/enantioselectivity (up to 25 : 1 dr and up to 99% ee). Control experiments
demonstrated the significant impact of additive copper on both the reactivity and
enantioselectivity of the reaction, suggesting its crucial role in promoting the
coordination of [Pd(Allyl)Cl]2 with the chiral ligand L5. A plausible mechanism
was proposed wherein the oxidative addition of the chiral Pd(0)/ligand complex
with phosphonium salts formed optically active intermediates Int14. Subsequent
transmetallation with the arylboronic acid followed by reductive elimination to
furnish the chiral phosphine products (R)-83, which could be further stabilized
through coordination with S8 or BH3 to deliver (R)-82.

6.5 Asymmetric Ring-Opening Reactions via C—C
and C—Si Bond Cleavage

Catalytic transformations involving the cleavage of carbon–carbon bonds have
served as practical strategies for synthesizing various compounds. However, it
seems to be a particular challenge due to the high bond dissociation energy (BDE)
of C—C bonds. On the basis of torsional strain-promoted ring-opening reactions,
the Gu group developed an enantioselective carbon–carbon bond cleavage of
9-aryl-9H-fluoren-9-ols via palladium-catalyzed decarbonyl coupling (Scheme 6.21)
[47]. They observed a significant dependence of reactivity on the ortho sub-
stituent, particularly with ortho-dihydrogen (87) or difluoro substituents (88) as

OH

R

R1

R2

+ ArBr
O

O

O
P

O
N O

Ph
Ph

Ph
Ph

Me

Pd
NH2 Cl

L6

Cl
Pd

H2N

L6, NaH, toluene, 80 °C

(S)-86

CORR1

Cl

Cl

OH

Ph

Me

Me

OH

Ph

F

F

OH

Ph

H

H

OH

Ph

87 inert (planar) 88 inert (1.98°)

84a active (15.73°) 84b active (15.85°)

Reactivity of substrates

Pd(0)L2(S)-86

84 85

Int17

Int18

ArBr (85)

84

cat9

Int16

R2 Ar

Pd

Ar

L

Br

L

Me

Me

O

Ar

Pd
L*Arʹ

PdMe

Me
L*

Arʹ
O

Ar

Catalytic
cycle

Scheme 6.21 Palladium-catalyzed enantioselective ring opening via carbon–carbon bond
cleavage.

https://pobeda.onf.ru/


156 6 Synthesis of Atropisomers via Enantioselective Ring-Opening Reactions

substrates, which displayed inert results under standard conditions. The reaction
involved the oxidative addition of palladium (0) to an aryl bromide to produce
palladium(II) species Int16. This intermediate underwent ligand exchange with
sodium alkoxide to generate Int17, which further underwent β-C elimination to
form the carbon–palladium(II) complex Int18. Eventually, the desired products
were obtained through reductive elimination of the palladium(II) spice Int18
(Scheme 6.21).
This concept was further applied to a palladium-catalyzed kinetic resolution/

ring-opening reaction of 8H-indeno[1,2-c]thiophen-8-ols [48]. The reaction
exhibited highly enantioselective control with high regioselectivity of β-aryl elim-
ination, which selectively eliminated thiophene motifs, and both optically active
thiophene-phenyl atropisomers and stereogenic substrates were obtained with
excellent enantiomeric excess. Control experiments demonstrated that both the
steric hindrance and electronic properties of the thiophene unit have an impact on
the regioselectivity of the ring opening of substrates (Scheme 6.22). The authors
proposed models for achieving regio/stereoselective β-aryl elimination with three
major requirements. First, the palladium catalyst coordinated with the hydroxyl
group with excellent directional selectivity to form Int19′ and Int20′ (vs Int19 and
Int20). Second, an empty orbital of the Pd atom must overlap with the σ-orbital of
the C—C bond for effective bond cleavage, which would promote the proximity of
carbon–carbon bonds to the metal center to benefit axial chirality induction. Third,
according to previous reports, the reaction favors breaking the C—C bond attached
to the thiophene ring [49].
On the basis of these findings, the authors further developed a practical syn-

thesis of axially chiral biaryls via chirality transfer reactions from a stereogenic
center to axial chirality [50]. The synthesis was based on a palladium-catalyzed
carbon–carbon bond cleavage/ring-opening reaction of optically active substrates
using an achiral ligand. The researchers employed a series of coupling partners,
including benzyl bromides [C(sp3)-Br], aryl halides [C(sp2)-Br], and alkynyl bro-
mides [C(sp)-Br], all of which gave excellent yields and selectivity. The reactions
showed excellent chemical specificity recognition, with a preference for breaking
the C—C bond of thiophene. Furthermore, palladium-catalyzed selective domino
cyclization/ring-opening reactions between 8H-indeno[1,2-c]thiophen-8-ols and
N-(2-bromophenyl)propiolamide derivatives are also applicable to this point to
axial chirality transfer process (Scheme 6.23) [51].
Narasaka acylation is a practical method for synthesizing 𝛼,𝛽-unsaturated

ketones, but its sensitivity to silyl coupling partners limits the application [52, 53].
Generally, only vinyl silanes were active enough to undergo Narasaka acylation. In
2020, the Gu group reported a torsional strain-promoted aryl Narasaka acylation
through Rh-catalyzed ring-opening of dimethyl silafluorenes [54]. They found that
the torsional strain of five-membered silafluorenes enabled selective cleavage of the
cyclic C—Si bond, resulting in the production of various 𝛼-silyl biaryl atropisomers
with high enantioselectivity (Scheme 6.24). Mechanism studies exhibited poor
reactivity when employing silanol 98 as the almost planar substrate. The use of a
phosphoramidite ligand derived from (S)-3-methyl-1-((2,4,6-triisopropylphenyl)-
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sulfonyl)-piperazine was crucial for stereochemistry control. A possible catalytic
cycle was tentatively proposed for the reaction. First, ligand substitution of the
chiral ligand with [Rh(CO)2Cl]2 gave the catalyst Cat10 via the precipitation of
KCl, which acted as an active spice. Enantioselective oxidative addition of cyclic
C—Si bond afforded the biaryl rhodium complex Int23. Reductive elimination
delivered the ester Int24 which reacted with the acid anhydride to produce Rh(III)
complex Int25. The products were obtained through further reductive elimination
and subsequent hydrolysis.
Building upon this work, the same research group reported anRh-catalyzed asym-

metric ring-opening of chiral silafluorenes to simultaneously create an axial chirality
and a silicon-stereogenic center with high selectivity [55]. They discovered that the
addition of methanol was crucial for achieving high diastereoselectivity, although
the exact role of MeOH remained unclear. The authors hypothesized that the chiral
rhodium complex would dissociate to the monomer via coordination with MeOH,
which may undergo deprotonation in the presence of K2CO3 to give the rhodium
anion complex as the active catalyst (Scheme 6.24).
In conclusion, transition-metal-catalyzed asymmetric ring-opening reactions

via C—C/C—Si bonds cleavage have been shown to be a superior method for
facile access to a series of axially chiral biaryls in an atom-economical fashion.
Notably, the torsional strain created by the steric repulsion between two ortho
substituents of the biaryl skeleton considerably facilitated the cleavage of the
C—C/C—Si bonds, increasing not only the reactivity of the substrates but also the
enantio-/regioselectivity control.
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Scheme 6.24 Torsional strain-promoted Rh-catalyzed aryl Narasaka acylation.

6.6 Asymmetric Ring-Opening Reactions via C—O
and C—S Bond Cleavage

As early as 2002, Hayashi and co-workers reported a nickel-catalyzed asymmetric
Grignard cross-coupling reaction via the ring opening of dinaphthothiophene with
Grignard reagents [56]. The reaction proceeded well with high enantioselectivity at
20 ∘C in the presence of 3mol% of a nickel catalyst generated from Ni(cod)2 and a
chiral oxazoline-phosphine ligand L10, giving axially chiral 1,1′-binaphthyls with
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high yields and enantioselectivity (Scheme 6.25). However, the Grignard reagents
were limited to aromatic compounds.

S
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Scheme 6.25 Nickel-catalyzed asymmetric coupling via the ring opening of
dinaphthothiophene.

Sulfonium salts 109 were anticipated to exhibit elevated reactivity in comparison
with thioethers; however, the cleavage of the exocyclic S-aryl bond of sulfonium
salts is usually regarded with a significant preference for the cyclic S-aryl bond.
In 2022, Gu and co-workers described an asymmetric ring-opening reaction via a
Pd-catalyzed atroposelective carbonylation of dibenzothiopheniums [57]. However,
in their study, they observed notable selectivity of the reaction with a significant
preference for cleaving the cyclic C—S bonds with higher steric hindrance over the
exocyclic C—S bonds. The inversed chemoselectivity was attributed to the torsional
strain effect. Concurrently, a slow reaction rate was observed under standard con-
ditions when the substrate containing two adjacent hydrogen atoms on the biaryl
axis 112 was used, in which 50% of starting material was recovered even with a pro-
longed reaction time (five days), along with the formation of N-(p-tolyl)benzamide
114 (Scheme 6.26).
In 2021, Cao and co-workers developed an efficient enantioselective ring-opening

reaction by cleavage of a more challenging C—O ether bond in the presence of
Ni(cod)2 and chiral N-heterocyclic carbene (NHC) ligands [58]. The transformation
exhibited good enantioselectivity control (up to 92% ee) with various aryl Grignard
reagents, providing a practical way for the synthesis of naphthol derivatives.
Ulteriorly, they developed an enantioselective alkylative ring-opening reaction of
cyclic dinaphthylfuran with alkyl Grignard reagent nucleophiles in 2022 [59]. The
chiral NHC ligand (L12–L14) was found to greatly facilitate the reaction with nickel
catalysis. Recently, they extended the method to the Grignard reagents containing
β-hydrogen [60]. Based on the experimental findings, it was observed that solvents
play a crucial role in influencing the competition between β-H elimination and
reductive elimination (Scheme 6.27).
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6.7 Oriented Asymmetric Ring Opening via Transient
Pentacyclic Metal Species

Despite the tremendous achievements of the DKR process in various cyclic
reactants, there has been a recent surge in interest in utilizing pentacyclic
metal intermediates for the synthesis of optically active biaryl compounds. This
increased attention is attributed to the distinct reactivity exhibited by these metal-
centered cyclic intermediates. In 2013, Stoltz and co-workers reported a
Pd-catalyzed atroposelective C–P coupling process via nitrogen atom-oriented
asymmetric cross-coupling reaction for the asymmetric synthesis of the 1-(2-
(diphenylphosphino)naphthalen-1-yl)isoquinoline and its derivatives in high yields
and high enantioselectivity (Scheme 6.28) [61]. Slow addition of diphenylphosphine
was demonstrated to greatly improve the overall effectiveness of the DKR process,
which allowed more time for the isomerization of arylpalladium intermediate
before its subsequent reaction with diphenylphosphine.
In the same year, Lassaletta and co-workers developed a Pd(0)-catalyzed coupling

of racemic 2-triflates with aryl boroxines, employing an α,α,α,α-tetraaryl-2,2-
dimethyl-1,3-dioxolane-4,5-dimethanol-derived phosphoramidite L16 as the ligand
[62]. A dynamic kinetic asymmetric transformation (DYKAT) was assumed via
the configurational equilibrium of cationic palladacyclic intermediates (Int32 and
ent-Int32) as a consequence of the widening of the concerned angles, which was
further demonstrated by the isolated oxidative addition intermediate. This protocol
has been demonstrated to be effective with various coupling partners developed
subsequently, such as alkynes [63], amines [64], and alkenes [65] (Scheme 6.28).
In 2016, You and co-workers disclosed a rhodium-catalyzed oxidative coupling

of biaryl compounds with alkenes via the pentacyclic metal intermediate [66]. The
reaction exhibited a wide range of substrate scopes with various electronically and
sterically varied styrenes, leading to the corresponding chiral biaryls in reasonable
yields (37–91%) and excellent er values (93 : 7 to 98 : 2). In addition, they introduced
a new class of chiral cyclopentadiene (Cp) ligands based on 1,1′-spirobiindane,
which were demonstrated to be excellent ligands in asymmetric oxidative coupling
reactions. Recently, they further applied the strategy to a rhodium-catalyzed
enantioselective C–H iodination of 1-aryl isoquinolines with N-iodosuccinimide
(NIS), affording practical access toward a series of axially chiral biaryl iodides
(Scheme 6.29) [67].
Pentacyclic metal intermediates formed through either oxidative addition or

C—Hmetalation serve as an effective supplement to enantioselective ring-opening
reactions via DKR. This strategy provides access to a range of functionalized
hetero-biaryls with appealing structures, which may serve as ligands in asymmetric
catalysis. In situations where the standard DKR is not feasible due to slow substrate
isomerization, isomerization of the aryl palladium intermediates is a practical
alternative that can be further modified with various reaction pathways.
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6.8 Summary and Conclusions

After a long period of effort, asymmetric ring-opening reactions of fused biaryls have
emerged as a potent strategy for the synthesis of biaryl atropisomers with the aid
of chiral catalysts. Notably, a diverse range of atropisomers with high enantioselec-
tivity have been obtained via the cleavage of a C—C or C—X (X = I, S, P, Si, O, N)
bondundermild conditions. Such advancements facilitate the streamlined construc-
tion of pivotal molecular frameworks and diverse chemical bonds.We hope that this
chapter not only showcases original discoveries and state-of-the-art achievements in
the field of asymmetric synthesis for biaryl atropisomers via ring-opening reactions
but also provides readers with valuable insights, guiding the development of more
effective strategies for crafting atropisomers and other chiral molecules.
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7.1 Introduction

Asymmetric organic synthesis is among the core research areas in chemistry
and has provided very efficient methods for the construction of numerous chiral
molecules in the past decades. The key to this success is the development of a
large variety of chiral ligands, which in combination with metals form catalytically
active complexes, and organocatalysts as well as enzymes. It is worth noting that
considerable amounts of chiral ligands and organocatalysts are derived from a few
privileged chiral structures [1–3], and atropisomeric binaphthyl structure is one of
them. Axially chiral 1,1′-bi-2-naphthol (BINOL), 2,2′-diamino-1,1′-binaphthalene
(BINAM), and 2-amino-2′-hydroxy-1,1′-binaphthyl (NOBIN) are the most represen-
tative binaphthyl molecules (Figure 7.1) [4–8]. A large number of chiral ligands and
organocatalysts, such as the privileged 2,2′-bis(di-phenylphosphino)-1,1′-binaphthyl
(BINAP) and phosphoric acids, are derived from BINOL, BINAM, or NOBIN. In this
chapter, we will trace the source of chirality and introduce about 150 representative
chiral ligands and organocatalysts derived from axially chiral binaphthyl structures,
especially BINOL, BINAM, and NOBIN. Some of the ligands/catalysts were not
originally synthesized from BINOL, BINAM, or NOBIN. As enantiopure BINOL,
BINAM, and NOBIN are commercially available nowadays, they can be easily
synthesized from these chiral starting materials, especially BINOL which is a
low-cost privileged chiral molecule. Therefore, chiral ligands and organocatalysts
are mainly classified into three types according to their source of chirality.
The following items are suggested to be kept in mind when the readers proceed to

explore these amazing chiral ligands and organocatalysts:

(1) Although only binaphthyl-containing chiral ligands and organocatalysts are
included in this chapter, similar variants of them have been or can be devel-
oped from other axially chiral motifs such as biphenyl atropisomers and the
privileged 1,1′-spirobiindane-7,7′-diol (SPINOL) [3].

Atropisomerism in Asymmetric Organic Synthesis: Challenges and Applications, First Edition.
Edited by Shinobu Takizawa and Mohamed S. H. Salem.
© 2025 WILEY-VCH GmbH. Published 2025 by WILEY-VCH GmbH.

https://pobeda.onf.ru/


174 7 Axially Chiral Ligands and Catalysts Derived from Atropisomeric Binaphthyl Structures

etc.
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Figure 7.1 BINOL, BINAM, NOBIN, and their relationship to atropisomers and axially chiral
compounds.

(2) The focus of this chapter is on the structural diversity of the chiral catalysts
derived from binaphthyl motifs and the timeline for their development.
Although a very limited number of enantioselective reactions are illustrated, a
certain catalyst can possibly catalyze dozens of, hundreds of, or even thousands
of asymmetric transformations.

7.2 Chiral Ligands Derived from BINOLs

The synthesis of BINOL can be traced back to about 100 years ago, whereas the
utilization of BINOL as a chiral ligand was reported by Noyori et al. in 1979 [9].
One year later in 1980, Noyori and co-workers reported the development and appli-
cation of BINAP (Figure 7.2) [10]. Thismilestone brings the axially chiral binaphthyl
structures to the stage of asymmetric catalysis and inspires the development of a
large variety of chiral ligands and organocatalysts possessing axial chirality.

7.2.1 Phosphorus-Containing Ligands

The eminent BINAP (L1) was first utilized as an axially chiral diphosphine ligand
to generate a BINAP–rhodium complex that is capable of catalyzing asymmetric
hydrogenation of 𝛼-(acylamino)acrylic acids 1 (Scheme 7.1) with excellent efficiency
and enantioselectivity (up to 99% yield and 100% ee) [10]. This kind of privileged
binaphthyl diphosphine ligands have proven to be capable of forming catalytically
active and highly enantioselective species in combination with various transition
metals, thus promoting thousands of reactions [11]. Apart from BINAP, a lot of ele-
gant phosphorus-containing ligands have also been developed in the past decades
(Figure 7.2).
In 1991, Hayashi and co-workers developed monodentate phosphines MOP

(L2) and applied them in Pd-catalyzed asymmetric hydrosilylation of styrene
[12]. MOP ligands have also found applications in many other enantioselective
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reactions [13]. In the same year, Pringle and co-workers developed a diphosphite
ligand L3, which is composed of three binaphthyl units [14]. Later in 1993, Takaya
and co-workers reported Binophos ligand L4 and applied it in the hydroformylation
of olefins [15]. Gladiali et al. reported the development of monodentate BINEPINE
ligands L5 [16]. In 1996, Feringa and co-workers developed axially chiral phospho-
ramidite ligand L6 from BINOL and applied it in Cu-catalyzed conjugate addition
of dialkylzinc reagents to unsaturated ketones [17]. This work is a milestone in
the development of chiral phosphoramidite ligands and has inspired the design
of a vast variety of phosphoramidite ligands bearing axially chiral backbone and
diverse amines including the chiral ones. The ease of synthesis and modification
of the ligands, the high catalytic reactivity, and excellent enantioinduction of the
corresponding transition-metal complexes make phosphoramidites a privileged
class of chiral ligands [18, 19]. Hayashi and co-workers synthesized C1-symmetric
phosphino-oxazoline ligandL7 bearing both a binaphthyl skeleton and an oxazoline
unit. The ligand was applied in Pd-catalyzed asymmetric allylic alkylation and the
product was obtained in up to 91% ee [20]. Diphosphonite ligands L8 and L9 linked
by ethano- or ferroceno-bridges were synthesized fromBINOL by Reetz et al. in 1998
[21]. The corresponding rhodium complexes of these ligands are excellent catalysts
for the hydrogenation of prochiral olefins such as itaconic acid dimethyl ester and
2-acetamido methyl acrylate, and the products were synthesized in 90–99.5% ee. In
1999, Zhang and co-workers reported the synthesis of chiral binaphthyl phosphane
L10 and its application in highly enantioselective hydrogenation of enamides [22].
Two years later, Zhang and co-workers developed binaphthyl phosphane possessing
a ferrocene backbone L11, the Ir complex of which can catalyze enantioselective
hydrogenation of acyclic imines (up to 99% ee) [23]. Reetz et al. reported the
application of BINOL-based secondary phosphine oxide (SPO) L12 in Rh-catalyzed
hydrogenation of olefins and imines (up to 85% ee) [24]. In 2007, Carreira
and co-workers developed binaphthyl phosphoramidite-olefin ligand L13, which
enabled direct synthesis of an enantiomerically enriched primary allylic amine (70%
yield, 70% ee) from an allylic alcohol [25]. This phosphoramidite-olefin ligand has
proved to be very powerful inmany transitionmetal-catalyzed asymmetric reactions
[26]. You and co-workers synthesized 2-methyl-1,2,3,4-tetrahydroquinoline-derived
phosphoramidite ligand L14 and used it in Ir-catalyzed Friedel–Crafts reaction
of indoles with allylic carbonates in 2009 [27]. This ligand was found to be very
efficient and highly enantioselective in several Ir-catalyzed allylic substitution
reactions [28–30].
In 2012, Ooi and co-workers reported a new strategy for design of chiral ligands for

asymmetric transition-metal catalysis. An achiral cationic ammonium–phosphine
hybrid ligand paired with a chiral binaphtholate anion (L15) showed remarkable
stereo-controlling ability in Pd-catalyzed allylic alkylation of 𝛼-nitrocarboxylates (up
to 97% ee) [31]. Two years later, Ooi and co-workers developed onium-phosphine
hybrid ligands (arylphosphine, chiral ammonium ion, and counterion) L16
[32]. The palladium complexes of this kind of ligands were found to be capable
of promoting highly enantio- and diastereoselective [3+ 2] annulation reac-
tion of 5-vinyloxazolidinones and activated trisubstituted alkenes to afford
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five-membered heterocyclics with contiguous all-carbon quaternary stereocenters
(up to 99% ee). BINOL-derived chiral phosphoramide L17 was utilized as ligand
by Duan and co-workers in 2015 to control the enantioselectivity in Pd-catalyzed
asymmetric arylation of secondary 𝛽-C(sp3)–H bonds of 8-aminoquinoline amides
(up to 82% ee) [33]. In 2016, Xiao and co-workers developed binaphthyl-based
phosphoramidite-thioether ligands L18 [34]. These hybrid P,S-ligands were
applied to Pd-catalyzed asymmetric decarboxylative [4+ 2] cycloaddition [34],
indole allylic alkylation [35], and Cu-catalyzed regio-reversed asymmetric [3+ 2]
cycloaddition of iminoesters with nitroolefins [36]. Recently, Wang and co-workers
reported their development of the SPSiOL-derived bisphosphite ligand L19 and
realized Ni-catalyzed asymmetric hydrosilylation of 1,1-disubstituted allenes for
the first time [37]. He and co-workers developed chiral PSiSi-ligand L20 and
applied it in the first Ir-catalyzed atroposelective intermolecular C–H silylation of
2-arylisoquinolines (up to 99% yield, 99% ee) [38].

7.2.2 Rare Earth-Alkali Metal–BINOL (REMB) Complexes and Linked
BINOLs

BINOL and substituted BINOLs bear two phenolic hydroxy groups; therefore, they
can directly form various metal complexes in combination with metals such as
lanthanum, zinc, titanium, aluminum, gallium, and zirconium [4, 5]. A represen-
tative example is the REMB complexes developed by Shibasaki and co-workers in
1992 (C1 in Figure 7.3) [39]. This class of monomeric and multimetallic complexes
are composed of one rare earth metal, three alkali metals, and three BINOLates.
The first REMB catalyst (RE= La) was applied to the catalytic asymmetric nitroaldol
reaction of nitromethane (up to 90% ee). The broad utility of REMB turns it into
one of the most successful multimetallic catalysts in asymmetric catalysis [40–42].
Besides the REMB catalysts, Shibasaki and co-workers also developed

linked-BINOL ligands L21 [43], which can form complexes with metals such
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Figure 7.3 Rare earth-alkali metal–BINOL (REMB) complexes and linked BINOLs.
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as Ga3+, La3+, Y3+, Li+, Zn2+, and In3+. The coordinative heteroatom (X) in
the linker plays a crucial role in generating a unique and effective chiral environ-
ment for related transformations. The linked-BINOL ligands have been applied
to various catalytic asymmetric reactions including epoxide opening reactions,
Michael reactions, direct aldol reactions, direct Michael reactions of hydroxyketone,
and direct Mannich-type reactions of hydroxyketones and N-acylpyrrole [44].

7.2.3 BINOL-Derived Salen Ligands

The binaphthyl motifs have also been incorporated into the privileged Salen type
of ligands (Figure 7.4). Early in the 1990s, Brunner and co-workers [45, 46] and
Katsuki and co-workers [47, 48] synthesized acyclic and cyclic BINOL-derived Salen
ligands (L22–24) and utilized them in Cu-catalyzed enantioselective cyclopropana-
tion of styrene and Mn-catalyzed enantioselective epoxidation of unfunctionalized
olefins, respectively. A number of BINOL-derived Salen complexes incorporating
Ni2+, Cu2+, Zn2+, or Pd2+ were synthesized and characterized by Kozlowski and
co-workers [49]. These complexes were found to be capable of catalyzing the asym-
metric addition of benzyl malonate to cyclohexenone (up to 90% ee).

7.2.4 Sulfur-Containing Ligands

In 1993, Lucchi and co-workers reported the practical synthesis of enantiomerically
pure 1,1′-binaphthalene-2,2′-dithiol L25 (binas) from (R)-BINOL (Figure 7.5) [50].
In the same year, Gladiali and co-workers utilized L25 (binas) or the dimethyl
sulfide L26 as a ligand to promote Rh-catalyzed hydroformylation of styrene, albeit
low enantioselectivity (15% ee) [51]. Dorta and co-workers reported the application
of chiral bis-sulfoxide (BINASO) ligand L27 derived from binaphthyl backbone
in Rh-catalyzed asymmetric addition of arylboronic acids to electron-deficient
olefins (up to 99% ee) [52]. In 2008, Ishihara and co-workers disclosed a practical
synthesis of 1,1-binaphthyl-2,2-disulfonic acid (BINSA) L28 from (R)-BINOL [53].
One year later, Ishihara and co-workers developed a chiral lanthanum(III) complex
from BINSA and utilized it to catalyze the enantioselective Strecker reaction (up
to 92% ee) [54]. As an anionic ligand, BINSA is capable of forming complexes
with various metals to catalyze a range of enantioselective reactions [55]. In 2021,

Figure 7.4 Representative BINOL-derived Salen ligands.
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Figure 7.5 Sulfur-containing ligands.

Li and co-workers designed and synthesized a series of chiral binaphthyl disulfonic
acid ligands L29 and applied them in Ti-catalyzed enantioselective intramolecular
hydroalkoxylation of nonactivated alkenes (up to 97% ee) [56].

7.2.5 Oxazoline-Containing Ligands

Chiral oxazolines have been widely utilized as ligands in a large variety of
asymmetric reactions. Oxazoline-containing ligands based on binaphthyl backbone
have also been developed (Figure 7.6). In 1996, Hayashi and co-workers developed
axially chiral bis(oxazolyl) ligands L30 and applied them in Cu-catalyzed asymmet-
ric cyclopropanation of styrene with diazoacetates (up to 97% ee) [57]. Shibatomi
et al. developed chiral pyridyl spirooxazoline ligands bearing a binaphthyl backbone
L31. These ligands show high enantioinduction in Pd-catalyzed allylic alkylation
[58], and Cu-catalyzed fluorination and chlorination of 𝛽-keto esters [59]. In 2016,
Wang and co-workers reported the synthesis of BINOL-derived bisoxazoline (BOX)
ligand L32, the copper complex of which promoted the Friedel–Crafts reaction
of indoles with isatin-derived 𝛽,𝛾-unsaturated 𝛼-keto esters with excellent enan-
tioselectivities (up to 99% ee) [60]. Maruoka and co-workers synthesized chiral
binaphthyl–BOX hybrid ligand L33 in 2020. An enantioselective three-component
radical relay coupling of alkylsilyl peroxides, vinylarenes, and arylboronic acids was
achieved with the copper complex of this binaphthyl–BOX hybrid ligand L33 (up to
93% ee) [61].

7.2.6 Vanadium Complexes for Enantioselective Oxidative Coupling
of Phenols

Oxidative coupling of phenols, in particular 2-naphthols, provides a very efficient
and straightforward approach for the construction of biaryl atropisomers. Various
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dinuclear and mononuclear vanadium complexes derived from binaphthyl lig-
ands have been developed by Gong (C2) [62, 63], Uang (C3) [64], and Sasai and
Takizawa (C4, C5 in Figure 7.7) [65, 66]. These complexes have been proven to
be efficient and highly enantioselective catalysts for the oxidative homocoupling
and cross-coupling of various phenolic compounds including 2-naphthols to afford
various substituted BINOLs and other axially chiral compounds [67]. Mononuclear
vanadium complexes C5 were reported to be capable of catalyzing oxidative cou-
pling/intramolecular cyclization of polycyclic phenols 3 to afford oxa[9]helicenes 4
(Scheme 7.2) with ee values up to 94% (refer to Chapter 3 for more details) [66].

OH

O

R

R

R

C5 (10 mol%)

CCl4, O2, 50 °C, 48 h

up to 86% yield, 94% ee

Scheme 7.2 Oxidative coupling/intramolecular cyclization of polycyclic phenols.

7.2.7 Binaphthyl-Based Chiral Diene Ligands and Cyclopentadienyl
Ligands

In 2010, Du and co-workers synthesized various binaphthyl-based chiral dienes L34
(Figure 7.8). These axially chiral dienes were utilized as ligands in Rh-catalyzed
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Figure 7.7 Vanadium
complexes for
enantioselective oxidative
coupling of phenolic
compounds.

O

OH

N
O

OV

O

Uang, 2003

O

N
O

OV

O

Sasai, Takizawa, 2016

HO

R

OH

O

N
O

OV

O

Sasai, Takizawa, 2004

X

R

O

N
O

O V

OX

R

X = H2O, OH

O

O

Gong, 2002

N

N

R O

O

O

O

R

V

V

O

O

O

C2 C3

C4 C5

R1

R1

R2

R3

R2

O

O

R1

R1

R2

R3

R2

Cyclopentadienyl ligands

Halterman, 1989 
Cramer, 2013

O-linked
cyclopentadienyl ligands

You, 2021

R

R

Binaphthyl
chiral dienes

Du, 2010

L34 L35 L36

Figure 7.8 Binaphthyl-based chiral diene ligands and cyclopentadienyl ligands.

asymmetric arylations of N,N-dimethylsulfamoyl-protected aldimines with aryl-
boronic acids (up to 84% ee) [68]. Early in 1989, Halterman reported the synthesis
of an unsubstituted binaphthyl cyclopentadienyl ligand using an asymmetric
Ni-catalyzed coupling reaction as the key step [69]. Cramer in 2013 developed a
practical and efficient method for the synthesis of highly tunable cyclopentadienyl
ligands L35 from (R)- or (S)-BINOL and applied them in Rh-catalyzed C–H
allylations of benzamides [70]. After 10 years of explorations, binaphthyl-based
cyclopentadienyl ligands (L35) have proven to be able to form catalysts with
various transition metals (such as Rh, Ru, Ir, and Co) and rare-earth metals (Sc, Y,
La, Sm, Gd, etc.) and promote dozens of enantioselective transformations [71].
The sterically and electronically tunable ortho-substituents (R1) on the binaphthyl
backbone prove to be crucial to its success. In 2021, You and co-workers reported
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the synthesis of oxygen-linked cyclopentadienyl ligands L36 from enantiomerically
pure BINOL. The corresponding rhodium(III) complexes have proved to be very
efficient and highly enantioselective catalysts for asymmetric C–H arylation of
benzo-[h]quinolines with 1-diazonaphthoquinones (up to 99% yield, 97% ee) [72].

7.2.8 Binaphthyl-Based Monocarboxylic Acid Ligands

Chiral carboxylic acid-containing compounds can serve as ligands for transition-
metal catalyzed reaction, especially for C–H functionalization reactions. In 2015,
Hintermann and co-workers developed a chiral titanium catalyst from binaphthyl-
based monocarboxylic acid ligand L37 and utilized it to promote the cycloisomer-
ization of 2-allylphenols to 2-methyl-2,3-dihydrobenzofurans (2-methylcoumarans)
at uncommonly high temperatures (220–240 ∘C) with ee up to 87% (Figure 7.9)
[73]. Baudoin and co-workers developed carboxylic acid-containing bifunctional
ligands L38 in 2018 [74]. The ligands displayed excellent enantioinduction in
several Pd(0)-catalyzed C(sp2)–H arylation reactions (Scheme 7.3a) [75, 76].
Matsunaga and co-workers reported the utilization of carboxylic acid ligand

L39 to control the enantioselectivity (up to 97% ee) of achiral Cp*Rh(III)-catalyzed
C–H alkylation of diarylmethanamines 7 with diazomalonate 8 (Scheme 7.3b)
[77]. Matsunaga and co-workers also realized enantioselective directed methylene
C(sp3)–H amidation reactions of 8-alkylquinolines by using a catalyst formed
from Cp*Rh(III) and carboxylic acid L40 [78]. In 2021, the authors developed
pseudo-C2-symmetric chiral binaphthyl monocarboxylic acids L41 with reduced
conformational flexibility. The ligands were applied to Rh(III)-catalyzed enantios-
elective C(sp3)–H amidation reactions of 2-alkylpyridine derivatives and related
heteroaromatic compounds (up to 92% ee) [79]. Shi and co-workers reported the
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Figure 7.9 Binaphthyl-based monocarboxylic acid ligands.
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application of monocarboxylic acids L42 in Ru(II)-catalyzed enantioselective C–H
activation/annulation of sulfoximines 10 with 𝛼-carbonyl sulfoxonium ylides 11
(Scheme 7.3c) and Ir(III)-catalyzed enantioselective C–H activation/annulation
of sulfoximines with diazo compounds [80, 81]. These examples show the great
potential of binaphthyl-based carboxylic acid ligands in C–H activation reactions.

7.2.9 Axially Chiral Ligands and Catalysts Containing a Phenanthroline
or Pyridine Unit

Coordinating heterocycles such as phenanthroline and pyridine have been
incorporated into binaphthyl backbones to develop novel chiral ligands that possess
both greater coordination ability and excellent chiral environment. Representative
examples are shown in Figure 7.10. In 2014, Nishiyama and co-workers developed
binaphthyl-based N,N,O-tridentate phenanthroline ligands L43 [82]. The ligands
are able to form highly enantioselective catalysts with various metals (such as
Zn, Cu, Ni, and Rh) and have been applied to a range of asymmetric reactions
including 1,2-addition of organozinc reagents to aldehydes, amination of 𝛽-keto
carbonyl compounds with azodicarboxylate, Davis oxidation and Michael addition
of N-Boc-3-phenyloxindole, and desymmetrization of substituted hydrosilanes 13
(Scheme 7.4a) [83].
Zhang and co-workers designed multivariant axially chiral catalysts (MACCs)

by incorporating various chelating subunits into binaphthyl backbones to form
highly tunable chiral ligands, which then coordinate with various metals to form
chiral complexes. Preliminary applications of this catalytic system in asymmetric
construction of axially chiral molecules (BINOL, BINAM, and NOBIN derivatives)
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were disclosed in 2022. The copper catalyst in situ prepared from ligand L44
and Cu(MeCN)4PF6 was able to catalyze the enantioselective cross-coupling of
azonaphthalenes 15 with N-benzyl-2-naphthylamines 16, affording (R)-BINAM
derivatives in excellent yield and ee (Scheme 7.4b). The copper catalyst prepared
from ligand L45 and Cu(acac)2 catalyzed the cross-coupling of azonaphthalenes
15 with 2-naphthols 18 to produce (S)-NOBIN derivatives also in excellent yield
and ee (Scheme 7.4c) [84]. Interestingly, the absolute configuration of the products
was found to be determined by the conformation of the catalysts rather than the
absolute configuration of the BINOL unit. The results show the importance of
conformational dynamics of chiral catalysts in asymmetric catalysis. These two
redox neutral coupling reactions for the synthesis of BINAM andNOBIN derivatives
were first developed by Tan and co-workers in 2019, using a chiral phosphoric
acid-salt complex or Ni(OTf)2/chiral bis(oxazoline) complex as a catalyst [85].
Axially chiral ligand L46 bearing a chelating picolinic acid unit reacts with CuI
to generate an efficient catalyst for the asymmetric oxidative coupling of various
2-naphthols (Scheme 7.4d) [86]. In 2023, Li and co-workers developed a chiral
half-sandwich iridium catalyst C6 bearing a binaphthyl skeleton and applied it to
transfer hydrogenative direct asymmetric reductive amination (Scheme 7.4e) [87].

7.3 Chiral Ligands Derived from BINAMs

BINAM possesses very similar axially chiral binaphthyl structure to BINOL,
whereas it bears two chelating amino groups rather than two phenolic hydroxy
groups. These features turn enantiopure BINAM into an excellent chiral diamine
(such as trans-1,2-cyclohexanediamine and 1,2-diphenylethylenediamine) for
designing nitrogen-containing ligands. Representative examples of chiral ligands
derived from BINAMs are shown in Figure 7.11.
As a subclass of privileged Salen ligands, BINAM-derived ligand L47 can be

easily synthesized through the condensation of salicylaldehyde with enantiopure
BINAM. Early in the 1980s, Brunner and co-workers [88] and Nishinaga et al.
[89] prepared copper and cobalt complexes from L47, respectively, and tested
them as chiral catalysts. Che and co-workers [90] and Moberg and co-workers [91]
have synthesized tetradentate binaphthyl bis-amide ligand L48 and utilized it to
prepare transition-metal complexes for asymmetric transformation, respectively. In
1994, Mikami and co-workers developed chiral titanium catalyst from binaphthyl
bis-sulfonamide ligand L49 and tested it in the carbonyl-ene reaction of glyoxylate
[92, 93]. Suga et al. employed binaphthyldiimine L50 as ligand in Cu-catalyzed
enantioselective cyclopropanation of olefins with diazoacetates (98% ee) [94].
Ytterbium catalysts were prepared from BINAM-derived bis-amide ligands L51 by
Nakagawa and co-workers for the Diels–Alder reaction between cyclopentadiene
and crotonyl-1,3-oxazolidin-2-one and excellent ee was obtained (up to >98%) [95].
In 2000, Shi and Sui developed binaphthyl thiophosphoramide ligands L52 [96].
These ligands have been applied to several reactions such as Ag-catalyzed allylation
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Figure 7.11 Representative axially chiral ligands derived from BINAMs.

of aldehydes with allyltributyltin (up to 98% ee) [97], Cu-catalyzed addition of
diethylzinc to sulfonylimines (up to 93% ee) [98], and diphenylphosphinoylimines
(up to 85% ee) [99]. Lee and co-workers synthesized bisphosphine ligands L53
and tested them in Pd-catalyzed desymmetrization of meso cyclic carbamates (up
to 76% ee) [100]. In 2002, Suga et al. synthesized binaphthyldiimine L54 bearing
two quinoline units and used it in Ni-catalyzed Diels–Alder reactions between
cyclopentadiene and 3-alkenoyl-2-oxazolidinones (up to 94% ee) [101]. In the same
year, Shi et al. synthesized a Salen-type ligand L55 bearing three binaphthyl units
and tested it in the addition reaction of diethylzinc to aldehydes (up to 83% ee) [102].
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In 2003, Shi and co-workers developed axially chiral N-heterocyclic carbene pre-
cursorsL56 and corresponding rhodium complexes. In the hydrosilylation ofmethyl
ketones, these rhodium catalysts displayed excellent enantioinduction (up to 98%
ee) [103]. Kitamura and co-workers developed tetradentate ligands L57 containing
both sp2 and sp3 nitrogen atoms from BINAM in 2006 [104]. Excellent enantiose-
lectivities (up to 99% ee) were achieved in Ru-catalyzed hydrogenation of aromatic
ketones using L57 as ligands. In 2008, Shibasaki and co-workers designed dinucle-
ating Schiff base ligand L58, which can coordinate with two Ni to form dinuclear
complex [105]. Excellent enantioselectivities (up to 99% ee) were achieved in the
Mannich-type reaction of N-Boc imines with 𝛽-keto phosphonates with this dinu-
clear nickel catalyst. Acyclic diaminocarbene ligands L59 were utilized to generate
gold catalysts by several groups to catalyze asymmetric reactions such as cyclopropa-
nation of styrene with propargyl pivaloate [106] and enantioselective synthesis of
chromenyl pivalate from phenol ethers [107]. In 2021, Matsunaga and co-workers
developed aBINAM-based Salen-type ligand bearing sulfoxide unitsL60 and applied
it in Pd-catalyzed intramolecular allylic C–H amination (up to 82% ee) [108].

7.4 Chiral Ligands Derived from NOBINs

NOBIN is regarded as a hybrid of BINOL and BINAM as it bears one phenolic
hydroxy group and one amino group located at a chelating position. With a binaph-
thyl backbone, NOBIN has also been utilized to develop various axially chiral
ligands (Figure 7.12). The tridentate Schiff base ligands L61 are a representative
class of ligands developed from NOBIN. This type of ligand was first reported by
Carreira et al. in 1994 and can be easily synthesized through the condensation of
enantiopure NOBINswith salicylaldehydes [109]. The corresponding titanium com-
plexes have been proven to be very efficient and highly enantioselective catalysts for
aldol additions of acetate-derived silyl enolates [109], 2-methoxypropene [110], and
O-TMS dienolate [111]. Ding and co-workers prepared a library of tridentate Schiff
base ligands L61 and applied them in Ti-catalyzed hetero-Diels–Alder reaction of
Danishefsky’s diene with aldehydes (up to >99% yield, >99% ee) [112, 113].
The MAP ligand L62 was developed by Kočovský and co-workers [114, 115] and

Ding et al. [116], independently in the late 1990s. In 1999, Zhang and co-workers
designed P,N-ligands L63 and applied them in Cu-catalyzed conjugate addition of
diethylzinc to enones (up to 98% ee) [117]. In 2002, Ding and co-workers synthesized
pyrrolidino-MAP ligand L64, which bears both axial and central chirality. Good
enantioselectivity (up to 86% ee) was achieved in the Pd-catalyzed allylic alkylation
of allyl acetates [118]. Brunner et al. synthesized axially chiral imine L65 and amine
L66 ligands from NOBIN and applied them in Ru-catalyzed transfer hydrogenation
of acetophenone. Both of these ligands exhibit excellent enantioinduction (up to
97% ee) [119]. Also in 2002, Hoveyda and co-workers developed chiral Ru-catalyst
C7 for enantioselective olefin metathesis [120]. This ruthenium complex was syn-
thesized from a NOBIN-basedN-heterocyclic carbene and can promote asymmetric
ring-opening/cross metathesis (AROM/CM) in air, with undistilled solvents (up
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Figure 7.12 Representative axially chiral ligands derived from NOBINs.

to >98% ee) [121]. In 2003, Hu and co-workers developed phosphite-pyridine
ligand L67 from NOBIN and BINOL and employed it in Cu-catalyzed 1,4-conjugate
additions of diethylzinc to acyclic enones (up to 97% ee) [122].
In 2006, Zhang and co-workers designed a hybrid phosphorus ligand (YanPhos)

L68 from NOBIN and BINOL. In the Rh-catalyzed asymmetric hydroformylations
of styrene derivatives and vinyl acetate, this ligand exhibits excellent enantioinduc-
tive capability (up to 99% ee) [123]. In 2013, Kitamura and co-workers designed
C1-symmetric P,N,N-ligand L69 for Ru-catalyzed hydrogenation of tert-alkyl
ketones (up to 98% ee) [124]. Recently in 2022, Gulías and co-workers reported the
utilization of simple acylated NOBIN L70 in controlling the enantioselectivity (up
to 98% ee) of a Pd-catalyzed C–H activation reaction (Scheme 7.5) [125].

NHTf
+

•

R1 R2

Pd(OAc)2 (10 mol%),

L70 (30 mol%)

Cu(OAc)2•H2O (2 equiv),

Cs2CO3 (1.5 equiv),

PhCH3, 100 °C, air

DMSO (15 equiv),

NTf

R2R1

H Ar

Ar Ar
Ar up to 92% yield, 

         98% ee

2726 28

Scheme 7.5 Synthesis of benzazepines through a formal [5+ 2] annulation using L70 as a
ligand.
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7.5 Chiral Organocatalysts Derived from BINOLs

With the development of asymmetric organocatalysis, a large variety of chiral
organocatalysts including Brønsted acids, Brønsted bases, Lewis acids, Lewis bases,
phase-transfer catalysts, and bifunctional catalysts have been developed in the past
decades. Considerable amount of these chiral organocatalysts bear at least one
atropisomeric binaphthyl unit, especially those derived from enantiopure BINOLs.

7.5.1 Acid Organocatalysts Derived from BINOLs

In 2004, Akiyama et al. [126] (Scheme 7.6a) and Terada and co-workers [127]
(Scheme 7.6b) independently reported pioneering work on the utilization of
BINOL-derived phosphoric acids C8 as Brønsted acid catalysts in Mannich-type
reactions (Figure 7.13). During the past twenty years, chiral phosphoric acids have
drawn extremely broad attention from the community of asymmetric catalysis and
have been successfully applied in hundreds of enantioselective reactions [128–131].
In 2006, Yamamoto and co-workers designed chiral N-triflyl phosphoramides
C9 and applied them in asymmetric Diels–Alder reaction of 𝛼,𝛽-unsaturated
ketone with silyloxydiene (up to 93% ee) [132]. Yamamoto and co-workers devel-
oped Brønsted acid-assisted chiral Brønsted acid catalyst C10, which catalyzed
Mannich-type reaction of ketene silyl acetals with aldimines to give 𝛽-amino esters
with moderate to good ee (up to 87%) [133]. In 2007, Maruoka and co-workers
designed axially chiral dicarboxylic acids C11 and applied them to the Mannich
reaction of arylaldehyde N-Boc imines and diazo compounds (up to 96% ee)
[134]. These axially chiral dicarboxylic acids C11 can also promote several other
asymmetric reactions [135]. Ishihara and co-workers used BINSA C12 as Brønsted
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Scheme 7.6 Transformations promoted by organocatalyst C8 or C18.
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Figure 7.13 Acid organocatalysts derived from BINOLs.

acid in combination with a 2,6-diarylpyridine to form a combined salt catalyst
for Mannich-type reactions [53]. Several axially chiral Brønsted acids, including
N-triflyl thiophosphoramides C13 (by Yamamoto) [136], bis-phosphoric acid C14
(by Gong) [137], and double axially chiral phosphoric acid C15 (by Du) [138] were
also developed in 2008.
List and co-workers designed and synthesized axially chiral disulfonimides

(DSIs) C16 in 2009 [139]. DSI catalysts can serve as both Brønsted acids
and Lewis acids (after silylation) to promote a broad range of reactions with
excellent enantioselectivities [140]. In 2011, Momiyama et al. designed chiral
bis-phosphoric acids C17 [141]. In the Diels–Alder reaction of 𝛼,𝛽-unsaturated
aldehydes with amidodienes, bis-phosphoric acids C17 are catalytically more active
and enantioselective than mono-phosphoric acids C8. In 2012, List and Čorić
designed and developed confined Brønsted acids imidodiphosphates (IDP) C18
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by connecting two BINOL-derived chiral phosphoric units through the for-
mation of an imidodiphosphoric acid motif. These Brønsted acids possess an
extremely sterically demanding chiral environment and demonstrate exceptionally
high enantioinduction in the extremely challenging catalytic enantioselec-
tive spiroacetalization reaction (Scheme 7.6c) [142]. List and co-workers also
developed internal hydrogen bond-assisted disulfonimide catalyst C19 [143].
The authors investigated the relative catalytic activity of C19 and C16 in the
Mukaiyama aldol reaction of benzophenone and it turned out that internal
hydrogen-bond-assisted DSI C19 is several orders of magnitude more active
than C16.
In 2016, List and co-workers reported the development of chiral super

Brønsted C–H acids binaphthyl-allyl-tetrasulfones (BALTs) C20, which pos-
sess a binaphthyl-allyl-tetrasulfone structure and turn into highly active Lewis acid
catalysts after in situ silylation, for the Diels–Alder reaction of cinnamates with
cyclopentadiene (up to 94% ee) [144]. In the same year, List and co-workers devel-
oped highly acidic and extremely active imidodiphosphorimidate (IDPi) Brønsted
acids C21 and applied them in enantioselective addition of allyltrimethylsilane to
aldehydes [145]. IDPi have been proven to be very powerful Brønsted acid catalysts
and “silylium” Lewis acid precatalysts for a large number of very challenging
transformations [146].
Momiyama and co-workers designed a chiral Brønsted acid C22 containing

two different acidic sites (both carboxylic acid and monophosphoric acid), which
has proven to be a highly regio-, diastereo-, and enantioselective catalyst for the
asymmetric hetero-Diels–Alder reaction between 6-trifluoromethyl-2-azopyridine-
carboxylates and N-H-amidodienes [147]. In 2019, Terada et al. synthesized
bis-phosphoric acid C23 from a dimeric BINOL backbone [148]. Recently in 2022,
Zhao and co-workers developed BINOL-derived chiral super Brønsted C–H acids
C24 (BINOL-derived phosphoryl bis-((trifluoromethyl)sulfonyl) methane, BPTM)
[149]. In comparison with BINOL-derived chiral phosphoric acids C8 and N-triflyl
phosphoramides (C9), BPTM exhibited much higher activity and enantioselectivity
in several reactions such as asymmetric Mukaiyama–Mannich reaction, allylic
amination, and protonation of silyl enol ether.
A few binaphthyl-based silicon Lewis acids have been developed from BINOL

(Figure 7.14). In 1998, Jørgensen and co-workers reported an acetonitrile-stabilized
silicon cation catalyst C25 for the enantioselective Diels–Alder reaction [150].
Although the obtained ee is very low (10%), this work inspires the development
of other silicon Lewis acid catalysts. Hatanaka and co-workers reported pentacoor-
dinate silyl triflimides C26 for a highly enantioselective Diels–Alder reaction (up
to 97% ee) [151]. Oestreich and co-workers developed thioether-stabilized silicon
cation catalysts C27 and C28 [152, 153]. In 2013, Du and co-workers developed
axially chiral frustrated Lewis pair catalysts C29 through in situ hydroboration
of chiral dienes with HB(C6F5)2 and achieved highly enantioselective metal-free
hydrogenation of imines (up to 89% ee) [154]. In 2015, Maruoka and co-workers
reported a boronic acid catalystC30 for the aza-Michael addition of hydroxamic acid
to quinone imine ketals (up to 97% ee) [155]. In 2021, Hall and co-workers designed
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Figure 7.14 Silicon- and boron-containing organocatalysts derived from BINOLs.

a chiral hemiboronic acid catalyst C31 and employed it in the desymmetrization of
2-aryl-1,3-diols through direct O-alkylation [156].

7.5.2 Base Organocatalysts Derived from BINOLs

Various Lewis base, Brønsted Base, and bifunctional catalysts have been designed
and developed from BINOLs (Figure 7.15). Tertiary phosphine C32 was previously
prepared as ligands for asymmetric hydrogenation reactions [16]. In 2005, Fu
and co-workers reported the utilization of C32 as nucleophilic organocatalysts in
the [4+ 2] annulation of imines with allenes (up to 99% ee) [157]. Maruoka and
co-workers developed binaphthyl amino acid C33 [158] and amino sulfonamide
C34 [159] and applied them in direct aldol reaction of aldehydes with acetone
(up to 96% ee) and Mannich reaction between aldehydes and 𝛼-imino ester (up
to >99% ee), respectively. Although binaphthyl-based secondary amine C35 was
tested in several reactions, poor reactivity and stereoselectivity were observed. In
2015, Maruoka and co-workers found this sample amine C35 (R = H) was able to
promote regio-, diastereo-, and enantioselective conjugate addition of aldehydes to
𝛽-tosyl enones (syn/anti> 20:1, up to 94% ee) [160].
Sasai and co-workers developed bifunctional organocatalysts C36 and C37 and

applied them in the aza-Morita–Baylis–Hillman reaction (up to 95% ee) [161, 162].
Terada et al. designed two classes of axially chiral guanidine catalysts C38 and
C39. Excellent enantioselectivities have been achieved in the 1,4-addition of
1,3-dicarbonyl compounds with conjugated nitroalkenes (up to 98% ee) [163] and
amination of 1,3-dicarbonyl compounds with azodicarboxylate (up to 98% ee) [164].
In 2008, Shao and co-workers [165] and Kim and co-workers [166, 167] reported
the utilization of bifunctional amine-thiourea organocatalysts C40 in asymmetric
transformations, independently.
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Figure 7.15 Base and bifunctional organocatalysts derived from BINOLs.

In 2016, Suga and co-workers combined the binaphthyl backbone with the
4-aminopyridyl unit to develop axially chiral DMAP-type organocatalysts C41 for
enantioselective acyl transfer reactions (up to >98% yield, 98% ee) (refer to Chapter
9 for more details) [168]. Primary amineC42was utilized as an organocatalyst in the
fluorination of 𝛼-branched aldehydes (up to 95% ee) by Shibatomi and co-workers
[169]. As a variant of the BINAM-derived selenophosphoramidate, BINOL-derived
selenophosphoramidate C43 was also synthesized by Denmark and Panger in 2020
[170]. In the sulfenoamidation of electron-deficient alkenes, C43 worked well (up
to 78% yield, 94% ee), whereas the BINAM-derived catalyst did not work. In 2020,
Yeung and coworkers developed a highly enantioselective domino halocyclization
and spiroketalization of olefinic keto acids 37 (Scheme 7.7). The key to this success
is the utilization of electron-rich thiourea C44 as the catalyst [171].
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Scheme 7.7 Domino halocyclization and spiroketalization of olefinic keto acids.
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7.5.3 Phase-Transfer, Cation-Bonding, and Ammonium Betaine
Catalysts

Chiral quaternary ammonium and phosphonium salts have been utilized as
phase-transfer catalysts in asymmetric catalysis and various binaphthyl-based
quaternary ammonium and phosphonium organocatalysts have been designed and
developed (Figure 7.16). In 1999, Maruoka and co-workers developed C2-symmetric
quaternary ammonium salts C45 and C46, for practical synthesis of 𝛼-amino
acids through asymmetric alkylation of the benzophenone Schiff base of glycine
esters (up to 96% ee) [172]. Maruoka and co-workers also synthesized quaternary
phosphonium salts C47 and utilized them as organocatalysts in the asymmet-
ric amination of 𝛽-keto esters [173]. Ooi and co-workers developed quaternary
ammonium betaine C48 and employed it as an organic base catalyst in the
direct Mannich-type reaction of 𝛼-substituted 𝛼-nitrocarboxylates with various
N-Boc-imines (up to 99% ee) [174]. In 2009, Maruoka and co-workers developed
chiral phase-transfer catalysts C49, which catalyzed the enantioselective conjugate
addition of 3-aryloxindoles to 𝛽-nitrostyrene under neutral conditions [175]. In the
same year, Song and co-workers developed multifunctional organocatalysts C50
bearing a bis(hydroxy) polyether structure and two BINOL units [176]. This type
of catalyst acts as excellent chiral-anion generator to promote a range of reactions
such as the desilylative kinetic resolution of silyl-protected secondary alcohols,
asymmetric Strecker reaction, and silylative kinetic resolution of racemic alcohols
[177]. The Ooi and co-workers also reported chiral ammonium betaine C51 in 2010,
which also served as an organic base catalyst for the direct Mannich-type reaction
of 2-alkoxythiazol-5(4H)-ones [178]. In 2015, Hamashima and co-workers designed
binaphthyl monocarboxylic acids C52 and utilized them as anionic phase-transfer
catalysts in fluoro-difunctionalization of C–C double bonds (Scheme 7.8a) (up
to 94% ee) [179]. Three years later, Hamashima and co-workers reported a dian-
ionic phase-transfer catalyst C53 bearing two binaphthyl units for asymmetric
fluoro-cyclization reactions (Scheme 7.8b) (up to 99% ee) [180].

7.5.4 Chiral Ketone and Aldehyde Organocatalysts Derived
from BINOLs

Very early in 1996, Yang and co-workers developed a class of C2-symmetric chiral
ketone organocatalysts C54 (Figure 7.17) bearing a binaphthyl backbone and
successfully applied them in the asymmetric epoxidation of unfunctionalized
olefins (up to 95% ee) [181, 182]. In 2014, Guo and co-workers reported the
utilization of BINOL-based chiral aldehydes C55 as organocatalysts to promote
direct 𝛼-functionalization of N-unprotected amino esters [183]. In 2018, Guo,
Ouyang, and co-workers developed another class of aldehyde catalyst C56 [184] and
realized the direct asymmetric 𝛼-functionalization of N-unprotected glycine esters
(Scheme 7.9).
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Figure 7.17 Chiral ketone and aldehyde organocatalysts derived from BINOLs.
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7.5.5 BINOL-Derived Catalysts for Hypervalent Iodine Organocatalysis

Chiral hypervalent iodines have been proven to be very promising organocatalysts
for enantioselective oxidative transformations, owing to their attractive features
such as high stability, low toxicity, and ease of handling. Several binaphthyl-based
iodine-containing catalysts have been developed in recent years (Figure 7.18).
In 2009, Quideau and co-workers synthesized iodoarene C57 and employed it
as hypervalent iodine precursor to mediate hydroxylative dearomatization of
2-methylnaphthol in the presence ofmCPBA (up to 50% ee) [185]. In 2010, Ishihara
and co-workers creatively utilized a chiral quaternary ammonium iodite C58
as a precursor to catalyze the oxidative cycloetherification of ketophenols 47 to
2-acyl-2,3-dihydrobenzofuran derivatives 48 with hydrogen peroxide as the oxidant
(Scheme 7.10a) [186]. Berthiol and co-workers synthesized 3,3-diiodo-BINOL-fused
maleimides C59 and tested them in the 𝛼-oxytosylation of propiophenone (up to
46% ee) [187]. In 2014, Kita and co-workers reported their test of iodoarene C60 as a
catalyst in the intramolecular aminofluorination of alkenes (up to 70% ee) and the
nucleophilic fluorination of 𝛽-ketoesters (up to 56% ee) [188].
Recently in 2023, Zhang and co-workers developed a confine chiral aryl iodide

catalyst C61 by incorporating two bulky BINOL-derived units, which form the
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Figure 7.18 BINOL-derived catalysts for hypervalent iodine organocatalysis.
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second-layer chiral environment, to lock down the conformation of the catalyst
and create a compact chiral environment around the catalytically active site.
With this catalyst, good to excellent enantioselectivities have been achieved in
the 𝛼-oxysulfonylation of ketones (up to 95% ee, Scheme 7.10b) and the oxidative
cyclization of 5-oxo-5-arylpentanoic acids 52 to 𝛾-butyrolactones 53 (up to 96% ee,
Scheme 7.10c) [189].

7.6 Chiral Organocatalysts Derived from BINAMs

BINAMs have been employed as a source of chirality to design various organocata-
lysts such as phosphoramides, thiophosphoramides, selenophosphoramides, ureas,
thioureas, and squaramides (Figure 7.19). In 2001, Denmark and Wynn developed
bis-phosphoramide catalyst C62 and used it in the allylation and propargylation
of aldehydes (up to 97% ee) [190]. In 2005, Wang and co-workers developed a
binaphthyl-derived amine thiourea C63 and employed it to catalyze the enantiose-
lectiveMorita–Baylis–Hillman reaction of cyclohexenonewith aldehydes (up to 94%
ee) [191]. In 2006, Connon and co-workers reported the application of axially chiral
bis-thiourea C64 and bis-urea C65 in the Friedel–Crafts type addition of indole and
N-methylindole to nitroolefins (up to 50% ee) [192]. Shi and Liu also applied similar
bis-thioureas in the Henry reaction (up to 75% ee) [193] andMorita–Baylis–Hillman
reaction (up to 88% ee) [194].
Terada et al. synthesized phosphorodiamidic acids C66 from BINAM and studied

their capability of catalyzing the direct Mannich reaction of N-acyl imines with
1,3-dicarbonyl compounds (up to 97% yield, 56% ee) [195]. In 2008, Ishihara
and co-workers tested lithium salt of BINAM-derived phosphoric acid C67 as a
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catalyst in the cyanosilylation of acetophenone and obtained the corresponding
tertiary cyanohydrin in 83% yield with 68% ee [196]. In 2015, Toste and co-workers
utilized BINAM-derived phosphoric acids as a phase-transfer catalyst to promote
the 𝛼-diazenation of enolate derivatives (up to 93% ee) [197]. In 2009, Ooi and
co-workers identified arylaminophosphonium barfates C68 as charged Brønsted
acids to catalyze conjugate addition of arylamines to nitroolefins (up to 97% ee)
[198].
In 2010, Denmark et al. developed thiophosphoramides C69 and selenophospho-

ramides C70 and tested their performance as Lewis base catalysts in the cyclization
of unsaturated alcohols in the presence of N-(2-nitrophenylselenenyl)succinimide
and methanesulfonic acid (up to 70% ee) [199]. These BINAM-derived thiophos-
phoramides and selenophosphoramides have proved to be very powerful Lewis base
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catalysts for many other asymmetric transformations. In 2018, Gouverneur and
co-workers employed bis-urea C71 as a hydrogen bonding phase-transfer catalyst to
promote asymmetric nucleophilic fluorination (Scheme 7.11) (up to 94 % ee) [200].
Ema and co-workers reported the synthesis of bis-squaramide C72 and tested it
in the kinetic resolution of styrene oxide, albeit with low enantioselectivity [201].
In 2022, Ooi and co-workers designed chiral borate ion C73 consisting of a BINAM
backbone and demonstrated the application of it as catalyst in the Prins-type
cyclization of vinylic ethers (up to 95 % ee) [202].

C71 (10 mol%) 

–30 °C to r.t., 24–72 h

Up to 98% yield, 94% ee54 55

R2

Br

R2

R2

SR1

F

R2

rac (S,S)

CsF (2.0 equiv)

1,2-difluorobenzene

SR1

Scheme 7.11 Asymmetric nucleophilic fluorination catalyzed by C71.

7.7 Chiral Organocatalysts Derived from NOBINs

NOBINs also have been used to design organocatalysts such as thioureas,
ureas, and squaramides (Figure 7.20). In 2007, Shi and co-workers developed
thiourea-phosphine organocatalysts C74 and applied them to several asym-
metric transformations [203, 204]. In 2010, Ooi and co-workers developed
diaminodioxaphosphonium barfates C75 for enantioselective protonation of
𝛼-amino acid-derived ketene disilyl acetals (up to 97% ee) [205]. In 2011, Herrera
and co-workers synthesized a thiourea organocatalyst C76 and tested it in the
Friedel–Crafts alkylation of indoles with nitroalkenes during the catalyst screening
(7% ee) [206]. In 2014, Sibi and co-workers used NOBIN-derived thiourea C77
to promote [2+ 2] photocycloaddition of 4-alkenyl-substituted coumarins 56
(Scheme 7.12) (up to 96% ee) [207]. Herrera and co-workers synthesized various
unsymmetrical squaramides including C78 in 2015 and then used it to catalyze the
Henry reaction in 2016 (up to 94% ee) [208, 209]. In 2017, Shirakawa and co-workers
reported the development of binaphthyl-derived chiral tertiary sulfonium salts
C79 and their application as phase-transfer catalysts in the asymmetric conjugate
addition of 3-substituted oxindoles to maleimides (up to 93% ee) [210].

7.8 Chiral Ligands and Catalysts Derived from Other
Binaphthyl Motifs

In this section, two chiral ligands developed by the Yamamoto and co-workers
and one iodoarene organocatalyst developed by Kita and co-workers were
selected as examples to briefly introduce how they were synthesized. As shown in
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Scheme 7.12 Photocycloaddition of 4-alkenyl-substituted coumarins catalyzed by C77.

Scheme 7.13a, the tethered bis(8-quinolinolato) ligand (TBOx) L71 was synthesized
from (R)-2,2′-diiodo-1,1′-binaphthalene 58. A chromium complex of L71 was
used to catalyze the asymmetric pinacol coupling reactions of aldehydes (up to
98% ee) [211]. Besides chromium complex, L71 can also form a chiral catalyst
with aluminum to promote various asymmetric transformations [212]. In 2011,
Yamamoto and Nishikawa designed a class of chiral bidentate ligands L72 bearing
both a phenanthroline unit and a binaphthyl motif [213]. These ligands were
synthesized from (R)-2,2′-dibromo-1,1′-binaphthalene 60 (Scheme 7.13b) and used
to generate iron catalysts for asymmetric epoxidation of acyclic 𝛽,𝛽-disubstituted
enones (up to 92% ee). In 2017, Kita and co-workers designed a new type of axially
chiral iodoarenes C80 (Scheme 7.13c) and tested them as hypervalent iodine
organocatalyst precursors to promote asymmetric dearomatizing spirocyclizations
of 1-naphthol-2-propionic acid (62% yield, 64% ee) [214]. In the synthesis of
iodoarenes C80, Ni-catalyzed reductive coupling of 8-amino-1-bromonaphthalenes
62 was used to construct the racemic binaphthyl diamine intermediate 63. After
chiral resolution with preparative HPLC, the obtained enantiopure diamine was
converted to C80 through Sandmeyer-type iodination. Although the enantiose-
lectivity is yet to be improved and the synthesis of the catalysts requires a chiral
resolution procedure, this type of promising iodoarene represents novel axially
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Scheme 7.13 Syntheses of ligands L71, L72, and organocatalyst C80.

chiral catalysts derived from binaphthyl starting materials other than BINOL,
BINAM, and NOBIN.

7.9 Summary and Outlook

Illustrated in this chapter are more than 150 axially chiral ligands and organocata-
lysts derived from atropisomeric BINOLs, BINAMs, NOBINs, or other binaphthyl
structures. From phosphine and phosphoramidite ligands to Schiff base ligands,
from Brønsted acid to Lewis base and phase-transfer organocatalysts, the privileged
axially chiral binaphthyl structures present in most of the widely utilized chiral
catalytic systems. Although it is nearly impossible to include all the binaphthyl
chiral catalysts in one chapter, it is believed that these representative examples are
sufficient to demonstrate the amazing enantioinductive capability of the privileged
atropisomeric binaphthyl structures. A chiral catalyst not only promotes a certain
reaction by reducing its activation energy, but also provides a crucial chiral environ-
ment for the enantioinduction. In fact, the nature of asymmetric catalysis is bond
beak and formation in a chiral environment provided by the catalyst, despite the
diverse classifications of numerous chiral metal catalysts and organocatalysts, and
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the very different catalytic modes. Represented by BINOL, BINAM, and NOBIN,
axially chiral binaphthyl structures have provided a wonderful chiral environment
for numerous asymmetric transformations. With the rapid development in the
asymmetric syntheses of highly diversified axially chiral molecules [215, 216], we
believe that more novel and powerful axially chiral catalysts will be developed, and
tremendous new asymmetric transformations will be realized in the future.
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Multinuclear Zinc Catalysts with Axial Chirality
Takayoshi Arai

Chiba University, Graduate School of Science, Department of Chemistry, 1-33 Yayoi, Inage-ku, Chiba,
263-8522, Japan

This chapter details the development of zinc catalysts using axially chiral ligands.
The hard nature of the zinc element has led to the development of many catalysts
by employing the axial chiral 1,1′-bi-2-naphthol (BINOL) ligands (Figure 8.1) [1].
Let us look at some representative studies that have been established along with the
development of asymmetric catalysis.

8.1 Pioneering Works on BINOL-Zn System

The first chiral Lewis acidic BINOL-Zn system was pioneered by Yamamoto et al.
In 1985, an enantioselective cyclization of prochiral unsaturated aldehydes was
reported using a zinc binaphthoxide complex prepared from dimethylzinc and (R)-
(+)-1,1′-bi-2-naphthol (BINOL: L1) (Scheme 8.1) [2].
Renaud and co-workers applied Yamamoto’s reagent to an enantioselective

Diels–Alder reaction (Scheme 8.2) [3]. The zinc binaphthoxide reagent promoted
the reaction of N-alkoxyacrylamide substrates with cyclopentadiene to give the
endo-selective Diels–Alder adduct with up to 96% ee. Yamamoto’s zinc binaph-
thoxide complex was also promoted the asymmetric aza-Diels–Alder reaction of
Danishefsky’s diene with imine to give the products with up to 93% ee [4].
In these pioneering works, the real catalyst structure was unclear and typically

stoichiometric amount of zinc binaphthoxide complex was required in order to
ensure acceptable enantioselectivity and chemical yields.

8.2 Enantioselective Addition Reaction of Dialkylzinc
to Aldehydes Using BINOL Additive

Another early-stage streamof the BINOL-Zn system is shown in the enantioselective
addition of dialkylzinc to aldehydes. For the addition of dialkylzinc to aldehydes,
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Figure 8.1 Multinuclear zinc catalysts with axial chirality.
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OH

OH
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Scheme 8.1 Asymmetric enantioselective cyclization of unsaturated aldehydes promoted
by zinc binaphthoxide.
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OMe
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R O
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(S)

Renaud and co-workers [3]

Whiting and et al. [4]

Scheme 8.2 Asymmetric enantioselective Diels–Alder reactions promoted by zinc
binaphthoxide.

Oguni et al. reported the first enantioselective reaction using a bis((−)-camphor-
quinone-α-dioximato:L2) palladium(II) metal complex in 1983 [5], and the reaction
using an (S)-leucinol (L3) in 1984 [6]. Noyori and co-workers reported a (–)-3-exo-
dimethylaminoisobornenol [(–)-DAIB (L4)] as a quite efficient catalyst for giving the
product in a highly enantioselective manner (Scheme 8.3) [7].
Among the survey of various chiral ligands for zinc reagents, BINOL as a

C2-symmetric chiral diol was reasonably examined. Although Salvadori and
co-workers reported that the BINOL (L1) itself promoted the reaction of diethylzinc
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Ph Et
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49% ee

Scheme 8.3 Examples of asymmetric diethylzinc addition to aldehydes.

with aromatic aldehydes to give the products ranging from 48% ee to 77% ee [8],
Joshi and Prasad concluded that the reaction was not promoted [9]. The obscure
results would be due to the aggregation nature of the zinc binaphthoxide.
Katsuki and co-workers reported an N,N,N′,N′-tetraisopropyl-2,2′-dihydroxy-1,

1′-binaphthyl-3,3′-dicarboxamide (L5)-catalyzed addition of diethylzinc to ben-
zaldehyde with enantioselectivity of up to 99% ee (Scheme 8.4). A monomeric
seven-membered 2,2′-dihydroxy-1,1′-binaphthyl-3,3′-dicarboxamide–Zn complex
is proposed on the basis of nuclear magnetic resonance (NMR) experiments [10].
In the paper, catalytic asymmetric Simmons–Smith cyclopropanation of allylic
alcohols was also examined.

OH

OH

O

O

NiPr2

NiPr2

O

O

O

O

NiPr2

NiPr2

Zn
O

R

H

ZnEt

Et

L5

Scheme 8.4 N,N,N′ ,N′-tetraisopropyl-2,2′-dihydroxy-1,1′-binaphthyl-3,3′-dicarboxamide
(L5)-catalyzed addition of diethylzinc to benzaldehyde.
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Pu and co-workers prepared a unique BINOL polymer (L6). The rigid and
sterically regular chiral polybinaphthyl (5mol% based on the binaphthyl unit) was
applied to the asymmetric addition of diethylzinc to aldehydes to record up to
95% yield with 94% ee, which would be the result on prevention of the undesired
aggregation of zinc binaphthoxide (Scheme 8.5) [11].

ZnEt2

R = n-C6H13

O

O

O

O

OR

RO

OR

RO

EtZn
EtZn

ZnEt
ZnEt

R = n-C6H13

OH

OH

HO

HO

OR

RO

OR

RO

L6

Scheme 8.5 BINOL polymers (L6) for diethylzinc addition to aldehydes.

The early stage of asymmetric zinc binaphthoxide system has indicated the
importance of some bulky substituents at the 3- and/or 3′-positions of BINOL
to get high catalytic activity. In many cases, the substituents would reduce the
complicated aggregation to form the polynuclear zinc complexes.
Impressive approach for exploring the efficient zinc binaphthoxide catalyst came

from the study on “Asymmetric Activation” [12]. In the strategy of asymmetric
activation, one enantiomer of catalyst can be activated by adding a compound for
improving the catalyst efficiency and enantioselectivity.
Mikami et al. and Walsh et al. have independently studied the use of a “chi-

ral/achiral activator” for the zinc binaphthoxide catalysts and discovered the
combination use of 3,3′-diphenylbinaphthol (L7) with diminines (L8, L9) gave the
excellent catalysts (Figure 8.2). For example, in Mikami’s combination, only 2mol%
of L7/diphenylethylene-derived diimine L8 gave (S)-phenylpropanol in 100% yield
with 97% ee [13, 14].
Ishihara and co-workers reported 3,3′-diphosphoryl-binaphthol (L10) for

the enantioselective dialkylzinc addition to aldehydes [15]. Using a zinc
3,3′-diphosphoramide binaphthoxide, highly enantioselective dialkylzinc addition
was achieved for a series of aromatic, aliphatic, and heteroaromatic aldehydes with
up to >99% ee (Figure 8.3).
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Figure 8.2 Asymmetric activation system for diethylzinc addition to aldehydes.
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Figure 8.3 3,3′-Diphosphoryl-binaphthol (L10).

8.3 Catalytic Asymmetric Alkynylation of Aldehydes

Pedro and co-workers reported a 3,3-bis(3,5-ditrifluoromethylphenyl)binaphthol
(L11) for the first enantioselective alkynylation of N-sulfonyl aldimines to give
N-sulfonyl-protected propargylic amines via in situ formation of zinc acetylide
from dimethylzinc with the terminal alkynes (Scheme 8.6) [16]. L11 drastically
improved the asymmetric induction to 96% ee from L1-catalyzed reaction (8% ee).

OH

OH

OH

OH

CF3

CF3

CF3

CF3

HPh
N

Ph H

SO2-p-tol HN

Ph

SO2-p-tol

Ph

+

80% yield, 8% ee using 84% yield, 96% ee using

L11

Me2Zn (3 equiv)
L11 (5 mol%)

Scheme 8.6 3,3-Bis(3,5-ditrifluoromethylphenyl)binaphthol (L11)-catalyzed asymmetric
alkynylation.
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Without the use of an activator, the reaction worked nicely with various aromatic
and heteroaromatic N-sulfonyl aldimines. The N-tosyl amines derived from alkyl
acetylenes can be efficiently transformed into the corresponding propargylic amines
by a treatment with SmI2.

8.4 Catalytic Asymmetric Diels–Alder Reaction

From the study on the asymmetric activation, Ding and co-workers discovered a
combination use of 3,3′-dibromobinaphthol (L12) and cyclohexyldiamine-derived
diimine (L13) provided an efficient zinc catalyst for the hetero Diels–Alder
reaction of Danishefsky’s diene with aldehydes to give the 2-substituted 2,3-
dihydro-4H-pyran-4-one in up to quantitative yield with 98% ee (Scheme 8.7) [17].

OMe

TMSO

+

O

H

(1) L12/Zn/L13
    (10 mol%)

(2) CF3CO2H

O

O

OH

OH

Br

Br

N

N

Cl

Cl

Cl

Cl

Bset combination:

Up to 99% ee

L12 L13

Scheme 8.7 Asymmetric activation of zinc 3,3′-dibromobinaphthoxide-catalyzed hetero
Diels–Alder reaction.
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Scheme 8.8 Catalytic asymmetric inverse-electron-demand imino Diels–Alder reaction.
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We have realized the importance of introducing some substituents at the 3,3′-
poisition of BINOL to get high catalytic activity, but it is not always essential. Interest-
ingly, Kumar andWaldmann reported first an asymmetric inverse-electron-demand
imino Diels–Alder (IEDIDA) reaction that is the cycloaddition of the electron-rich
cyclic imine with the chromone-derived diene in the presence of zinc binaph-
thoxides [18]. In this study, both the original simple BINOL (L1) and the
3,3′-diphenanthrenylbinaphthol (L14) showed comparable catalytic activities
(Scheme 8.8). The large and highly polar substrates themselves might act as the
achiral asymmetric activator.

8.5 Catalytic Asymmetric Epoxidation of Enones

Asymmetric epoxidation of enones is one of the well-studied reactions using the
zinc binaphthoxide system. After Shibasaki’s lanthanoid binaphthoxide-catalyzed
asymmetric epoxidation of enones, a wide range of efficient catalysts have been
developed (Scheme 8.9) [19, 20]. Among them, Pu and co-workers applied their
binaphthyl polymer (L6) for the zinc-catalyzed epoxidation of enone substrates
using tert-butyl hydroperoxide (TBHP) [21]. From the structure–activity relation-
ship of the polymer ligands, interaction of the neighboring catalytic sites in the
polymer chain was proposed.
Later, Dötz and co-workers discovered that the zinc-catalyzed enantioselective

epoxidation of α,β-enones was possible to be conducted using a simple BINOL (L1)
[22]. An observation of asymmetric amplification for the epoxidation of chalcone
suggests the dimeric or oligomeric zinc binaphthoxide complexes as the active
species.

O

O
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O AsPh3

R1

O
O

R2R1

O

R2

TBHP (1.2 equiv)

(5 mol%)

Up to 92% yield, 99% ee

Shibasaki et al. [19, 20]

R1

O
O

R2R1

O

R2

TBHP (1.2 equiv)

L6 (20 mol% as BINOL unit)
Et2Zn (36 mol%)

Up to 81% yield with 79% ee

Pu and co-workers [21]

Scheme 8.9 Catalytic asymmetric epoxidation of enones.
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L1 (20 mol%)
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Up to 99% yield with 92% ee

Dötz and Minatti [22]

Scheme 8.9 (Continued)

8.6 Catalytic Asymmetric Direct Aldol Reaction

Catalytic asymmetric direct aldol reaction using nonactivated simple ketones is an
important reaction for accessing the chiral α-hydroxy ketones [1]. Shibasaki et al.
pioneered the first intermolecular direct catalytic aldol of simple ketones using their
famous heterobimetallic multifunctional LaLi3tris-(binaphthoxide) (LLB) complex
[23]. The addition of an equimolar amount of KHMDS to the LLB complex improved
the catalytic activity for reducing the catalyst amount in 8mol% (Scheme 8.10) [24].
Shibasaki and co-workers have also carried out the direct aldol reaction using

barium binaphthoxide catalysts [25]. The barium binaphthoxide derived from
monomethyl ether of BINOL (L15) became the efficient catalyst for the direct
aldol reaction of acetophenone with alkyl aldehydes [26]. More simply obtainable
barium binaphthoxide is useful for the enolate formation from α,β-unsaturated
esters to give Baylis–Hillman-type adducts, in which a dynamic kinetic asymmetric
transformation (DYKAT) through isomerization of the initial aldol adduct is
observed [27].

O

O

La O

O

O

O LiLi

Li

+

O

Ph

O

HR1

OH

R1 Ph

O
LLB (8 mol%)

R2 R2
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18 mol % H2O

Up to 95% yield
syn: anti = 93:7
ee of syn: 76% ee
ee of anti: 88% ee

Scheme 8.10 Shibasaki’s catalytic asymmetric direct aldol reactions.

https://pobeda.onf.ru/


8.6 Catalytic Asymmetric Direct Aldol Reaction 227

+

O

O O

O
Ba

Me

Me

O

Ph

O

HR

OH

R Ph

OL152-Ba cat.5 mol %

77–99% yield 
50–70% ee

O

O O

O
Ba

+

O

OBn

O

HR

OH

R OBn

O
5 mol%

53–85% yield 
87–99% ee

Scheme 8.10 (Continued)

Regarding the multinuclear Zn catalysts, Trost’s catalyst is impressive. In 2000,
a bisproline-substituted phenol ligand (L16) was developed for dinuclear Zn cat-
alyst systems (Scheme 8.11) [28]. After the first demonstration of the asymmetric
aldol reaction, the unique dinuclear Zn platform has been applied to a wide range
of asymmetric reactions. Because Trost’s Zn catalyst is missing the concept of atrope
chirality, here the utility is just summarized in a showcase (Figure 8.4) [29].
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Scheme 8.11 Zinc bisproline-substituted phenoxide catalyst for direct aldol reaction.
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Figure 8.4 Showcase of Trost’s Zn catalyses.

Da et al. developed a BINOL ligand having (S)-diphenylprolinol unit at the
3,3′-posision (L17) [30]. Using the 20mol% dinuclear zinc complex prepared from
L17, the direct aldol reaction of acetophenone was catalyzed to give the product
with up to 80% ee (Scheme 8.12).
Especially, α-hydroxy ketones are important substrates for the multinuclear

zinc-catalyzed asymmetric direct aldol reaction, because the multinuclear zinc
platform has been studied as a mimic of class II zinc metalloenzymes. The feature
of bifunctional aldolases, classified as class I (peptide base) and class II (zinc met-
alloenzyme), have received much attention as a potentially advantageous strategy
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Scheme 8.12 Diphenylprolinol-substituted BINOL (L17) for zinc-catalyzed asymmetric
aldol reaction.
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to develop efficient and atom-economic artificial asymmetric enzymes. In the
mechanism of the class II Zn2+-dependent aldolases, chelation of the cis-enediolate
form of dihydroxyacetone phosphate is proposed (Scheme 8.13) [31].

O–

HO

OPO3
–

Zn
HisHis

HisR

O

H

Scheme 8.13 Working hypothesis of Zn2+-dependent aldolases.

Trost et al. applied their multinuclear Zn-catalysts (L16-Zn2) to the aldol reac-
tion of α-hydroxy ketones to give the products in a highly syn-selective manner
(Scheme 8.14) [32].

+
O

Ar
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R Ar

OL16-Zn2 cat. (2.5–5 mol%)
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HO OH

65–97% yield
syn:anti = 4:1–100:0
ee of syn: 86–98%ee

Scheme 8.14 Dinuclear zinc prophenoxide-catalyzed aldol for syn-diols.

From the continuous efforts of Shibasaki group for developing multinuclear
cooperative asymmetric catalysts, a (S,S)-linked-BINOL (L18) was synthesized
and applied to the Zn-catalyzed asymmetric aldol reaction of α-hydroxyketones
(Scheme 8.15) [33]. The complex prepared in a ratio of 4 : 1 for Et2Zn/L18
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Scheme 8.15 Linked BINOLs for zinc-catalyzed asymmetric aldol reaction of
α-hydroxyketones.
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Scheme 8.15 (Continued)

with molecular sieves 3A (MS 3A) worked effective catalyst for the direct aldol
reaction albeit in a syn-selective manner. From the mechanistic study, the for-
mation of trinuclear Zn complex having two molecules of L18 was suggested.
A sulfur-linked-BINOL (L19) was also effective in the direct aldol reaction of
α-hydroxyketones to give the aldol adducts in an anti-selective manner with up to
93% ee.

8.7 Catalytic Asymmetric Iodofunctionalization
of Alkenes

In 2014, a 3,3′-bis(aminoimino)BINOL ligand (L20) prepared from (R, R)-diphenyl-
ethylenediamine and (R)-3,3′-diformylbinaphthol was developed for making
a trinuclear Zn complex by a reaction with Zn(OAc)2. The structure of chiral
Zn3(OAc)4-3,3′-bis(aminoimino)binaphthoxide complex (tri-Zn) was unequivo-
cally determined by an X-ray crystallographic analysis. Using 1mol% tri-Zn catalyst
up to 99.9% ee of iodolactones were obtained (Scheme 8.16) [34].
The diastereomeric ligand (L21) prepared from (S, S)-diphenylethylenediamine

and (R)-3,3′-diformylbinaphthol reduced asymmetric induction with 68% ee.
Interestingly, a L22 prepared using an achiral amine also provided an efficient
chiral zinc catalyst to afford chiral iodolactone with 98% ee. The catalyst prepared
using (R, R)-diphenylethylenediamine-derived bis(aminoimino)biphenol (L23)
gave (R)-enriched iodolactone in 75% yield with 72% ee. From density functional
theory (DFT) calculations of the L23-Zn(OAc)2 complex, the conformation with
the (R)-axis L23-Zn3 complex is more stable by 6.0 kcal/mol than the (S)-axis
configuration. Further experimental analysis of the reaction mechanism and the
DFT calculation revealed the catalyst role. In the tri-Zn catalysis, carboxylic acid
substrate was converted to zinc carboxylates. The halolactonization is significantly
enhanced by the addition of catalytic I2. DFT calculation suggested that a catalytic
amount of I2 mediates the alkene portion of the substrates and N-Iodosuccinimide
(NIS) to achieve highly enantioselective iodolactonization [35].
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Scheme 8.16 Zn3(OAc)4-3,3
′-bis(aminoimino)binaphthoxide complex (tri-Zn) catalyzed the

asymmetric iodolactonization.

Compared to the well-examined halolactonaization, the intermolecular haloester-
ification was hard to be conducted. Although haloesterification using easily obtain-
able alkenes and carboxylic acids has a clear industrial advantage, the successful
examples of catalytic asymmetric haloesterification are limited due to the difficulty
of controlling the intermolecular reaction.
The first catalytic asymmetric iodoesterification of simple alkenes was achieved

using the (R,S,S)-3,3′-bis(aminoimino)BINOL ligand (L21). The reaction of L21
with zinc carboxylate formed a dinuclear zinc-(R,S,S)-3,3′-bis(aminoimino)
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binaphthoxide (di-Zn) complex. For iodoesterification using p-methoxybenzoic
acid, the N-iodonaphthalenimide (NIN)-I2 system was effective for producing
iodoesters in a highly enantioselective manner (Scheme 8.17) [36].

L21 (5 mol%)

(R2C6H4CO2)2Zn (10 mol%)

NIN (1.1 eq), I2 (0.2 equiv)

CH2Cl2, –78 °C
HO
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O

O

R2
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+

1.1 equiv

R2

R3R1
R3R1

22 examples
Up to 99% yield
90% ee

Scheme 8.17 Dinuclear zinc-(R,S,S)-3,3′-bis(aminoimino)binaphthoxide (di-Zn) catalyzed
the asymmetric iodoesterification.

Recently, a similar catalyst system was applied to the intermolecular iodoetheri-
fication. Although the previously reported tri-Zn and di-Zn were resulted in poor
asymmetric induction in the iodoetherification, further optimization of the catalyst
structure achieved the development of a new tri-Zn II for highly enantioselective
iodoetherification of the simple alkenes with o-nitrophenols (Scheme 8.18). The
DFT calculation reveals that on the tri-Zn II catalyst, zinc-phenoxide forma-
tion, chelation of the o-nitro functionality, halogen-bonding between NIP and
I2, hydrogen-bonding, and π–π-stacking were merged for accomplishing the
intermolecular catalytic asymmetric iodoetherification [37].

+
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Scheme 8.18 Zn3(OAc)4-3,3
′-bis(aminoimino)binaphthoxide complex (tri-Zn) catalyzed the

asymmetric iodoetherification.
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8.8 Conclusions

In this chapter, epoch-making researches on the multinuclear zinc catalysts having
axial chirality were surveyed. The introduction of substituents at the 3,3′-position
of BINOL has been a trend for getting high catalytic activity and stereoselectivity.
Advanced 3,3′-funactionalized BINOLs have also been developed for employing
cooperative effects and for incorporating the plural zinc atoms. Not only zinc atoms,
the highly ordered axially chiral ligand spheres are fascinating platforms for various
metal elements (e.g. V [38], Cu [39], and Pd [40]). As learned the mechanism
in the class II Zn2+-dependent aldolases, the axially chiral 3,3′-funactionalized
BINOLs have further potential to cleating next-generation catalysts for contributing
sustainable and biofriendly catalyses.
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9.1 Introduction

Atropisomerism of the binaphthyl moiety has been widely used as a chiral source
in organocatalysts, such as chiral phase transfer catalysts [1–3], chiral Brønsted acid
catalysts [4–9], and chiral Brønsted base catalysts (Figure 9.1) [10, 11].
Some advantages of using the atropisomerism of the 1,1′-binaphthyl moiety

include the following: (i) both enantiomers of the 1,1′-binaphthyl moiety are readily
obtained from (S)- or (R)-(−)-1,1′-bi-2-naphthol [12] (BINOL), which is available
commercially. (ii) The atropisomerism of the 1,1′-binaphthyl is relatively stable and
does not racemize under most reaction conditions. (iii) 1,1′-Binaphthyl moiety can
be tuned electronically and sterically by introducing various substituents at the 3,3′
or 7,7′ positions (Figure 9.2). (iv) The solubility of the catalyst can also be enhanced
by introducing lipophilic substituents. (v) An easily accessible C2-symmetric
catalyst decreases the potential number of possible competing transition states
(compared to C1-symmetric catalyst) and simplifies the understanding of the
reaction mechanism. Despite these advantages, the 1,1′-binaphthyl moiety has
rarely been applied to nucleophilic catalysis, including acylation of alcohol.
N,N-4-Dimethyl-4-aminopyridine (DMAP) has been used as a powerful nucle-

ophilic catalyst in organic synthesis for acylation of alcohols. In 1967, Litvinenko
andKirichenko reported that DMAP dramatically increased the rate of benzoylation
of aniline compared to triethylamine or pyridine [13]. Soon after, Steglich and Höfle
established the general protocol for the acylation of alcohols with a catalytic amount
of DMAP in the presence of an auxiliary base [14]. The generally accepted mecha-
nism of alcohol acylation, based on both experimental and computational results, is
shown in Scheme 9.1 [15–18]. The DMAP rapidly reacts with the acylating reagent
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Figure 9.1 Selected examples of organocatalysts with binaphthyl moiety.
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i (e.g. acetic anhydride) to form N-acyl pyridinium salt ii. This
salt then reacts with the alcohol (R2OH) via transition state iii,
facilitated by deprotonation by the counter anion (−OOCR1),
resulting in the formation of ester iv and pyridinium salt v.
The pyridinium salt v is subsequently neutralized by base B:
(e.g. Et3N) to regenerate DMAP.
Selected enantiomerically pure variants of DMAPs or their

related scaffolds [19] are listed in Figure 9.3. These catalysts
fall into several categories based on the origin of chirality.
For example, catalysts having stereogenic carbon(s) [20–25],
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Scheme 9.1 A plausible mechanism for DMAP-catalyzed acylation of alcohols using acid
anhydride.
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Figure 9.3 Selected examples of chiral DMAPs and related compounds.

helical chirality [26–28], planar chirality [29, 30], and atropisomerism [31, 32].
Such catalysts have been successfully applied to various nonenzymatic approaches
[33] for the enantioselective acyl transfer reactions [e.g. the kinetic resolution
[34–37], dynamic kinetic resolution (DKR) [38], desymmetrization [37, 39–42],
rearrangements [43], and openingmeso anhydride [44] and regioselective acylations
of carbohydrates [45, 46].
This chapter will mainly focus on binaphthyl-based chiral DMAPs in inter- or

intramolecular acyl transfer reactions. Furthermore, concepts related to catalyst
design and mechanistic insights including hydrogen bonding [47, 48] will also
be discussed for a better understanding of the mechanism. We believe that the
insights (e.g. reaction mechanism and/or mode of enantiodiscrimination) from
binaphthyl-based chiral DMAP derivatives could offer helpful information for the
future development of novel binaphthyl-based catalysts.
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9.2 Binaphthyl-Based Chiral DMAP Derivatives

9.2.1 Catalyst Design

In 2016, Mandai and Suga reported a new class of chiral DMAP derivatives with
atropisomerism of the binaphthyl moiety [32]. The catalyst structure allows rapid
access to a range of optically active DMAP derivatives and exploits the positive,
noncovalent interaction between catalyst and substrate for reaction acceleration
(Figure 9.4).

FG

FG

N N

1

Figure 9.4 Binaphthyl-
based chiral DMAP
derivatives (FG = polar
functional group).

This catalyst design would have some advantages: [1]
both enantiomers of optically active BINOL, the start-
ing material for catalyst synthesis, are readily available
and do not require optical resolution during catalyst syn-
thesis, even if they carry various polar functional groups
(FGs) on the binaphthyl moiety. Therefore, [2] gram-scale
synthesis of catalysts might be possible without compli-
cated operations, and [3] various substituents (FG) can
be installed on the binaphthyl unit. [4] The chiral envi-
ronment at C4 of pyridine might not decrease its cat-
alytic activity. Furthermore, [5] the FG might serve as
a positive effect on the fixation of the transition state
(Figure 9.5). For example, if the counter anion of the N-acyl pyridinium ion
intermediate serves as the nucleophile (Nu−) (design option 1), the interac-
tion between FG and the counter anion (Nu−) forms a rigid transition state and
some reaction acceleration and high enantioselectivity can be expected. On the
other hand, if the nucleophile is effectively activated by FG (design option 2),
reaction acceleration and high enantioselectivity can also be expected. Such uni-
versal catalyst designs (design options 1 and 2) could cover different types of
reactions.

Design option 1
Counteranion = Nu–  

Possible application: Steglich-type reactions

Design option 2
Counteranion = R1CO2

–

Possible application: alcohol acylation

FG

FG

N N

O

R1

Nu

R1

O ONu HFG

FG

N N

O

R1

Figure 9.5 Two possible modes of activations by FG of binaphthyl-based chiral DMAP
derivatives.
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9.2.2 Catalyst Synthesis

The synthesis of optically active DMAPs 1j from (S)-BINOL is summarized in
Scheme 9.2. MOM-protected compound 2 prepared from (S)-BINOL in 98% yield
was subjected to O-lithiation, and installation of ester group at 3,3′-position,
followed by deprotection of MOM group to give 3 in 98% yield in two steps.
Then, Migita–Kosugi–Stille cross-coupling of compound 4, obtained from tri-
flation of 3 in 98% yield, afforded compound 5 in 83% yield. Putala reported
that Migita–Kosugi–Stille cross-coupling of a simple BINOL (an unsubstituted
3,3′-position) with tetramethyl tin resulted in no reaction [49]. However, the
reaction of compound 4 with two ester groups at 3,3′-position proceeded smoothly
to give 5 without racemization. Thus obtained 5 was subjected to bromination to
give 6 in 97% yield, followed by formation of cyclic amine 7 and deprotection of allyl
group gave cyclic free amine 8 in 95% yield. The installation of the pyridine ring was
achieved by the Buchwald–Hartwig cross-coupling of amine 8with 4-bromopyridine
to give the key intermediate 9. Finally, the reaction of ester 9 with aryl lithium

OTf

OTf

CO2Et

CO2Et

Me

Me

CO2Et

CO2Et

CO2Et

CO2Et

Br

Br

CO2Et

CO2Et

N

CO2Et

CO2Et

NH

CO2Et

CO2Et

N N

DMF, 120 °C, 24 h Benzene, reflux, 3 h

MeCN, 50 °C, 16 h CH2Cl2, r.t., 15 h

t-BuOH, reflux, 24 h

N•HClBr

4
98% yield

5
83% yield

6
97% yield

7
82% yield

8
95% yield

9
70% yield

OH

OH

NaH, MOMCl OMOM

OMOMDMF/THF = 3.6 : 1
0 °C to r.t., 3 h

(1) n-BuLi, EtO2CCl
    THF, –78 °C to rt, 3 h

(2) conc. HCl
    THF, 60 °C, 1 h

OH

OH

CO2Et

CO2Et

Tf2O, DMAP

pyridine
0 °C to r.t., 18 h

(S)-BINOL 2
98% yield

3
 98% yield (2 steps)

Me4Sn, PdCl 2

n-Bu4NCl NBS, AIBN

Allylamine

NDMBA

Pd(OAc)2, PPh3

Pd(dba)2, RuPhos
K2CO3

THF, –78 °C, 1.5 h

1j
91% yield

N N
ArBr, n-BuLi

OH

OH

Ar Ar

Ar Ar

Ar = 4-t-BuC6H4

Scheme 9.2 Synthetic route to binaphthyl-based chiral nucleophilic catalyst.
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Figure 9.6 X-ray structure
of chiral DMAP derivative
1g (Ar = Ph).

(ArLi prepared in situ from ArBr and n-BuLi) afforded
an optically active DMAP derivative 1j with tertiary
alcohol at the 3,3′ position of the binaphthyl moi-
ety. Although the synthesis of this catalyst requires
10 steps from (S)-BINOL in 38% total yield (average
yield of each step >90%), time-consuming purifica-
tion steps could be omitted and only four times of
column chromatographic purifications were required.
Furthermore, the advantage of this synthetic route
is that key intermediate 9 can lead to optically active
DMAP derivatives with various structures at the 3,3′
position in the final step (e.g. 9 to 1j). Accordingly, key
intermediate 9 can be used as a starting point to lead a
series of binaphthyl-based DMAPs (FG = tert-alcohols,
esters, amides, etc.).
Single crystal X-ray structure analysis of catalyst

1g (Ar = Ph) shows that the tertiary alcohol moiety at
the 3,3′ position is located toward the pyridine ring and substituents (Ph) protrude
above and below the pyridine ring, suggesting that a suitable chiral environment
has been established (Figure 9.6).

9.3 Intramolecular Acyl Transfer Reactions

9.3.1 O- to C-Acyl Transfer Reaction

To confirm the above working hypothesis (design option 1, Figure 9.5), a new type
of catalyst was tested in theO- toC-acyl transfer reaction because the reactionmech-
anism of this reaction has been partially elucidated [50–52]. In this reaction, the
catalyst and substrate form an N-acyl pyridinium ion, and its counter anion acts
as a nucleophile (Nu−). Thus, the O- to C-acyl transfer reaction would be an ideal
reaction to evaluate the capability of the binaphthyl-based catalyst.
First, Mandai and Suga group investigated the importance of catalyst structure

(C1- or C2-symmetric) and its substituent(s) at the 3,3′-position of catalyst for O- to
C-acyl transfer reaction [32]. The transformation of 10a to 11a was carried out in
THF (0.1M) at 0 ∘C using catalysts 1a–p (5mol%) for 12 hours (Scheme 9.3).
The use of C2-symmetric catalysts 1a–f (e.g. methoxy, aryl, ester, or amide) gave

product but generated low or nearly racemic products [up to 99% Conv. and up to
72 : 28 enantiomeric ratio (er)]. The surprising breakthrough was observed with
catalysts 1g–m containing tertiary alcohols led to the formation of the all-carbon
quaternary stereogenic center with high enantioselectivity. On the other hand,
the C1-symmetric catalyst (1n, 1o, or 1p) was significantly less efficient, affording
a racemic mixture of products. Two tert-alcohol units (1j vs 1p) are essential for
efficient enantiofacial discrimination. After optimizing the reaction conditions, the
authors finally found that the reactions proceeded smoothly with only 0.5mol%
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(tert-alcohol unit)

C1-symmetric catalyst C1-symmetric catalyst

(tert-alcohol unit)

10a 11a

Scheme 9.3 Screening of various catalyst candidates.

of a catalyst having a tert-alcohol unit at 3,3′ position in THF for five hours, and
the system could be applied to various substrates with substituents (alkyl, allyl,
propargyl, aryl, heteroatom-, and bromo-containing, etc.) without decreasing the
enantioselectivity (Scheme 9.4). In some cases, substrates 10c, 10j, and 10k with a
sterically bulky group required a 3mol% catalyst and a higher reaction temperature,
but the desired products were still obtained with good enantioselectivity. According
to the results obtained with substrate 10m, the N-methyl moiety was not as good as
the N-acyl moiety for achieving high enantioselectivity (87 : 13 er).
To further elucidate the effects of tertiary alcohol moiety of the catalyst, the corre-

lation between the 3,3′ position of the catalyst and catalytic activity and/or enantios-
electivity was investigated (Scheme 9.5). The catalyst with tertiary alcohol moieties,
an optimal catalyst, was the most effective in accelerating the reaction (k1j = 1.22 h).
It was 47 times more active than the methyl-protected catalyst 1j′ (no alcohol
moiety), and 16 times more active than DMAP. Furthermore, the enantioselectivity
of the product was 98 : 2 er for catalyst 1j, while the enantioselectivity was 66 : 34 er
for catalyst 1j′, in which the hydroxy group was protected by a methyl group.
Density functional theory (DFT) calculations were performed at the B3LYP/

6-31G(d) level of theory with substrate 10a and catalyst 1g, which serves as a
simplified of 1j (Figure 9.7). The lowest energy transition state I, consistent with
experimental findings and leading to the major enantiomer, suggests hydrogen
bonding between the enolate oxygen of the ion pair and the hydroxy unit of the
catalyst. This is likely due to the conformational rigidity imposed by the presence
of two aryl units on the same carbon, which ensures the correct orientation of the
hydroxyl unit for interactionwith the negatively charged oxygen. Additionally, there
is an electrostatic attraction [53, 54] between the enolate and an ortho-hydrogen of
one of the aryl units at the C3 site of the chiral catalyst. The second lowest energy
transition state, labeled II in the DFT calculations, exhibits similar electrostatic
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Scheme 9.4 The reaction of various substrates bearing different substituents.

attractions but faces substantial steric repulsion between the binaphthyl moiety
of the catalyst and the phenoxy unit of the substrate. Both experimental and
computational results emphasize the key role of the tertiary alcohol moieties of the
catalyst in accelerating the reaction rate and achieving high enantioselectivity.
In 2019, theMandai and Suga group also reported a similar type of transformation

using furanyl carbonates (Scheme 9.6) [55]. They efficiently obtained various opti-
cally active 3,3′-disubstituted benzofuranone derivatives (15 examples achieving
>98% yield and up to >99 : 1 er), which are valuable intermediates for synthesizing
various pharmaceuticals and natural products.
Surprisingly, extremely low amounts of catalyst (0.05mol% [500 ppm]) are

sufficient to promote the reaction with substrates 12a, 12g, 12i, 12l, and 12n. The
highest turnover frequency (TOF) (3640 h−1) still maintains high enantioselectivity.
Control experiments and computational calculations also showed that the presence
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Figure 9.7 DFT calculations for two transition states.

of hydrogen bonding between a catalyst and a substrate is crucial for achieving both
high catalytic activity and excellent enantioselectivity.
In addition, a more challenging regioselective migration reaction of furanyl car-

bonate 14was demonstrated, which can give two products, α isomer 15 and γ isomer
16. As shown in Scheme 9.7, the C2-symmetric catalyst with two alcohol units only
gave the product with high γ-selectivity and high enantioselectivity (α : γ = 10 : 90,
95 : 5 er). Under identical conditions except for the catalyst and its loading, the use
of the catalyst without two tert-alcohol units (1mol%) resulted in no reaction, and
achiral DMAP (5mol%) gave almost trace amounts of products andmainly formed α
isomer (α : γ = 66 : 34). The reasons for these observations were unclear, but it indi-
cated again that the tert-alcohol unit of the catalyst demonstrated a significant role
for achieving high γ selectivity and high enantioselectivity.
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In this section, binaphthyl-based chiral DMAP derivatives were efficiently applied
to two types of intermolecular acyl transfer reactions (design option 1, Figure 9.5),
O- to C-acyl transfer reaction of oxindole and furanyl derivatives. Several control
experiments andDFT calculations highlighted the key role of the polar FG at the 3,3′
position (tert-alcohol moiety) in achieving both high enantioselectivity and acceler-
ation of the reaction rate due to noncovalent hydrogen bonding between catalyst and
substrate.

9.4 Intermolecular Acyl Transfer Reactions

9.4.1 Kinetic Resolution of Alcohols

To evaluate the performance of binaphthyl-based DMAP catalysts in other types of
reactions, such as intermolecular acylation reactions (design option 2, Figure 9.5),
Mandai and Suga selected the kinetic resolution reaction of mono-ols, which is the
benchmark reaction of catalyst evaluation. In general, catalyst efficiency is judged by
the selectivity factor (s) [56].When the catalyst shows s> 20, it indicates that the cat-
alyst almost separates two enantiomers and s> 50 indicates the complete separation
of two enantiomers.
After several attempts to find optimal conditions for kinetic resolution ofmono-ol,

they finally found the following conditions: 5mol% catalyst 1j, isobutyric anhydride
as an acylating agent, and cesium carbonate as a base in toluene as solvent at−60 ∘C
[57]. As the results shown in Scheme 9.8, the reaction with various benzylic alcohol
derivatives gave moderate to excellent s.
While the exact mechanism of acceleration remains unclear, the authors hypoth-

esize based on several experimental findings. These include observations of the
leaving group effect on the acylating reagent (−Cl versus −OAc), the influence
of hydrogen bonding on enantioselectivity (evaluated by solvent screening), the
effects of base and kinetic studies, and the remarkably high enantioselectivities
observed with isobutyric anhydride. Taking into account the findings of Spivey
[58], Zipse [16], and Kawabata [59, 60], the transition state appears to favor the
configuration shown in Figure 9.8. This configuration involves two hydrogen bonds
formed between the carboxylate anion and both the hydroxy group of the catalyst
and the ortho-hydrogen of the pyridine moiety.
Contrary to their initial assumption, the reaction with secondary alcohols

(mono-ols) showed moderate to good reaction acceleration and enantioselectivity.
The reason for this was thought to be the lack of proper intermolecular interaction
between the catalyst with tertiary alcohol and the reaction substrate. Therefore,
they decided to investigate the kinetic resolution of 1,2-diol [61–65] 1,2-diols, which
have additional hydrogen bonding sites (donor and acceptor).
As expected, the reaction is applied to a wide range of d,l-1,2-diols as illustrated

in Scheme 9.9 [66]. For example, monoacylation was selectively obtained with good
reactivity and good s-value (s = 54–180) even with different hydrobenzoin deriva-
tives 19a–j. When cyclic diols 19k–owith six- to eight-membered rings were used as
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reaction substrates, good s values (s = 20.1–146.1) were obtained but diols 19p and
19q with a five-membered ring resulted in low s values. There is no good explana-
tion for this observation, but it might be due to the rigidity of the conformation of
the five-membered ring. Furthermore, the reaction of acyclic diols 19r–t proceeded
with good s values (s = 9.7–36.3) even with chain 1,2-diols containing alkyl, allyl,
and vinyl groups. Alternatively, acyclic diols 19u and 19v with polar FGs (ester and
ether) on their side chain resulted in poor s value (s= 2.0–2.3). Such a polar FGmight
hinder the hydrogen bonding formation between the catalyst and the substrate.
Next, the authors conducted further investigations into the impact of hydrogen

bonding formation between the hydroxy groups of the catalyst and two hydroxy
groups of the substrate. Their focus was on analyzing the substrate’s structure and
conducting kinetic resolution of various substrates (as depicted in Scheme 9.10).
These trials demonstrated that achieving a high s-factor and conversion requires
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Scheme 9.9 Substrate scope in kinetic resolution of d,l-1,2-diols with catalyst 1g.
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Scheme 9.11 Control experiment with various catalysts with/without tert-alcohol unit.

racemic substrates featuring two neighboring free hydroxy groups. For instance,
employing racemic monomethyl-capped 1,2-diol 21, benzyl phenyl carbinol 22,
and benzoin 23 as substrates resulted in relatively low s-factors (s = 1.0–2.6)
and conversions (8–38% conv.) under optimal conditions. They pointed out that
catalyst 1g recognizes the presence of two adjacent hydroxy groups on the substrate
(e.g. 19a), which accelerates the reaction and enables discrimination between the
substrate’s two enantiomers.
The study investigated the catalyst structure (Scheme 9.11) by testing three cata-

lyst analogs: themethyl ether analog 1g′, theC1-symmetric analog 1s, and analog 1a
without tert-alcohol moiety, in comparison to the optimal catalyst 1g, for the acyla-
tive kinetic resolution of 19a. The use of catalyst 1g′ gave a rather low s-factor (s= 1.1
with 1g′ vs s = 125.1 with 1g). Catalyst 1s showed a low s-factor and a substantial
diacylate formation (s = 1.9 with a mono : di ratio of 80 : 20). Surprisingly, catalyst
1a exhibited the lowest catalytic activity and almost no enantioselectivity (s = 1.1).
These findings suggest that the catalyst featuring two hydroxyl moieties is the most
effective in the enantioselective monoacylation of the d,l-1,2-diol series.
After reviewing mechanistic insight from Spivey [58], Zipse [16], and Kawabata

[59, 60], the authors hypothesized that there are several interconnected hydrogen
bonding networks included in the transition states. These networks connect the
tert-alcohol moiety of the catalyst, the carboxylate anion, the ortho-hydrogen of the
pyridine moiety, and a hydroxy group of the substrate (Figure 9.9). In the favored
transition state, the more acidic proton of one of the hydroxy groups through inter-
molecular hydrogen bonding is deprotonated by the carboxylate anion (i-PrCOO−)
and then reacts with N-acyl pyridinium salt to give 20a. The unfavorable transition
state involves steric repulsion between the phenyl group and the isopropyl group of
the acylating agent (Figure 9.9). These transition states account for all the results
observed in the control experiments at this stage. Previous studies by Miller (hydro-
gen bonding between the catalyst and a vicinal amino alcohol [67, 68] or carbinol
[69]) and Seidel (hydrogen bonding between thiourea-DMAP system and a vicinal
amine) [70] also clearly illustrated the impact of the hydrogen bonding network in
the design of highly enantioselective acyl transfer reactions.
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Figure 9.9 Possible transition states for kinetic resolution of d,l-1,2-diol.

The kinetic resolution of tertiary alcohols poses a significant challenge. There-
fore, the new catalyst was used for the kinetic resolution of tertiary alcohols 27a–n
(Scheme 9.12) [71]. The reactions with allyl-, alkyl-, vinyl-, or alkynyl-substituted
substrates 27a, 27b, 27e, and 27f were efficiently resolved with high s-factors
(s = 41–60), and the reaction with 27c or 27d with a sterically demanding sub-
stituent (R = i-Pr or Cy) resulted in maintaining good s-factors (s = 27 and 17,
respectively). However, the reaction with aryl- or heteroaryl-substituted substrates
27g–j showed higher s-factors (s = 49–60) compared to 27a–f (s = 17–60). The
substrates 27h or 27i with an electron-donating or -withdrawing substituent on the
aryl group did not significantly affect the s-factor (s = 63 or 27h and s = 60, for 27i).
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Scheme 9.12 Substrate scope in kinetic resolution of 3-hydroxy-3-substituted 2-oxindoles
with catalyst 1m.
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Furthermore, a polar FG within the substrate could be tolerated. The reaction with
27kwith a silyl ether showed an excellent s-factor (s = 60), and β-hydroxyketone 27l
showed a good s-factor (s = 30). The 5-Cl- and 5-MeO substituted substrates 27m
and 27n also showed good to excellent s-factors (s = 60 for 27m and s = 31 for
27n). Overall, various enantio-enriched 3-hydroxy-3-substituted 2-oxindoles were
obtained in 3–9 hours with high efficiency (s = 17–60).
Next, the Mandai and Suga group directed their focus toward the significance of

tert-alcoholmoiety of the catalyst for enantioselective reactions. They conducted the
kinetic resolution of rac-27a via pseudo-C2-symmetric catalyst 1m′ (one hydroxy
group replaced hydrogen),C2-symmetric catalyst 1m′ (two hydroxy groups replaced
hydrogen), and 1a (lack of two tert-alcohol moieties) employing the ideal condi-
tions for 1f (Scheme 9.13). Catalyst 1m′ exhibited moderate conversion (41% conv.)
and s-factor (s = 27), whereas 1m′′ and 1a showed diminished catalytic activity and
enantioselectivity. Notably, two sterically demanding -CHAr2 moieties within 1m′′

did not have catalytic activity (4% conv.). Thus, the hydroxy groupwithin the catalyst
1m facilitates hydrogen bonding-mediated kinetic resolution, enhancing the over-
all reaction efficiency compared to 1m′′ or 1m′. Similar observations were made in
their previous studies as well [32, 57, 66, 72].
Based on mechanistic insights provided by Spivey and Zipse et al. [58], Zipse [16],

and Yamanaka and Kawabata et al. [59, 60], as well as the authors’ previous tran-
sition state models [32, 57, 66], the authors speculated that the N-methoxycarbonyl
group within the substrate is positioned away from the catalyst backbone to avoid
steric repulsion (Figure 9.10). The efficient hydrogen bonding network in the favored
transition state facilitated the fixation of counter anion (i-PrCOO−) [57–60, 73] in the
right place, which deprotonate from the hydroxy group in the substrate (Figure 9.10,
left), followed by acylation to give (S)-28a and recovered alcohol (R)-27a. On the
other hand, in the disfavored transition state (Figure 9.10, right), there are large
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Scheme 9.13 Control experiment with various catalysts with/without tert-alcohol unit.
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steric repulsion between the substituent (R in substrate) and the isopropyl group
of the N-acyl pyridinium ion.

9.4.2 Desymmetrization of Alcohols

The successful desymmetrization of meso-1,2-diols was also achieved by Mandai
and Suga (Scheme 9.14) [72]. Reactions of meso-hydrobenzoin derivatives 29a–d
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Scheme 9.14 Desymmetrization reactions of various meso-1,2-diol derivatives promoted
by 1g catalyst.
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yielded 30a–d with excellent enantioselectivities (up to 97 : 3 er) and high chemos-
electivities (30/31 = 5.3–14.6). Acyclic diols with allyl-, alkyl-, and heteroatom
functionalized alkyl moieties 29e–j could be desymmetrized to afford monoacylates
30e–j with high enantioselectivities (er ranging from 86 : 14 to 97 : 3 er). Notably,
substrates 29i and 29j bearing electron-withdrawing groups yielded not negligible
amounts of diacylates 31i and 31j; however, the exact reason for this undesired dia-
cylate formation remains unclear. Next, the cyclic substrates 29k–29p were tested
and high enantioselectivity was observed with the six-membered ring 1,2-diols
29m and 29n (30m with 97 : 3 er, and 30n with 94 : 6 er), whereas the other cyclic
substrates 29k, 29l, 29o, and 29p gave racemates of monoacylates, albeit with high
chemoselectivity (30/31 = 7.3–14.7).
Mandai and Suga also investigated the desymmetrization reaction of cyclic

meso-1,3-diols (Scheme 9.15) [74]. The reaction of 32a gave the monoacylate 33a
(95% yield, 98 : 2 er) along with trace amounts of the diacylate 34a. Conversely,
the employment of the other enantiomer of catalyst 1t (ent-1t) yielded 33a in 93%
yield with 2 : 98 er. These results demonstrate the usefulness of the method where
both enantiomers of the monoacylate are easily accessible in a single step from the
same starting material 32a. The reaction of substrate 32b resulted in 33b in 66%
yield with 62 : 38 er, possibly due to a sterically congested conformation of 32b

+
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Scheme 9.15 Desymmetrization of various cyclic meso-1,3-diols promoted by catalyst 1t.
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from the cyclopentene scaffold. Consequently, saturated variant 32c was used for
desymmetrization reaction, leading to 33c in 62% yield with 99 : 1 er. Employing
32c with a spiro-system or 32e with an epoxide gave monoacylate 33d or 33e in
67% yield with 93 : 7 er and 59% yield with 97 : 3 er, respectively. The substrate 32f
yielded 33f in 42% yield with 97 : 3 er along with a significant amount of diacylate
34f (33% yield). The lower solubility of 32f compared to its product 33f contributed
significantly to generating 34f; i.e. once 33f was formed, it readily converted to
diacylate 34f. In the case of cyclic meso-1,3-diols with a six-membered ring, the
reaction of 32g gave 33g in 81% yield with 96 : 4 er. However, substrates 32h–jwith a
2,2-dimethyl-, 2,2,5,5-tetramethyl-, or 5,5-dimethyl substrate yielded unsatisfactory
results (7–36% yield, up to 86 : 14 er), with the reasons for these low yields and
enantioselectivities of these products remaining obscure.
Enantioselective desymmetrization of 1,3-propanediol derivatives is a consider-

able challenge. Distinguishing the enantiotropic alcohols is challenging because the
pro-stereogenic center is distant from the reaction site (Scheme 9.16; target reaction
in the solid-line box). Additionally, the desired monoacylated product retains a free
primary alcohol, which could undesirably react with the acylating agent to produce
the diacylate (Scheme 9.16; over-acylation in the dotted-line box). It is important to
note that both the enantiomeric ratio (er) and yield of the monoacylate are signifi-
cantly affected by the second acylation, either through path A (major enantiomer
acylation) or B (minor enantiomer acylation).
Scheme 9.17 demonstrates that the reaction involving 35a (R1 = Ph, R2 =Me) gave

monoacylate 36a in 90% yield with 94 : 6 er along with a small amount of diacylate
37a and unreacted 35a [75]. The reaction of substrates bearing a bulkier alkyl or
allyl group 35b, 35c, or 35d (R1 = Ph, R2 = Et, i-Pr, or allyl) afforded monoacylates
36b–d in high yield withmoderate enantioselectivity (84 : 16 er for 36b, 66 : 34 er for
36c, and 79 : 21 er for 36d, respectively). With these substrates, undesired diacylates
were approximately suppressed. The use of substrates 35e–g (R1 = aryl, R2 = Me)
afforded monoacylate 36e–g with moderate to high enantioselectivities. However,
the use of 1,3-diol 35e bearing an electron-rich aryl group (R1 = p-MeOC6H4,
R2 = Me) resulted in a significant amount of diacylate 37e, likely due to the high
solubility and reactivity of the monoacylate 36e. Conversely, substrate 35g with
an electron-deficient group (R1 = p-NO2C6H4, R2 = Me) exhibited poor chemose-
lectivity (monoacylate/diacylate) with the low solubility of 1,3-diol 35g compared

Desymmetrization

Monoacylate
Diacylate

Kinetic resolution?

Path A: acylation of
a major enantiomer

Path B: acylation of
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Target reaction Over acylation

1,3-Diol
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Scheme 9.16 General scheme for the acylative desymmetrization of 1,3-diol.

https://pobeda.onf.ru/


256 9 Binaphthyl-Based Chiral DMAP Derivatives in Enantioselective Transformations

35a

35k

35a: 90% yield, 94 : 6 er

36a: 7% yield 

37a: 3% yield

35k: 88% yield, 78 : 22 er

36k: 4% yield 

37k: 7% yield

OH

OHPh

Me

OH

OHPh

H

35b 35c

35c: 87% yield, 66 : 34 er

36c: 9% yield 

37c: 6% yield

35b: 77% yield, 84 : 16 er

36b: 14% yield 

37b: 6% yield

OH

OHPh

Et

OH

OHPh

i-Pr

35e

35e: 50% yield, 95 : 5 er

36e: 24% yield 

37e: 13% yield

(in 0.05 M toluene)

OH

OH

Me

MeO

35l

35l: 63% yield, 80.5 : 19.5 er

36l: 13% yield 

37l: 16% yield

OH

OH

H

MeO

35d

35d: 87% yield, 79 : 21 er

36d: 8% yield 

37d: 3% yield

35j

35m

35m: 67% yield, 69 : 31 er

36m: 15% yield 

37m: 6% yield

35j: 69% yield, 95 : 5 er

36j: 16% yield 

37j: 14% yield

(in 0.1 M toluene)

OH

OHPh

OH

OH

OH

OHMe

H

OH

OH

Me

Br

35f: 81% yield, 93 : 7 er

36f: 10% yield 

37f: 6% yield

35f

35n

35n: 48% yield, 63 : 37 er

36n: 28% yield 

37n: 13% yield

OH

OHC8H17

H

OH

OH

Me

O2N

35g: 55% yield, 88 : 12 er

36g: 27% yield 

37g: 18% yield

(in 0.1 M toluene)

35g

35i: 54% yield, 87 : 13 er

36i: 16% yield 

37i: 24% yield

(in 0.03 M toluene/THF 

= 1:1 for 12 h)

35i35h

35h: 88% yield, 54 : 46 er

36h: 3% yield 

37h : <1% yield

OH

OH

Me

+

OH

OHR1

R2

OCOi-Pr

OHR1

R2

OCOi-Pr

OCOi-PrR1

R2

35a–n 36a–n 37a–n

1.1 equiv (i-PrCO)2O 

OH

OH

BnN
O

N N

Ph Ph

OH

Ph Ph

OH

1g

0.1 mol% catalyst 1g

 1.5 equiv TMEDA

toluene (0.2 M)

– 60 °C, 7  h

Scheme 9.17 Desymmetrization of various 1,3-diols promoted by catalyst 1g.

to monoacylate 36g leading to its rapid conversion to diacylate 37g once formed.
The reaction with substrates 35h–j gave monoacylates 36h–j with moderate to high
enantioselectivity (from 54 : 46 to 95 : 5 er). The low solubility of the substrates
also impacted the chemoselectivity (e.g., 35i and 35j). Next, substrates 35k–n
containing tertiary carbon atom (R1 = aryl or alkyl, R2 = H) were subjected to
the optimal conditions, yielding monoacylates with moderate enantioselectivities
(up to 80.5 : 19.5 er). The reasons for this poor chemo- and enantioselectivity of
monoacylates 35k–n are still obscure at present.
Control experiments were conducted to elucidate the second acylation process by

the authors (Table 9.1). As previously mentioned, managing such an over-reaction
poses a significant challenge due to the high reactivity of primary alcohols, making
it difficult to prevent undesirable over-acylation, which could greatly impact the
yields and enantioselectivities of the monoacylate (e.g. Scheme 9.16). Hence, the
reaction with the racemates 36a (R1 = Ph, R2 = Me) or 36k (R1 = Ph, R2 = H)
under the reaction conditions was tested. Over-acylation proceeded smoothly to
yield the corresponding diacylate 37a or 37k in ∼50% conversion with low s-factor
(s = 1.8–2.0). According to the analysis of the recovered starting materials 36a and
36k, minor enantiomers were mainly consumed in the enantioselective desym-
metrization of 1,3-diols 35a and 35k. This finding suggests that over-acylation in
Scheme 9.16 occurred preferentially via path B (the pathway that tends to enhance
enantioenrichment of the monoacylate), but its selectivity was rather low.
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Table 9.1 Investigation of the second acylation step.

+

OCOi-Pr

OHR1

R2

OCOi-Pr

OHR1

R2

OCOi-Pr

OCOi-PrR1

R2

36a: R1 = Ph, R2 = Me

36k: R1 = Ph, R2 = H

36a or 36k 37a or 37k

Toluene (0.2 M)

0.1 mol% catalyst 1g
0.75 equiv (i-PrCO)2O 

0.75 equiv TMEDA

–60 °C, 3  h

Entry Monoacylate Conv (%) er of monoacylate s

1 36a 50 62 : 38 2.0
2 36k 59 63 : 37 1.8

+

OH

OHPh

Me

OCOi-Pr

OHPh

Me

OCOi-Pr

OCOi-Pr

Ph

Me

35a 36a 37a

toluene (0.2 M)

0.1 mol% catalyst

1.1 equiv (i-PrCO)2O

1.5 equiv TMEDA

N N

Ph Ph

OH

Ph Ph

OH

1g

N N

Ph Ph

OH

Ph Ph

H

1g′′

N N

Ph Ph

H

Ph Ph

H

1g′′′

36a: 90% yield, 94 : 6 er

37a:   7% yield

35a:   3% yield

36a: 65% yield, 88.5 : 11.5 er

37a:   6% yield

35a: 31% yield

36a: 31% yield, 46 : 54 er

37a:   7% yield

35a: 60% yield

–60 °C, 7 h

Scheme 9.18 Control experiment with various catalysts with/without tert-alcohol unit.

The key role of the hydroxy groups within the catalyst was also investigated by the
same authors. The desymmetrization reaction of 35a was conducted using catalyst
1g′′ (lacking one hydroxy group) and catalyst 1g′′′ (lacking two hydroxy groups)
under identical conditions (Scheme 9.18). Catalysts 1g′′ and 1g′′′ showed signif-
icantly lower catalytic activity and enantioselectivity than the optimal catalyst 1g
(65% yield with 88.5 : 11.5 er for catalyst 1g′′ and 31% yield with 46 : 54 er for cat-
alyst 1g′′′, respectively). These results highlighted catalyst 1g with two tert-alcohol
units in achieving both high catalytic activity and enantioselectivity.
A similar transformation, the desymmetrization of glycerol derivatives with

different protecting groups, was also reported by the Mandai and Suga group
(Scheme 9.19) [76].
The reaction of 38a (PG = TBS) gave monoacylate 39a in good yield (86% isolated

yield) with high enantioselectivity (94 : 6 er) along with a detectable amount
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+

OH

OH

OCOi-Pr

OH

OCOi-Pr

OCOi-Pr

38a–e 39a–e 40a–e

toluene (0.05 M)
–60 °C, 7 h 

1.1 equiv (i-PrCO)2O 

1.1 equiv Et3N

PGO PGO PGO
N N

Ar Ar

OH

Ar Ar

OH

1t: Ar = 4-TBDPSO-C6H4

OCOi-Pr

OH

39a: 86% yield, 94 : 6 er
40a: 4% yield
38a: 4% yield

TBSO

OCOi-Pr

OH

39b: 70% yield, 94 : 6 er
40b: <1% yield
38b: 30% yield

TBDPSO

( in CPME)

OCOi-Pr

OH

39c: 80% yield, 73 : 27 er
40c: 5% yield
38c: 13% yield

BnO

OCOi-Pr

OH

39d: 67% yield, 82 : 18 er
40d: 12% yield
38d: 20% yield

MOMO

OCOi-Pr

OH

39e: 61% yield, 53 : 47 er
40e: 7% yield
38e: 24% yield

BzO

( in CPME)

GP = Protecting group

0.1 mol % catalyst 1t

Scheme 9.19 Desymmetrization of various glycerol derivatives by catalyst 1t.

of diacylate 40a. In addition, the use of a bulkier silyl protecting group 38b
(PG = TBDPS) gave acceptable results (70% yield of 39b with 94 : 6 er and 30%
recovery of 38b), but in this case, a more polar solvent, cyclopentyl methyl ether
(CPME), was required to dissolve the diol 38b. Other protecting groups, such as
38c (PG = Bn), 38d (PG = MOM), and 38e (PG = Bz), gave moderate to good
yields of monoacylates 39c–e with lower enantioselectivities, and detectable
amounts of diacylates and unreacted diols were observed. A possible reason for
such poor results could be the poorly soluble diols 38c–e, leading to incomplete
enantiodiscrimination by catalyst 1t. The solubility of the monoacylate 39c–e was
much higher than that of diols 38c–e. Accordingly, once 39c–e was generated,
it was readily converted to diacylate 40c–e. For the successful enantioselective
desymmetrization of glycerol derivatives, a silyl-protecting group (e.g. diol 38a) is
indispensable to improve the solubility of glycerol derivatives.

9.4.3 Dynamic Kinetic Resolution

To further expand the applications of chiral DMAP derivatives in enantioselective
reactions, the Mandai and Suga group use their catalysts for different types of
reactions. They considered the DKR of azlactones, resulting in α-amino acids, as a
benchmark reaction to evaluate the catalytic performance. Several organocatalytic
approaches have been documented for the DKR of azlactones, utilizing a range
of catalysts such as a planar chiral DMAP derivative [77], benzotetramisole [78],
urea-based-bifunctional catalysts [79, 80], chiral phosphoric acid [81], a peptide
catalyst [82], and a chiral bisguanidinium salt catalyst [83]. However, most of the
reported methods achieved moderate enantioselectivities (less than <95 : 5 er)
and required high catalyst loading (up to 20mol%) with extended reaction time
(>24 hours). Therefore, some improvements are still needed to achieve higher
enantioselectivities (>95 : 5 er), reduce the loading of the catalyst (<5mol%), and
shorten the reaction times.
The authors first identified the optimal catalyst from a catalyst library for the DKR

of azlactone 41a using 5 equiv of methanol (nucleophile) and 10mol% of benzoic
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N

O
O

Bn

Ph

Ph

O

N
H

Bn

O

OMe

3 mol% catalyst

5.0 equiv MeOH

10 mol% PhCOOH

toluene (0.2 M)

25 °C, 15 h

N N

R

N N

OH

Ar Ar

Ar

OH

Ar

N N

R

1b: R = OMe, 51 : 49 er
1u: R = OEt, 52 : 48 er
1v: R = Oi-Pr, 51 : 49 er
1e: R = CO2Et 53 : 47 er

1g: Ar = Ph, 43 : 57 er
1j: Ar = 4-t-BuC6H4, 39 : 61 er
1l: Ar = 3,5-(MeO)2C6H3, 39 : 61 er
1m: Ar = 3,5-(MeO)2,4-t-BuC6H2, 41 : 59 er

O

NHAr

O

NHAr

1f: Ar = Ph, 72 : 28 er
1x: Ar = 4-MeOC6H4, 66.5 : 33.5 er
1y: Ar = 4-FC6H4, 67 : 33 er
1z: Ar = 1-Naph, 64 : 36 er

41a 42a
>98% conv in all cases

Scheme 9.20 Initial screening of catalyst structure.

acid co-catalyst [77] in toluene at 25 ∘C for 15 hours (Scheme 9.20) [84]. Reactions
with 3mol% of catalysts 1b, 1u, 1v, and 1e, which have alkyl ethers or ethyl esters
at the 3,3′-positions of the binaphthyl moiety, afforded a nearly racemic mixture of
42a (up to 53 : 47 er). Those with 1g, 1j, 1l, and 1m, having tert-alcohol moieties,
showed a slight increase in the enantioselectivity of 42a (up to 39 : 61 er). Conversely,
catalysts 1f, 1x–zwith amide groups yielded 42awith moderate enantioselectivities
(up to 72 : 28 er). Based on these results, 1f was selected as the optimal catalyst for
the DKR of azlactone.
Following optimization of the other reaction parameters, they identified the fol-

lowing conditions to be optimal: the use of 3mol% of 1f as a catalyst, 3 equiv of
i-PrOH as a nucleophile, 10mol% benzoic acid as an additive in CHCl3 at 25 ∘C for
24 hours. The DKR of different azlactones was studied under the optimal conditions
(Scheme 9.21). The reactions of the azlactone 41a–e yielded the products 43a–ewith
excellent enantioselectivities (er ranging from 95.5 : 4.5 to 96 : 4). Conversely, the
results with 41f (tryptophan derivative with free –NH) exhibited poorer results in
terms of yield and enantioselectivity (28% yield with 61.5 : 38.5 er), probably because
the –NH hampers the formation of hydrogen bonding network between the catalyst
and substrate. Additionally, they conducted the reactions involving 41g–n, including
allyl-, thiomethyl-, and ester groups to afford products 43g, 43h, and 43j–n in sat-
isfactory yields with good-to-excellent enantioselectivities (er ranging from 86 : 14
to 95 : 5 er). In certain cases (41h–m), the procedures were modified (with MS3A
and/or extended reaction time 48 hours) to obtain a satisfactory result. Notably, sub-
strate 41i, containing an α-branched alkyl moiety (i-Pr), remained unreactive due
to the steric hindrance. Interestingly, the reaction of 41n (–CO2Me might interfere
with the hydrogen bonding network) did not have a significant impact on the enan-
tioselectivity (95 : 5 er for 43n), and 41o did not give any desired product. Based on
these experiments, these methods enabled to access α-amino acid derivatives (natu-
ral or unnatural type). Despitemost of the typical transformations requiring a longer
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O
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O

Oi-Pr

43k
81% yield, 91.5 : 8.5 er

(48 h, MS3A)

BzHN

O

Oi-Pr

43l
79% yield, 94 : 6 er

(48 h, MS3A)

BzHN

O

Oi-Pr

43m
83% yield, 95 : 5 er

(48 h, MS3A)

BzHN

O

Oi-Pr

43n
91% yield, 95 : 5 er

BzHN
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O

Oi-Pr

43o
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OMe CF3

1-Naph

S

NH

Ph SMe O

OMe

N N

O

NHPh

O

NHPh

1f

Scheme 9.21 Dynamic kinetic resolution of azlactone promoted by catalyst 1f.

reaction time (>48 hours) and/or a higher catalyst loading (5–20mol%) [77–80], it
is noteworthy that catalyst 1f featuring amide exhibited exceptional catalytic activ-
ity (3mol% catalyst) in the DKR of azlactone, even in the presence of a sterically
demanding nucleophile (i-PrOH).

9.5 Summary and Conclusions

In summary, binaphthyl-based DMAP derivatives provide efficient and dramatic
acceleration effects in various acyl transfer reactions. This new class of catalysts
allows for (i) the rapid synthesis of optically activeDMAPs and (ii) the acceleration of
nucleophilic catalytic reactions. By introducing a polar FG into the catalytic struc-
ture of optically active DMAP derivatives, a reaction system can exhibit excellent
catalytic activities and high enantioselectivities through hydrogen bonding interac-
tions, in intra- and intermolecular enantioselective acylation reactions.Wehope that
the various phenomena and considerations described in this chapter will be useful
for the future development of organocatalysts.
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10.1 Introduction

A chiral axis, possessing a restricted rotational barrier, is not only prevalent in
catalysis in the form of chiral ligands but is also a recurring motif in numerous
natural products (Figure 10.1) [1, 2]. The captivating structures and unique
properties associated with this motif have captivated the synthetic community,
including academia and pharmaceutical companies. Intriguing findings from
pharmacological research have revealed that axial chiral biaryl-containing com-
plex molecules exhibit promising biological activities, encompassing antibiotic,
anti-HIV, antispermatogenic, antitumor, and antimalarial activities, among others
[3–7]. Additionally, highly conjugated atropopure biaryl compounds are known
for their photochemical properties, making them suitable for applications such as
photodynamic therapy in cancer treatment and as photosensitizers [8, 9].
Over the past three decades, extensive endeavors have been directed toward

the development of methods related to the introduction of axial chiral bonds.
Well-established strategies employing transition-metal catalysis have been utilized
to construct both homo-coupled and hetero-coupled biaryl compounds [10, 11].
Conventional transition-metal-assisted coupling approaches can be categorized
based on the origin of stereoselectivity: (a) axial chiral bonds induced by catalysis
and (b) asymmetric induction arising from the inherent chirality of a substrate
or from the incorporation of a chiral auxiliary (Scheme 10.1). For instance,
Suzuki–Miyaura and Negishi coupling reactions stand as prominent methods for
creating biaryl bonds, and with chiral ligands the generation of a chiral axis is possi-
ble in such couplings. Indeed, the efficiency of the enantioselective Suzuki–Miyaura
coupling reaction, a key step in the synthesis of the tetra-ortho-substituted biaryl
natural product, gossypol, was demonstrated by the Tang group in 2020 [12]. In addi-
tion, direct C–H activation strategies using various catalysts such as Pd, Rh, Ir,
and Cu have been developed to build axial chiral bonds [13–16]. These approaches
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Figure 10.1 Natural products featuring axial chiral bonds.

circumvent the need for aryl halides and organometallic nucleophiles, which would
often require conditions that are less compatible with functional groups. The latter
methods, entailing central-to-axial chirality transfer, have been primarily used in
bridged biaryl compounds as well as with artificial chiral auxiliaries. The Lipshutz
group utilized chiral diols to construct tethered biaryl compounds, followed by
Ullmann-type coupling reactions to establish the chiral axis [17]. When oxazoline, a
well-known chiral transfer moiety, is located at the ortho position to a forming axial

https://pobeda.onf.ru/


10.1 Introduction 269

R′

R
(a)

X

R

Y

R′

TM-cat*

(b)

R′

R
X

R

Y

R′
TM-cat

aux*

Scheme 10.1 Transition-metal-mediated coupling reaction to install a chiral axis.
(a) Catalyst-controlled enantioselective coupling reaction. (b) Substrate-controlled
stereoselective coupling reaction.

chiral bond, Ullmann or Kumada coupling reactions proceed with good stereoselec-
tivity [18–20]. This approach has enabled the enantioselective synthesis of naturally
occurring axial chiral compounds such as mastigophorene A and (+)-gossypol
[21, 22].
An alternative effective approach for installing axial chiral bonds involves

desymmetrization of achiral substrates (Scheme 10.2). For example, stere-
oselective functionalization to replace one of the ortho substituents via a
transition-metal-catalyzed or an organocatalyzed reaction breaks the symmetry
plane of the substrate [23–25]. When a directing group is present, desym-
metrization can be executed through C–H activation, facilitating stereoselective
functionalization [26–30]. Furthermore, in the context of cyclic biaryl compounds,

AA
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(b)

TM-cat*
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DC

X
R

R′
XR

NuR′

Scheme 10.2 Stereogenic axis generation by desymmetrization. (a) Asymmetric
functionalization by substitutions. (b) Enantioselective fused biaryl ring-opening reactions.
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heterocyclic ring-opening reactions have proven successful in generating axial
chiral bonds [31–34]. Various ring-opening processes, including Pd-catalyzed
carbonylation [35], Cu-catalyzed amination [33], and acyloxylation [34], have been
reported thus far. Notably, atroposelective lactone ring-opening reactions have been
firmly established by the Bringmann group [36]. Employing an asymmetric reduc-
tive lactone ring-opening reaction in conjunction with the Corey–Bakshi–Shibata
catalyst and borane has enabled access to axial chiral natural products such as
(+)-knipholone after several subsequent steps [37, 38].
Several other methods have been reported for the introduction of a chiral

axis including kinetic resolution, nucleophilic aromatic substitution reactions,
intramolecular lactonization coupled with dynamic kinetic resolution, and oxida-
tive coupling reactions [10, 11]. Recently, particular attention has been garnered
by the oxidative coupling process. This attention arises from both the substrate
accessibility, given that it obviates the need for pre-functionalized substrates, and
its overall atom economy.
Early reports of asymmetric oxidative coupling methods focused on 2-naphthol

due to (i) its low oxidation potential, (ii) the absence of regioselectivity issues,
(iii) the resistance to further oxidation, and (iv) the structural importance of
the products, BINOL derivatives, which are chiral ligands used across diverse
organic transformations. Over the past 30 years, various transition-metal-catalyzed
oxidative protocols have been unveiled, including those based on copper, vana-
dium, iron, and ruthenium. Several research groups, from Nakajima (1995) to Tu
(2019), have explored copper-catalyzed atroposelective oxidative coupling reactions
(Table 10.1) [39–43]. In 1995, the Nakajima group showcased promising levels
of stereoselectivity using a chiral pyrrolidine diamine ligand [44]. Their initial
attempts involved a TMEDA/CuCl complex, inspired by the Glaser–Hay coupling
[45]. Subsequent successful high-yielding conditions led them to opt for a chiral
tertiary diamine, (−)-sparteine, for an asymmetric protocol, providing moderate
selectivity in the presence of 2-naphthols with a C-3 ester group. Extensive ligand
modifications revealed that an L-proline-based diamine backbone provided the
best results for constructing BINOL derivatives. Interestingly, enhanced selectivity
was obtained by employing a combination of secondary pyrrolidine amine and
tertiary amine on the side chain, deviating from a tertiary diamine system [41].
The Kozlowski group later demonstrated that the secondary diamine ligand,
1,5-diaza-cis-decalin, in combination with copper, substantially improved enan-
tioselectivity [42]. Cross-coupling experiments not only elucidated the reaction
mechanism but also underscored the necessity of an additional coordination group
to attain optimal stereoselectivity. The Ha and Sekar group employed BINAM
derivatives as chiral ligands, enabling the corresponding asymmetric transforma-
tion to install the chiral axis from 3-substituted-2-naphthols [39, 40]. More recently,
the Tu group reported the successful construction of axial chiral bonds through the
utilization of a spirocyclic pyrrolidine in synergy with a chiral oxazoline system.
This system stands out due to its success in the challenging cross-coupling process to
furnish C1-symmetric BINOL derivatives in high yields and stereoselectivities [43].
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Table 10.1 Cu-catalyzed asymmetric oxidative coupling reaction.

OH

R′
Cu OH

OH

R′

R'

NH N
Ph

Et

Nakajima et al.  [39]

X

X

X = H, Me,  i-Pr
OBn, COOR
58–95% yield

5–78% ee

Ha and co-workers [39]

X = COOMe
R = H, i-Pr, 3-pentyl,

Bn, 3,5-xylyl
60–99% yield

4–94% ee

NHR

NH2

N

N

H

H

Kozlowski (2001)

X = H, OBn, COOR
77–85% yield
13–93% ee

Sekar
and co-workers [40]

X = COOR
R′ = 6-Br, 6-naphthyl, 

   6-phenylacetyl
77–98% yield
48–97% ee

NH2

NH2

N
H

N O

Ph

Tu (2019)a

X = CHO, COOR
R′ = 6-Br, 6-Me, 6-OMe 

   3-Cl, 3-Br, 3-OR
34–92% yield
20–99% ee

a) This system produced both homo- and hetero-coupling products.

In 2009, Katsuki and coworkers delved into atroposelective oxidative coupling
reactions using an earth-abundant iron metal approach (Table 10.2) [46]. The com-
bination of iron and salan ligand facilitated the creation of axial chiral BINOL
derivatives using air as the oxidant. Intriguingly, the iron/salan system yielded
hetero-coupled products with high enantioselectivity, capitalizing on differences in
the oxidation potentials of the substrates [47]. In contrast to Cu-catalyzed asymmet-
ric oxidative coupling reactions, the presence of an additional coordination group
at the C3-position of 2-naphthol impeded the formation of oxidative homo-coupled
products within the Fe/salan complex system. The Toste and Pappo groups estab-
lished that iron metal with C2-symmetric phosphate furnished both homo- and
hetero-coupled BINOL derivatives with high atroposelectivities in the presence of
tert-butyl peroxide [48]. Notably, the Fe/phosphate complex successfully enabled
the synthesis of 3,3′-unsubstituted BINOLs, a feat previously unattainable in
high enantiopurity via either copper- or iron-catalyzed direct oxidative coupling
strategies.
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Table 10.2 Fe-catalyzed asymmetric oxidative coupling reaction.

Ph Ph

N N

O O

Ph Ph

Fe

HH

HO
2

X = H, Me, Ph 
2-naphthyl, Cl, Br, I

64–94% yield
16–96% ee

O

O

t-Bu

t-Bu

P
O

O
Fe

3

X = H
R′= H, Me, i-Pr, butyl

octyl, cyclohexyl
77–94% yield
54–88% ee

OH

R′
Fe OH

OH

R′

R′

X

X

Katsuki [46]a Toste, Pappo [47]a

X

a) This system produced both homo- and hetero-coupling products.

Inspired by the early achievements of theUang group, amyriad of chiral vanadium
complexes have been developed since 2001 to facilitate the installation of axial chiral
bonds [49–54]. An array of vanadium complex modes has been reported for the con-
struction of axial chiral biaryl bonds, as shown in Table 10.3. Both monomeric and
dimeric vanadyl complexes have found utility in establishing a chiral axis between
2-naphthol derivatives, displaying notable efficiency and enantioselectivity. Initial
attempts into vanadium-catalyzed oxidative coupling reactions, however, suffered
from extended reaction times [49, 51]. Improvements emerged upon ligand back-
bone modifications. For example, the Gong group revealed a dramatic acceleration
in the reaction rate by transitioning from the conformationally flexible biphenyl to
H8-BINOL [50]. Mechanistic insights into the vanadium-mediated oxidative cou-
pling process suggest that the high enantioselectivity originated fromeach vanadium
center in the bisvanadium catalysts coordinating a substrate.
Other asymmetric oxidative coupling methods have been documented,

encompassing the enzymatic route [55, 56], Ru-catalyzed asymmetric oxida-
tive coupling reaction [57], transition metal-free atroposelective cross-coupling of
quinones with chiral phosphoric acids [58, 59], and V-catalyzed oxidative coupling
of simple phenols and hydroxycarbazoles [60, 61].
Within this chapter, our discussion will revolve around synthetic efforts pertinent

to natural products that feature axial chiral bonds. Our emphasis will be placed on
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Table 10.3 V-catalyzed asymmetric oxidative coupling reaction.

O

OH

V

N

O
O

O

Bn

R′ = H, Br, OMe, OEt
40–96% yield
18–73% ee

O
N

V
O

O
O

t-Bu

O
R′ = H, Br, OMe, OBn

61–99% yield
42–87% ee

O
V

N

N

V
O

O

O
O

O

O

O

O

R′ = H, Br, OR, Ph
62–99% yield
89–97% ee

O
V

N

N

V
O

O

O
O

O

t -Bu

t-Bu

O

O

R′ = H, Br, Ph, OR
83–99% yield
81–90% ee

OHHO

OH

R′ V OH

OH

R′

R′

Gong [49]

O
V

N

N

V
O

O

O
O

O

O

O

O

R′ = H, Br, OR
58–99% yield
60–97% ee

Gong [50] Chen [51]

Uang [52] Sasai [53, 54]a

a) This system produced (S)-BINOL instead of (R)-BINOL.

describing the strategies for constructing a chiral axis through asymmetric oxidative
methods among the various approaches discussed above.

10.2 Copper-Catalyzed Asymmetric Oxidative Coupling
to Construct a Chiral Axis

10.2.1 Nigerone

The bisnaphthopyrone natural product, nigerone (1), exhibits a range of
antibacterial and antitumor biological activities [62, 63]. Nigerone (1), a pigment
isolated from mold, and isomeric isonigerone (2) feature a chiral axis between two
highly oxygenated tricyclic fused heterocyclic ring systems (Figure 10.2). The first
atroposelective synthesis of 1 was reported by Kozlowski group in 2007 [64].
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Retrosynthetic analysis of the naturally occurring bisnaphthopyrone compounds
envisioned rearrangement of bisisonigerone compound (3), which could be pre-
pared by copper-catalyzed enantioselective oxidative coupling of flavasperone (4).
In turn, oxidative coupling monomer 4 could be synthesized from carboxylic acid
(5) in nine steps (Scheme 10.3).
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Scheme 10.3 Retrosynthetic analysis of nigerone (1).

Kozlowski and coworkers had discovered earlier that a 1,5-diaza-cis-decalin and
Cu(II) complex is highly effective in the construction of the axial chiral bonds of
BINOL derivatives. However, a coordinating group at C-3 position is necessary to
obtain high enantioselectivity. Thus, the derivatives 7a–d in Table 10.4 were exam-
ined to determine the optimal oxidative coupling monomer [65]. With the copper
catalyst, less crowded naphthols provided higher enantioselectivity. For example,
no substituent at C-5 naphthol gave 90% ee (Table 10.4, 7a). In contrast, 7b with
a substituent at C-5 resulted in a dramatic decrease in atroposelectivity (27% ee).
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Table 10.4 Cu-catalyzed asymmetric oxidative coupling of naphthols.

OH

R′ OH

OH

R′

R′

CO2Me

CO2Me

CO2Me

N

N

H

H

Cu

OH

I

O2

OH

CO2MeMeO

MeO

OAc

7a, 90% ee

6

7

2

OH

CO2MeMeO

MeO

OAc

7b, 27% ee

2

OMe

OH

CO2Me

MeO

OAc

7c, 45% ee

2

OH

CO2Me

MeO

O

7d, 66% ee

2

OOMe

1

2

3
45

6

7
8

The removal of a substituent even more distal from the coupling site (7c) rein-
forces the premise that gearing interactions between the substituents disrupt the
alignment of the C3-group with the C-2 hydroxyl. Naphthol 7d with a cyclic ketal
limits this conformational gearing to allow a coplanar arrangement of the C3-group
with the C-2 hydroxyl, thereby improving the enantioselectivity.
Based on these findings, the synthetic route toward nigerone outlined in

Scheme 10.3 was proposed. Naturally occurring flavasperone (4), which features a
constrained ring system with coordinating carbonyl in the C-3 position, could be
synthesized from carboxylic acid (5) in nine steps (Scheme 10.4). Late-stage atro-
poselective copper-catalyzed oxidative coupling afforded bisisonigerone (3) in good
yield and enantioselectivity. A catalytic amount of base promoted the isomerization
of both pyrone rings to furnish desired nigerone (1). This isomerization was driven
by the greater thermodynamic stability of nigerone (1), which stems from the lower
degree of steric hindrance between the C-2 and C-1 aryl group in nigerone (1) vs
the coplanar relationship between C-4 and C-5 in bisisonigerone (3). In line with
this analysis, energy calculations found nigerone (1) as the lowest energy isomer.
There was very little erosion in the enantioselectivity of the chiral access during
this process (less than 3% ee change) and trituration upgraded the final product to
90%. Circular dichroism studies with bisisonigerone (3) and nigerone (1) revealed
that the assignment of the natural product as (S)-nigerone was incorrect [66].
The calculated CD spectrum of (R)-nigerone matched both the synthesized and
isolated natural product confirming the (R) absolute configuration.
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10.2.2 Perylenequinones

Perylenequinones are highly conjugated pentacyclic natural products incorporating
helical chirality. They exhibit photosensitizing properties and inhibit protein kinase
C (Figure 10.3) [67]. Calphostins (8) and phleichrome (9) are diastereomers, each of
which is atropisomerically stable due to the substituents at the C2,C2′ and C7,C7′
positions, which increase the rotational barrier. The strain afforded by the additional
seven-membered rings in cercosporin (10) and hypocrellin A (11), however, lowers
the rotational barriers substantially allowing isomerization under conditions used
in synthesis. In the case of hypocrellin A (11), atropisomerization occurs rapidly at
ambient temperature (only major atropisomer shown).
Notably, all the perylenequinone natural products can be synthesized from the

common naphthol intermediate (13) (Scheme 10.5) [68, 69]. Late-stage introduc-
tion of central chirality at C7, C7′ substituents has permitted access to a diverse
array of natural products with complete stereocontrol instead of using extant sp3
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stereocenters to direct formation of the chiral axis via a diastereoselective oxidative
coupling pathway, which only provides moderate stereoselectivity. Natural products
and their derivatives could be obtained via either epoxide ring-opening process
[68, 70, 71] or Suzuki coupling reaction [69, 72] with the corresponding axial
chiral dimers 14. Both enantiomeric dimers could be prepared from naphthol
13 via catalyst-controlled atroposelective oxidative biaryl coupling reactions. In
combination, these transformations permitted access to all the stereoisomers of the
perylenequinone natural products including variants not found in natural sources.
Common intermediate 13 could be prepared over five steps from the commercial

compound 19 (Scheme 10.6) [69]. With the (S,S)-1,5-diaza-cis-decalin copper
complex, the corresponding dimer (M)-14 was generated with good yield and
selectivity. A subsequent single trituration provided >99% ee bisiodide (M)-14.
Installation of the stereogenic 2-hydroxypropyl group was achieved by epoxide ring
opening via an organocuprate. Alternative methods to install the 2-hydroxypropyl
groups via diastereoselective diketone reduction or asymmetric methylation of a
dialdehyde provided low yields and selectivities [68]. Although many reported
cuprate-mediated epoxide alkylation reactions are known, no examples with such
highly complex substrates, especially involving dianions, have been disclosed.
By screening, conditions for the epoxide ring-opening reactions with various highly
functionalized biaryl systems were identified allowing either stereochemistry of the
2-hydroxypropyl group to be introduced in the presence of the C3,C3′ esters [71].
Subsequent steps, featuring C5 functionalization, mild decarboxylation, oxidative
cyclization, and selective demethylation with MgI2, provided both ent-calphostin D
(ent-8) and ent-phleichrome (ent-9) in ∼5% overall yield (total 17 steps).
In contrast to calphostin and phleichrome which are atropisomerically stable,

no synthetic efforts had been published with respect to cercosporin which is
characterized by a low atropisomerization barrier. Half-life studies revealed that the
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Scheme 10.6 Synthesis of ent-calphostin D and ent-phleichrome.
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large substituent at the C7,C7′ positions in calphostin and phleichrome protected
them from axial chiral bond isomerization [68]. Themethylene bridge present in the
seven-membered ring of cercosporin, however, produces additional strain resulting
in a lower atropisomerization barrier. In order to determine the contributions of
each of the structural elements to the atropisomerization barrier, measurements
were made for the compounds in Table 10.5. A simple binaphthyl 21 containing the
seven-membered ring found in cercosporin is quite stable even at 60 ∘C. In contrast,
the strain of the perylenequinone as in ent-8 caused a greater lowering of the
barrier. Analysis of cercosporin (10) itself shows that an extended reaction time
at 60 ∘C would cause atropisomerization. Based on this data, a route was selected
that delayed formation of the greatest contributor to atropisomeric instability
(the perylenequinone core) to as late as possible. In addition, any reactions after
formation of both the perylenequinone core and the seven-membered ring needed
to be as mild as possible.
With the common intermediate 13, axial chiral dimer (M)-14 was prepared by

means of copper-catalyzed asymmetric oxidative coupling reaction (Scheme 10.7).
Epoxide ring opening installed the appropriate stereochemistry of the propyl
chain on both rings. Subsequent debenzylation of the more labile benzyl ethers
at the C2,C2′ positions occurred with excellent selectivity. Formation of the
seven-membered ring of 23 was accomplished by employing bromochloromethane
as an optimal methylene source, which balances leaving group ability and steric
size. The formation of the pentacycle could thus be reserved as late as possible.
Subsequent removal of themethoxycarbonyl, oxidation, and directed demethylation
accomplished the first total synthesis of cercosporin (10) [68, 70].
The hypocrellin family of the perylenequinone natural products is differentiated

from others by an unsymmetrical seven-membered carbocyclic ring containing two
stereocenters. In this system, atropisomerization occurs rapidly at room temperature
complicating the assignment of the structures. For example, there are four possible
isomeric forms for hypocrellin A arising from rapid enol–keto tautomerism and a
low atropisomerization barrier (Figure 10.4) [72].

Table 10.5 Selected examples of atropisomerization barrier and
half-lives.
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The approach taken toward hypocrellin A focuses on generation of stable helical
stereochemistry first, which would then direct the formation of the sp3-hybridized
stereocenters. However, formation of the seven-membered ring containing these
stereocenters would dramatically lower the atropisomerization barrier essentially
ablating the original helical stereochemistry. Thus, a “dynamic stereochemistry
transfer” was envisioned. In turn, the required helical stereochemistry would
be derived from an axial chiral structure using the enantioselective oxidative
coupling pathway as described above. In contrast to other perylenequinone nat-
ural products, hypocrellin A exhibits the opposite helical stereochemistry (P).
Thus, the opposite enantiomer of the copper catalyst was employed, namely the
(R,R)-1,5-diaza-cis-decalin copper complex, under an oxygen atmosphere to afford
(P)-14 (Scheme 10.8). Suzuki–Miyaura cross-coupling, in turn, installed allyl
groups at the C7,C7′ positions. Wacker oxidation converted the allyls to ketones,
which were protected as ketals. Instead of using a conventional aromatic decar-
boxylation reaction that requires temperatures up to 180 ∘C and would isomerize
the chiral axis, a palladium-assisted decarboxylation developed by Kozlowski group
was used to remove the ester groups without atropisomerization. Subsequent
debenzylation of 25 and MnO2 oxidation provided the core pentacyclic system.
Based on computational modeling, the Z-enolate system was predicted to access
the final seven-membered ring equipped with the correct relative and absolute
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stereochemistry. Indeed, an aldol reaction mediated by lithium disilazide did afford
the desired natural product 11 as a major product [69, 72].

10.2.3 Bisoranjidiol

Myriad bisanthraquinone natural products have been found and isolated
(Figure 10.5) [73, 74]. The bisanthraquinone dimers are known for their biological
activities against bacteria, diabetes, depression, and more [75–78]. (S)-Bisoranjidiol
(30) is differentiated from other bisanthraquinone natural products, by the lack of
C4,C4′ substitution. In addition, it has methyl substituents at the C6, C6′ positions
and no substituents at the C7, C7′ positions of distal ring. This unique axial chiral
dimer acts as a photosensitizer by generating singlet oxygen in the presence of
light [79].
In 2012, the Kozlowski group reported the first stereoselective total synthesis

of (S)-bisoranjidiol (30) and its derivatives [80]. Direct oxidative coupling of the
anthraquinone monomers proved intractable due to the high oxidation potential
of these systems. As such a different retrosynthetic analysis of 30 was proposed
where the additional aromatic ring would be prepared via a nonbiomimetic
[4+ 2]-cycloaddition followed by aromatization (Scheme 10.9). Enantioselective
oxidative coupling to form bisnaphthylene 32 with an axial chiral bond would
require monomer 33 with C8-oxygenation that would allow subsequent oxidation
to a bisnaphthoquinone.
After screening enantioselective oxidative coupling conditions with various

monomers, the 8-benzyloxy-substituted monomer 34 was found to pro-
duce the axial chiral dimer 35 in good yield and enantioselectivity when a
(R,R)-1,5-diaza-cis-decalin copper catalyst was employed (Scheme 10.10). A single
trituration provided an enantiomerically pure 35 (>99% ee) and the following
steps, including decarboxylation and debenzylation, provided 8,8′-dihydroxy biaryl
compound 36. Selective oxidation at C5,C5′ could be achieved by Co-salen complex
catalyst under oxygen atmosphere without loss of enantiopurity. One of the most
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Figure 10.5 Representative bisanthraquinone natural products.
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challenging steps of the synthesis was the regioselective Diels–Alder cycloaddition
reaction. To control the regioselectivity, both Lewis acid-assisted cycloaddition and
a halogen-directed approach were explored. Although good regioselectivity could
be obtained from the Lewis acid route, decomposition and byproduct formation
resulted in low yields. Selective halogen-directed cycloaddition reactions are known
between vinyl ketene acetals and para-quinones [81–83]. With dibrominated
compounds 38a, [4+ 2]-cycloaddition with diene 39 afforded the desired “out–out”
product 40 after aromatization over silica in moderate yield. Final demethylation
provided the axial chiral (S)-bisoranjidiol successfully. An evaluation of atropiso-
meric stability of 30 showed that the enantiomeric excess of 30 eroded from >99%
to 71% after 26 days corresponding to a half-life of 3.8 months in MeOH [84].

10.3 Vanadium-Catalyzed Asymmetric Oxidative
Coupling to Construct a Chiral Axis

10.3.1 Viriditoxin

The natural product viriditoxin (41) possesses a core structure consisting of a
6,6′-binaphthopyran-2-one. This compound has garnered attention due to its pro-
nounced ability to inhibit bacterial cell division by disrupting protein–membrane
interactions and reducing membrane permeability [85, 86]. Notably, only
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four structurally relevant natural products are known to feature the 6,6′-
binaphthopyran-2-one motif (Figure 10.6).
In 2011, the Shaw group introduced the first synthetic approach to viriditoxin,

utilizing a vanadium-catalyzed asymmetric biaryl ring-forming reaction [87].
The proposed retrosynthetic pathway involves the preparation of the target bis-
naphthopyran compound through formation of the axial chiral bond by oxidative
dimerization of monomer 45 (Scheme 10.11). The core tricyclic ring, including
the central chirality at the C3 position, could be synthesized from poly-substituted
aryl 46 and chiral pyranone 47 via a sequence of Michael addition and Dieckmann
condensation reactions.
The stereoselective synthesis of viriditoxin (41) is outlined in Scheme 10.12a.

Enantiomerically pure pyranone 49 was obtained from secondary alcohol 48 in
four established steps [88, 89]. Employing a 1,4-conjugate addition poly-substituted
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aryl 50 to pyranone 49 followed by a Dieckmann condensation protocol led to
the formation of the viriditoxin core tricycle 51 with a good yield. Subsequent
deprotection of the ethoxymethyl ether in the presence of propylene glycol paved
the way for the vanadium-catalyzed oxidative coupling of 52. Anticipating that the
distal central chirality could guide the differentiation of the axial chiral bond via the
less sterically hindered transition state A, favoring M-helicity dimer as the major
product (Scheme 10.12b), Shaw and coworkers successfully achieved the desired
53a in a 76 : 24 diastereomeric ratio (Scheme 10.12a). Consequently, the final
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Table 10.6 Diastereoselective oxidative coupling with bisvanadium catalysts.
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natural product 41 could be synthesized within five steps from 53a. This observed
diastereoselectivity marked one of the highest levels of stereoselection induced by a
remote chiral center.
Further enhancements in diastereoselectivity were pursued using chiral bis-

vanadium catalysts, specifically the Gong-type catalysts (Table 10.6). Notably, the
oxidative coupling with these catalysts revealed that the axial chiral information
was controlled by amino acid portion of the catalyst. While (S)-configuration
amino acids produced the predominant formation of the opposite axial chiral
isomer 53b (Table 10.6, V1 and V3), the (R)-configured catalysts ensured the
production of the desired axial chiral dimer 53a with an improved stereoselectivity
(Table 10.6, V2 and V4) over the substrate with an achiral vanadium catalyst (see
Scheme 10.12a). It is noteworthy that catalysts featuring axial (S)-configuration (V3
and V4) exhibited slightly superior stereoselection compared to their counterparts
(V1 and V2).
In 2012, the Shaw group presented a second-generation synthesis of viriditoxin

(41) [90]. They focus on devisingmore efficient synthetic pathways that are less toxic
and amenable to scalability. For example, they replaced the use of a toxic allyl tin
reagent to prepare compound 48 with epoxide-opening methods, which provided
the same intermediate with higher yields in an environmentally friendly process
[91, 92]. Furthermore, the protecting group was changed from triisopropylsilyl
(TIPS) to tert-butyldiphenylsilyl (TBDPS). This modification not only led to
improved overall yields but also enhanced diastereoselectivity (>95 : 5), while
maintaining similar yields.
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10.3.2 Sorazolon E2

In 2017, Sasai and co-workers unveiled a concise synthesis of (+)-sorazolon E2 [93],
a hydroxycarbazole dimer that has antibacterial properties and cytotoxicity against
fibroblast cell lines [94, 95]. The formation of sorazolon E2 (54) was achieved
through an asymmetric vanadium-catalyzed oxidative coupling of sorazolon E (55),
as depicted in Scheme 10.13. To create the highly substituted hydroxycarbazole,
cyclohexanone 56 was utilized in a condensation and aromatization process with
the corresponding aniline 57.

H
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Oxidative coupling N
H

HO

Me

Me
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OMe

56 57

Scheme 10.13 Retrosynthetic analysis of (+)-sorazolon E2 (54).

The investigation of the monomeric hydroxycarbazole natural product 55 focused
on amore efficientmethod toward its construction (Scheme 10.14). Despitemultiple
endeavors by several research group to synthesize sorazolon E (55) [96–101], prior
approaches encountered notable challenges, including the reliance on toxic reagents
such as Hg(OAc)2 and Tl(TFA)3, as well as the use of long synthetic pathways, up to
eight steps. However, the Sasai group offered a novel solution by unveiling a concise
two-step access to the highly substituted hydroxycarbazole using a one-pot proto-
col. Specifically, they developed a strategy involving condensation and aromatization
processes in the presence of Pd(OAc)2 and excess Cu(OAc)2, resulting in a 60% yield
of carbazole 58. Upon demethylation, sorazolon E (55) was obtained with a high
yield of 90%. Harnessing hydroxycarbazole 55, the asymmetric oxidative coupling of
hydroxycarbazole was evaluated using both monovanadium catalyst (V5) and bis-
vanadium catalyst (V6). Despite similar levels of reactivity observed with both cata-
lysts in producing the dimeric hydroxycarbazole, the asymmetric induction patterns
revealed that only the dimeric vanadium catalyst (V6) exhibited promising levels of
stereoselectivity. Notably, a single recrystallization provided highly enantiomerically
pure sorazolon E2 (54) with 90% ee.

10.3.3 Chaetoglobin A

Chaetoglobin A (62), a naturally abundant azaphilone compound, features a
chiral axis between the identical highly oxygenated bicyclic cores, along with
quaternary chiral centers (Figure 10.7). Known for its inhibition of both colon
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cancer and breast cancer cell lines, the unique structural features of this compound
have drawn significant attention [102]. Despite numerous reported azaphilone
syntheses [103], the synthesis of dimeric azaphilones remained unexplored until
2018. The Kozlowski group undertook the total synthesis of azaphilone dimer,
chaetoglobin A (62), employing a vanadium-catalyzed oxidative coupling method
to introduce an axial chiral bond [104].
The retrosynthetic route to chaetoglobinA (62) involved the transformation of bis-

formylated 63 through oxidative dearomatization and subsequent amination reac-
tions (Scheme 10.15). The formation of dimeric compound 63 would stem from the
asymmetric oxidative coupling of phenol 64, followed by Vilsmeier–Haack formyla-
tion. The coupling of iodoaryl 65with terminal alkyne 66 via a Sonogashira coupling
reaction would provide monomer 64.

Chaetoglobin A (62)

Oxidative
dearomatization

Amination

HO

Me

OH

CHO

HO

Me

OH

CHO

OP

OP

63

Asymmetric
oxidative
coupling

Formylation HO

Me

OH

OP

64

Sonogashira
coupling

OH

Me

HO I

OP

65

66

NH

O

O

Me

AcO

NH

O

O

AcO

Me

OH

OH

Scheme 10.15 Retrosynthetic analysis of chaetoglobin A (62).

The initial task was to identify the optimal phenol for introducing the axial chiral
bond through oxidative coupling. The Kozlowski group found that the monomeric
vanadium catalyst V7 successfully facilitated the production of axial chiral bonds
between resorcinols, providing good yields and selectivity [60, 61]. Subsequently,
under optimal conditions, various oxidative coupling candidates were assessed for
asymmetric phenol coupling (Table 10.7). Halogen-substituted compounds 67 and
68, unfortunately, suffered from both low reactivity and poor enantioselectivity. In
contrast, phenol 69, incorporating a long-chain structure with an internal alkyne,
generated axial chiral bisphenol with good yield and enantioselectivity.
The Sonogashira coupling partners 65 and 66were synthesized in four steps from

commercial sources [105–108]. Monomer 71 was obtained with quantitative yield
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Table 10.7 Vanadium-catalyzed oxidative coupling of phenols.
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O OEt
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HO

Me

OH

Br

67
24% yield
20% ee

HO

Me

OMe

Br

68
12% conversion

47% ee

HO

Me

OH

69
66% yield
89% ee

via a Sonogashira coupling reaction (Scheme 10.16). The diastereoselective oxida-
tive phenol coupling, controlled by the catalyst, yielded the chiral axis with superior
selectivity, exceeding a >15 : 1 dr, along with good yields. Notably, the addition of
either HOAc or LiCl was found to enhance the selectivity, boosting the dr from 4 : 1
to >15 : 1. This enhancement was attributed to increased activation of the vana-
dium catalyst and a bridging effect between vanadium centers, which was thermo-
dynamically favored by 7.5 kcal/mol, as supported by calculations [61]. Sequential
Vilsmeier–Haack formylation, a modified oxidative dearomatization developed by
the Porco group [109, 110], and acetylation led to the formation of the highly oxy-
genated bicyclic 73. Due to the stability of the dimeric compound 73, achieving
selective deacetylation was a challenge. Among various hydrolysis conditions, an
excess of Ti(Oi-Pr)4 proved effective in generating the product with good yield and
reproducibility. The final amination reaction provided the target natural product 62
in 96% yield.

10.3.4 Gonytolide A

Chromanone natural products, isolated from the fungusGonytrichum sp., have been
recognized as immune regulators (Figure 10.8) [111, 112]. These compounds influ-
ence responses to conditions like infectious diseases and cancer [113, 114]. Within
the realm of chromanones, a distinct dimeric type prevails: the para-para coupled
axial chiral chromanone. Notably, the synthesis of one such compound, gonytolide
A (74), was unveiled via substrate-controlled oxidative couplingmethod by the Porco
group in 2018 [115].
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Retrosynthetically, the oxidative coupling of 78 serves to introduce a chiral
axis at the para-position relative to the phenol, the sole reactive site available
(Scheme 10.17). To derive diastereomerically pure monomer 78, two paths are fea-
sible. One involves the dynamic kinetic resolution during asymmetric bromination
of racemic gonytolide C (76), while the other entails an asymmetric conjugated
reduction followed by bromination of diastereomerically pure 76. The synthesis of
monomeric chromanone natural product 76 can be prepared by conjugate addition
between 79 and furan 80.
The initial task for the synthesis was to refine the vinylogous addition reactions, a

process previously developed by the same group in 2011 [116]. Previous studies had
yielded a mixture of two diastereomers. After comprehensive investigation into the
process, the mechanism outlined in Scheme 10.18 was proposed. The presence of
silyl triflate activates chromone 79 to form benzopyrylium salt 81. The combination
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between benzopyrylium 81 and 2-siloxyfuran 80 generates two diastereomers.
The diastereomeric ratio was determined by the reaction conditions, favoring
kinetic product 82a at lower temperatures. Subsequent desilylation and conjugate
reduction gives the corresponding product 84. On the other hand, elevated reaction
temperatures promote the formation of thermodynamic product 82b, resulting in
the preparation of gonytolide C (76). Following rigorous screening of conditions,
the desired 76 was predominantly obtained with a 3 : 1 diastereomeric ratio at 0 ∘C
in CH2Cl2.
In pursuit of a diastereomerically pure monomer for the oxidative coupling, the

first step involved testing asymmetric bromination using various known conditions
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[26, 117–121]. Unfortunately, these attempts were unsuccessful in producing the
desired brominated product. Instead, they resulted in the enantiomer, as well
as a regioisomer from bromination at the para-position, leading to a mixture of
dibrominated compounds. Consequently, Porco and coworkers opted to revise
their initial strategy and pursue a diastereomerically pure monomer through
asymmetric conjugate reduction of 85 (Scheme 10.19). Taking advantage of a
well-established kinetic resolution by asymmetric reduction [122, 123], diastereo-
merically pure (+)-gonytolide C (76) was obtained with high stereoselectivity.
Further recrystallization yielded (+)-76 with a 94% enantiomeric excess, while
bromination provided the corresponding ortho-brominated (+)-86 without erosion
of the enantiomeric excess. With the ortho-blocked monomer (+)-86, the oxidative
coupling reaction was conducted with VOF3 as a catalyst. Relative to numerous
known oxidative coupling conditions, including those using Fe, Cr, Cu, Mn, Mo,
V catalysts/reagents or electrochemical methods, it was found that VOF3 under
acidic media gave the most promising outcomes. With the optimized oxidative
conditions, the substrate-controlled oxidative coupling of (+)-86 provided a
mixture of two atropoisomers, (+)-gonytolide A (74) and (+)-atrop-gonytolide A
(atrop-74). A noteworthy observation from their work was the pivotal role played
by bromine. Not only did it block another active site for oxidative coupling but
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it also demonstrated a stabilizing effect on radical species during the oxidative
coupling reaction.

10.4 Enzymatic Strategies to Synthesize Natural
Products via Atroposelective Coupling

10.4.1 Kotanin

While a plethora of chemical transformations enabling atroposelective coupling
have been developed, the realm of biocatalysts capable of regio- and stereo-
selective coupling for constructing axial chiral bonds is nascent. Among these,
the cytochrome P450 enzyme, renowned for its role in biosynthesizing several
isoquinoline alkaloids [124], has emerged as a notable candidate for effectively
establishing a chiral axis between biaryl scaffolds. Recent work by the Narayan
group highlighted the capabilities of the P450 enzyme. It not only facilitated the
generation of native oxidative dimeric biaryl products in a site-selective and atro-
poselective manner but also produced non-native cross-coupled biaryl coumarins
by tuning the stoichiometry (Table 10.8) [55]. Notably, the presence of C4 or C5
substitutions did not hinder the reactivity of the enzyme. Although the efficiency of
cross-coupled product formation was influenced by electronic factors, the enzyme
generated a diverse array of cross-coupled products (Table 10.8).
In 2012, the Müller group disclosed a breakthrough involving the gene cluster

Aspergillus niger FGSC A1180, capable of orchestrating the regio- and stereo-
selective biosynthesis of kotanin (93) (Figure 10.9) [125]. Their investigations
revealed that the biosynthetic pathway leading to kotanin (93) was initiated from
phenol 88d rather than 91, as illustrated in Scheme 10.20. The step involved in
the methylation of dihydroxycoumarin 94 by O-methyltransferase KtnB, providing
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Table 10.8 Selective scope of P450 enzyme-catalyzed oxidative coupling reaction.
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7-demethylsiderin (88d). Drawing upon their earlier findings, the presence of a
methoxy group at C4 position was deemed essential for facilitating the oxidative
coupling required for dimer formation [126]. The monooxygenase KtnC catalyzed
the oxidative coupling of 88d, yielding orlandin (92), a hypothesis supported
by docking experiments involving 88d and the dimeric product 92. Subsequent
O-methylation events culminated in the formation of kotanin 93.

10.4.2 Phlegmacins

Among the dihydroanthracenone dimers, the phlegmacins stand out as notable
examples found in macromycetes (Figure 10.10) [127]. A captivating feature of
phlegmacins is the presence of a chiral axis arising from an unsymmetrical coupling
between the C7 and C10′ positions. Although there are a myriad of reported chemi-
cal oxidative coupling reactions, few are effective for achieving such regioselective
unsymmetrical couplings.
In 2012, Lin and colleagues revealed the existence of a gene cluster comprising

four proteins (phlA–D) responsible for the biosynthesis of phlegmacins, as deter-
mined through a bioinformatic analysis [128]. Notably,monomer 98 serves as a com-
mon biosynthetic precursor for the construction of anthraquinones such as emodin,
cladofulvin, and skyrin (Scheme 10.21) [129–132]. Based on previous investigations,
they postulated that the collaboration between PhlD and PhlA would furnish the
trihydroanthraquinone 98 [129, 130, 132]. The oxidative coupling monomer 99 can
be prepared by the methyltransferase AurJ. Utilizing a fasciclin domain-containing
protein PhlB and a laccase PhlC facilitated the creation of unsymmetrical oxidative
dimers, phlegmacin A1 (94) and B1 (95).

10.5 Conclusion

Asymmetric oxidative couplings allow access to a diverse array of axial chiral
natural products. The evolution of atroposelective coupling methods, employ-
ing various strategies, has contributed to the synthesis of complex molecules.

O

CH3

OH

OHOH

MeO

H3C OH

O

OH

OH

MeO
10′

7

Phlegmacin A1 (94)

O

CH3

OH

OHOH

MeO

HO CH3

O

OH

OH

MeO
10′

7

Phlegmacin B1 (95) 

O

CH3

OH

OHOH

MeO

HO

H3C

O OH OH

OMe

10′

10

Tricolorin (96)
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Transition-metal-catalyzed asymmetric oxidative coupling reactions, combined
with various oxidants, have demonstrated enhanced reactivity and selectivity.
Among the diverse effective methods, specific attention has been given to copper-
and vanadium-catalyzed methods in the synthesis of natural products. Notably,
copper-mediated asymmetric oxidative couplings have utilized poly-substituted
naphthols as coupling monomers [133]. In contrast, vanadium-catalyzed
approaches have extended the utility beyond naphthol-type monomers to
include monocyclic phenols for constructing axial chirality in natural product
synthesis. The stereoselectivity of these processes arises from the interplay between
asymmetric catalysts and any innate stereochemistry of substrates. Both catalysts
and substrates can influence the stereochemical outcomes, leading to improved
atroposelectivity. Enzymatic oxidative coupling strategies have emerged as an
efficient means to construct axial chiral natural products, encompassing both
symmetrical dimers and unsymmetrical coupling products, which is challenging to
achieve through conventional chemical methods.
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11.1 Introduction

Atropisomerism is considered a kind of dynamic axial chirality resulting from an
extremely restricted single-bond rotation that usually occurs between two or more
atoms with sp2 hybridization [1]. Such rotation around a chiral axis can lead to
the formation of racemic mixtures in a simple manner with no need to break and
make a chemical bond [2]. Atropisomers are conformers that can be separated from
each other as they have the ability for slow interconversion offering a half-life of
racemization of more than one thousand seconds [3]. Atropisomers have a high
enough rotational barrier to make it possible to separate the various conformers
[1]. It is worth mentioning that atropisomers can exert diverse biological activity,
selectivity, toxicity, pharmacodynamics, and pharmacokinetic features [4]. Reducing
the number of attainable stereoisomers around chiral axes led to enhanced phar-
macological activity, selectivity, safety, and physicochemical and pharmacokinetic
criteria [5].

11.2 Configuration Assignment of Atropisomeric Drugs

Advances in separation and analytical techniques, as well as increasing awareness of
the occurrence of atropisomerism, have helpedmedicinal chemists to better analyze
and handle the accompanying challenges and successfully progress atropisomeric
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drugmolecules. There are several methods available to obtain the pure atropisomers
of a drug candidate. The scale at which drug candidates are manufactured deter-
mines which method is best. On milligram to multigram scale, chromatography
of an atropisomeric mixture is the most used method for isolation. Atropisomers
can be separated using chiral stationary phase (CSP) by high-performance liquid
chromatography (HPLC), or supercritical fluid chromatography (SFC), which uses
a micron chiral column and is more efficient and environmentally friendly [6–8].
For a multikilogram supply of the drug candidates, alternative methods are used
to obtain pure atropisomers to avoid costly, time-demanding chromatography. Two
possible strategies to obtain the pure atropisomers on larger multikilogram scales
are (i) resolution by crystallization of diastereomeric salts [9] or (ii) asymmetric syn-
thesis of the desired atropisomer. There are different techniques used to determine
the free energy barrier of atropisomers interconversion including, for example,
density functional theory (DFT) [10], variable temperature NMR (VT-NMR) [11],
and HPLC [7]. Additionally, the definite atropisomeric configuration was detected
utilizing single-crystal X-ray diffraction [12, 13]. If racemic mixtures cannot be
separated through these techniques or isomerization occurs quickly either in vitro
and/or in vivo as in the case of ibuprofen and thalidomide, the drug was developed
as a racemic mixture. Although, the effectiveness, safety, and pharmacodynamics
of both atropisomers should be accurately estimated.

11.3 Classification of Atropisomeric Drugs According
to the Rotational Energy Barrier

LaPlante classified atropisomeric compounds into three categories (Figure 11.1)
according to the rotational energy barrier required for racemization to occur

Class I Class II Class III

10 kcal/mol 20- 30 kcal/mol  ≥30 kcal/mol
Torsion rotation
energy barrier

Rapid interconversion
(ns ≈ sec)

Torsion rotation

         T1/2

Delay interconversion
(Min » days)

No interconversion
(Years)

Examples

N
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N
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H2N
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MRTX1719
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N
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Figure 11.1 LaPlante’s classification of atropisomeric compounds based on torsional
rotation energy barrier and rotation half-lives.
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(ΔE rotation) and the half-life of racemization at physiological temperature
[14, 15]. Class I atropisomerism involves compounds that have low ΔE rota-
tion (10Kcal/mol). These compounds quickly interconvert at room temperature
(t1/2 < 60 seconds) and cannot be differentiated as a single enantiomer. Class II
atropisomerism includes molecules presenting modest interconversion energy (ΔE
rotation = 20–30Kcal/mol) and moderate stability (t1/2 = 60 seconds–4.5 years).
Class III atropisomerism contains stable isomers with a high rotational energy
barrier (ΔE rotation is ≥30Kcal/mol) and slowly interconvertible atropisomers
(t1/2 > 4.5 years). The development of class III atropisomers as single isomers
after atroposelective synthesis or separation using one of the numerous chiral
purification procedures is ideal [16]. The greater energy barriers for rotation in
classes II and III atropisomerism enable the separation of a single atropisomer [5].
Class II atropisomers demand further consideration owing to the complications
resulting from modest interconversion. Noticeably, interconversion can happen
during biological estimation, analytical differentiation, and drug storage, giving
rise to challenges in drug discovery and evolution. Hence, atropisomerism must
be identified early in order to be evaluated and treated, specifically in the case of
moderate interconversion rates [17].

11.4 Analysis of Atropisomeric Drugs Across
the Pharmaceutical Market

Atropisomerism, in terms of modern drug design and development, has been
increasingly appealing to both the academia and pharmaceutical industry across
the past decades. Generally, drug action depends on binding of the bioactive
molecule into its protein target in a specific manner allowing the formation of
the appropriate chemical interactions. Therefore, the impact of axial chirality is
expected and should be carefully planned early enough in the drug design process.
It is well established that the activity toward a particular target is dependent on
one atropisomer, with a little contribution from the other. “Locking” the molecule
in the bioactive atropisomeric form achieves not only a superior activity but also
a better selectivity toward the biological target of interest [16]. Of course, this
effect is restricted to “class III atropisomer,” while the rapidly interconverting
class I atropisomers are considered achiral and do not exhibit this differential
binding effect [3]. Four FDA-approved drugs are recognized as class III stable
atropisomers; Lesinurad (urate transporter inhibitor as antigout agent) [18],
Telenzepine (selective M1 receptor blocker as antipeptic ulcer) [19], Colchicine
(anti-inflammatory/gout agent) [20], and Sotorasib (KRASG12C covalent inhibitor
against non-small cell lung cancer (NSCLC)) [21]. These drugs are either marketed
as racemate (Lesinurad and Telenzepine) and singular diastereoisomer (Colchicine)
or even separated as single atropisomer (Sotorasib). Several other small molecules
were identified within the literature [22–28] and clinical trials [29–33] possessing
one or more class I atropisomeric axes, while in some cases being endorsed with
symmetrical “pro-atropisomeric” axis. Within the 2010–2018 FDA-approved realm,
Gustafson et al. illustrated that nearly 30% of marketed small molecules incorporate
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class I atropisomeric axis within their chemical structure [16]. Further analysis
of the 2019–2022 FDA-approved drugs depicted 26% of drugs possessing any
of the LaPlante’s atropisomerism stability classes, while 6% harbor at least one
pro-atropisomeric axis [3].
The vast majority of FDA-approved, literature, and clinical trial small molecules

are with class I atropisomeric axis across their biaryl/heterobiaryl scaffolds, while
smaller portions endorse atropisomerism along other chemical synthons such as
diaryl ethers/amines, benz/arylamide, and anilines (Figures 11.2–11.5). Prevalence
of aromatic-based atropisomersim could be rationalized by the rise of applying
aryl/heterocyclic functionalities for positive contributions within the drug’s phar-
macokinetic (ADMETox) and dynamics (hydrophobic target binding) properties
across the drug development processes [1, 34]. This aryl-associated preferentiality
can be extended with the employment of several synthetic pathways throughout
the early drug discovery stages including; catalytic cross-couplings as well as
nucleophilic and electrophilic aromatic substitutions [35, 36]. All these described
chemical reactions are commonly employed on aromatic functionalities, which
are capable of producing biaryl/heterobiaryls atropisomeric axis [37–39]. The
advent of obtaining singular atropisomer and the challenges encountered during
the process of drug discovery have been the main focus of the scientific research.
In the following section, an overview of the utilization of the atropisomerism
phenomena in drug discovery is provided together with examples from the recent
literature and FDA-approved drugs. The compounds in discussion will be classified
according to their chemical classes into biaryls/heterobiaryls, diaryl ethers or
amines, benzamides, and macrocycles.

11.4.1 Biaryls and Heterobiaryls

In fact, biaryls and heterobiaryls are the most abundant class of atropisomers,
with numerous examples in recent medicinal chemistry research and few as
FDA-approved drugs. The focus of this part will be given on FDA-approved drugs
which include, to date, four atropisomers belonging to this structural class [3].
A prominent example of a marketed drug that was found to exist as a mixture of
stable atropisomers is Lesinurad, a hURAT1 inhibitor approved for the treatment of
gout (Figure 11.6). It was demonstrated that the (Sa)-atropisomer is 3X more potent
as a hURAT1 inhibitor. In addition to the difference in receptor affinity, it was
interesting to notice that the atropisomers of Lesinurad exhibited significantly dif-
ferent pharmacokinetic properties. This observation highlights the need for careful
consideration of atropisomerism during early drug design not only for optimizing
the activity but also for obtaining acceptable pharmacokinetic profile [40]. Another
interesting example is Sotorasib, which is the first ever FDA-approved drug that
inhibits KRAS, a cancer target that has been termed “undruggable.” This drug is
approved for treatment of NSCLC with KRASG12C mutation. It was proved that
the (M)-atropisomer, which positioned the ortho substituent in the H95/Y96/Q99
hydrophobic pocket, is 10-fold more potent than the (P)-atropisomer. It is also
worth noticing that Sotorasib is the first FDA-approved drug to be designed and
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Figure 11.2 Examples of FDA-approved drugs and clinical trial candidates sorted based
on the common biaryl/biheterocyclic chirality axis. Potential atropisomeric axes (red) and
pro-atropisomeric ones (green) are represented as curved arrows.
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produced as a configurationally stable atropisomer [41]. Another two older but
widely used drugs are Vancomycin B and Colchicine. The first is a glycopeptide
antibiotic medication, approved in 1988, for treatment of a number of bacterial
infections. The drug has three atropismorism axes due to the rotational restriction of
certain bonds, and isomer present in the drug is the thermodynamically more stable
one. Finally, Colchicine, a cytotoxic drug inhibiting microtubule polymerization,
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is also a classic example of atropisomerism. The phenomenon here is due to a
restricted rotation of its phenyl ring which is fused to a seven-membered ring. This
constraint is augmented by a point chirality of the acetamide group at the seventh
position, making the (Ra,7S)-colchicine indefinitely atropisomerically stable. This
isomer is 40-fold more cytotoxic than its enantiomer. It is worth noting that the
(Ra,7R)-Colchicine, the unnatural enantiomer, is devoid of tubulin binding activity
due to the loss of the appropriate torsion angles between ring A and ring C [41].
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11.4.2 Diaryl Ethers

Contrary to the typical examples of biaryl and heterobiaryl atropisomers, the axial
chirality of diary ether is frequently overlooked. Despite having relatively low stere-
ochemical stabilities compared to biaryls, many of the reported diaryl ethers are
known to have barriers to racemization >117 kJ/mol (28 kcal/mol) [42]. In 1958,
Dahlgard and Brewster postulated that diaryl ethers might exist as stable atropi-
somers. In 2006, Betson and Clayden studied a series of potential atropisomers of
the type tri- and tetra-substituted diaryl ethers and concluded that tropisomerism in
these compounds depends mainly on the substitution pattern rather than the total
number of substituents. They have also demonstrated that “diaryl ethers in which
both rings are unsymmetrically substituted may exhibit atropisomerism, as long as
at least one of the substituents is as large as a tert-butyl group”. This rule could also
be applied for diaryl ethers with only three ortho substituents [43]. As mentioned
above, Vancomycin is a classic example of diaryl ether-stable atropisomers. Another
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two FDA-approved drugs showing this kind of stereochemistry are Regorafenib and
Lenvatinib (Figure 11.7); nevertheless, they belong to class I (rapidly interconvert-
ing atropismers). The first drug is a multikinase inhibitor targeting angiogenic the
oncogenic receptor tyrosine kinase (RTK) for treatment of metastatic colorectal can-
cer. While Lenvatinib is an inhibitor of VEGFR1, VEGFR2, and VEGFR3 kinases
used for the treatment of thyroid cancer and Ephrin families. The crystal structure
of VEGFR2 in complex with Lenvatinib shows that the drug binds with both axes of
the diaryl ether in the (Sa)-atropisomeric conformation, suggesting the potential for
enhancing the activity and selectivity toward VEGFR2 via restricting the rotation of
this diaryl ether. This strategy has been explored for other kinase inhibitors but has
yet to be applied to Lenvatinib [44].

11.4.3 Diaryl Amines

Other nonclassical atropisomeric scaffold used frequently in drug development is
the diaryl amine. Similar to the diaryl ethers, atropisomerism in diaryl amines was
usually overlooked during the drug design process, and relatively little is known
about the determinants of axial chirality in this class of compound. Despite the large
number of diaryl amines inmedicinal chemistry literature, examples of stable diaryl
amine atropisomers have remained rare due to the nature of the C–N axes which
allow for lower-energy racemization via their simultaneous rotation. The first
diaryl amine with stable axial chirality was reported by Kawabata et al. in 2009 [45].

https://pobeda.onf.ru/


318 11 Atropisomerism in Drug Discovery and Development

They have created novel atropisomeric binaphthyl scaffolds that are stable at room
temperature due to the inner N—H—N H-bond (Figure 11.7). These binaphthyl
surrogates could represent a different class of chiral proton donors since the
proton in the N—H—NH-bond is situated in an asymmetric milieu. Diaryl amines
are frequently used scaffolds for drug design with multiple examples of kinase
inhibitors such as the FDA-approved Vandetanib, Bosutinib, and Afatinib, which
exist as rapidly interconverting atropisomers. Despite the unstable axial chirality
noticed with these molecules, their crystal structures in complex with RET, ABL,
and EGFR kinases, respectively, show (Sa, Sa)-atropisomeric conformations. Again,
this observation suggests the potential for further controlling the conformations of
the diaryl amines via introducing bulky substituents or employing an N—H—N
H-bonding motif [46–48]. As of July 2022, a search of the PDB revealed over
1600 diaryl amine small-molecule/protein complexes. Among them, more than
100 ligands, including FDA-approved drugs Bosutinib, Imatinib, and mefenamic
acid, had diarylamines that were found to bind their targets with one planar axis
and the other in an almost orthogonal atropisomeric orientation.

11.4.4 Benzamides

Due to the rigidity of the amide bond, the most studied non-biaryl atropisomers are
either benzamide derivatives or anilides. As expected, the barriers to racemization
of the benzamide scaffold depend mainly on the nature of the substituents at
the ortho position, which should be bulky enough to achieve the required stereo-
chemical stability. This could be exemplified with 2,6-disubstituted benzamides or
2-substituted 1-naphthamides. Surprisingly, the nature of the substituents at nitro-
gen has a relatively minor impact on the half-life of benzamide racemization [49].
There are numerous examples of atropisomeric amides in the medicinal chemistry
literature with the majority being of the rapidly interconverting class I. One inter-
esting example is the Indomethacin analog reported by Takahashi and Natsugari
(Figure 11.8). Contrary to Indomethacin, this compound was selective for COX1
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Figure 11.8 Examples of benzamides showing atropisomerism.

https://pobeda.onf.ru/


11.4 Analysis of Atropisomeric Drugs Across the Pharmaceutical Market 319

and the activity is largely affected by the (Ra) isomer [50]. Another well-studied
example is the recently approved CCR5 antagonist GSK214096 developed by GSK
(Figure 11.8). The dichloro substituents ortho to the atropisomeric axis directly
affect the barrier to rotation of this compound. It was demonstrated by Kasmierski
and co-workers that this compound exists as four isolable atropisomers, and the
CCR5 affinity corresponds to two of these isomers only. The CCR5 receptor is a
G-protein coupled receptor (GPCR) expressed on the surface of white blood cells
that is involved in the immune system as it acts as a receptor for chemokines. It is
also a coreceptor for the human immunodeficiency virus (HIV). This means that
HIV needs to bind to the CCR5 receptor in order to enter a cell [51].

11.4.5 Macrocycles

Macrocycles are frequently encountered in nature and, to a lesser extent, in drug
discovery. Due to the nature of their relatively rigid structures, it is more feasible
to achieve atropisomeric stability compared to diaryl ether and diaryl amines, at
least with energy barriers belonging to class II. However, with few exceptions,
most medicinal chemists usually opt to eliminate atropisomerism during the lead
optimization process to avoid problems of stereoselective synthesis, purification,
and characterization of these isomers. In 2016, Fanard and co-workers cyclized
a reported focal adhesion kinase (FAK) inhibitor to increase its affinity toward
proline-rich tyrosine kinase 2 (PyK2). They have obtained a macrocycle with
improved activity but with two rapidly interconverting atropisomers due to the
differential orientation of the pyridine ring above and below the macrocycle plane
(Figure 11.9). The crystal structure of PyK2 revealed that only one isomer is
active. The researchers failed to introduce sufficient structural modifications, by
installing bulky groups on the sulfonamide or the benzylic amine, to stabilize one
of the atropisomers. Finally, they had to modify the macrocyclic structure to avoid
atropisomerism altogether [52]. In a similar case, scientists from BMS reported a
16-membered macrocycle molecule as a Factor VIIa Inhibitor (Figure 11.9). This
compound was found to exist as a 2 : 1 mixture of chromatographically separable
atropisomers with one of the isomers being 25-fold more active, and racemization
occurring upon heating at 100 ∘C in DMSO for two days. Crystal structure of the
complex showed that the ethyl group of the active atropisomers forms a critical
hydrophobic interaction with the enzyme S2 pocket which is not feasible with the
other isomer. Again, the team eventually decided to eliminate this asymmetric
factor by replacing this problematic ethyl moiety with two methyl groups on both
sides of the phenyl ring to ensure the accomplishment of the required interaction
with the S2 pocket [53].
A success story of stabilizing the most active atropisomer and introducing it to

the clinic can be demonstrated by the development of the anaplastic lymphoma
kinase (ALK) inhibitor Lorlatinib lead compound by Pfizer (Figure 11.9). This
12-membered macrocycle was designed to reduce the number of rotatable bonds,
allow better shielding of polar surface area, and improve binding through its
restricted conformation. All of these design elements led to better central nervous
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Figure 11.9 Examples of macrocycles showing variable degrees of atropisomerism.

system (CNS) permeability. It was found that the desmethyl analog exists as a pair
of isolable atropisomers, showing an energy of activation for interconversion of
24.6 kcal/mol and a t1/2 of approximately six hours at 37 ∘C. On the other hand,
desmethyl derivative exists as a single atropisomer and showed no racemization
after 24 hours at 65 ∘C. It was noticed that the presence of the chiral methyl group
on the benzylic carbon stabilizes the desired conformation by providing a calculated
ground state energy difference of 8.5 kcal/mol driving the equilibrium completely
to the bioactive conformation [54].

11.5 Introducing Atroisomerism to Modulate Selectivity

Class I or rapidly interconverting atropisomers are usually treated by medicinal
chemists as achiral compounds. However, at any given moment, it was found that
only one atropisomer binds to its biological target. The other isomer has little or
no contribution to the binding. This reduces the overall affinity of the molecule
and could also lead to undesirable off-target effects. Therefore, rigidification or
constraining a class I atropisomer into a stable class III analog is expected to improve
its affinity as well as selectivity. One prominent example is Sotorasib, which is the
first FDA-approved drug to be designed and produced as a configurationally stable
atropisomer, as discussed earlier. Currently, this approach has gained a lot of interest
in early drug discovery, and more examples will be provided in the next section.
Another example is the optimization of Lamellarin N, which is a hexacyclic

pyrrole alkaloid originally isolated from marine invertebrates and shows promising
anticancer activity due to its ability to inhibit various kinases (Figure 11.10).
Unfortunately, this lack of selectivity could lead to off-target-associated toxicity.
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selectivity.

Iwao and co-workers introduced a methyl group on the 16-position of Lamellarin
N generating two stable atropisomers, referred to here as (Ra)-Me-Lamellarin
and (Sa)-Me-Lamellarin. The researchers have evaluated the inhibitory activity
of both isomers on eight protein kinases implicated in cancer and neurodegen-
erative diseases (CDK1/cyclin B, CDK2/cyclin A, CDK5/p25, GSK-3α/β, PIM1,
DYRK1A, CLK3, and CK1). Interestingly, Enantiomer (Ra)-Me-Lamellarin N
remained nonselective similar to the parent compound. Whereas the other iso-
mer (Sa)-Me-Lamellarin N showed selective inhibition of GSK-3α/β, PIM1, and
DYRK1A [55]. In 2021, Janssen reported a potent and selective covalent inhibitor
of Bruton’s tyrosine kinase (BTK) based on triazaacenaphthylene-2-carboxamid
(Figure 11.10). Introduction of an ortho-methyl substituent on the lead compound
phenyl ring produced a mixture of atropisomers that are chirally stable at ambient
temperature. The atropisomers were chromatographically resolved and character-
ized. Interestingly, the (Sa) isomer displayed approximately 30-fold higher potency
and 20-fold better cellular activity relative to the (Ra) counterpart. This was the
basis for the design of the most active orally bioavailable compound of this series,
which was later taken to preclinical development [24].
In an important study, Toenjes and Gustafson showed that different members of

related enzymes with conserved active sites, such as kinases, can prefer specific
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atropisomers of the same ligand and used this phenomenon to modulate inhibitor
affinity and selectivity. In their study, they started with a nonselective pyrrolopy-
rimidine (PPY) inhibitor of SRC, RET, and ABL kinases and generated two stable
atropisomers by installing a chlorine atom on the ortho position of its 3-phenyl moi-
ety (Figure 11.10). The atropisomers were isolated, characterized, and evaluated for
their ability to inhibit the aforementioned enzymes. The authors demonstrated that
the (Ra) isomerwas selective for RET, while the (Sa) retained the affinity for SRC and
ABL kinases. They have also used molecular modeling to provide a plausible expla-
nation and recommended the extension of this strategy to optimize the selectivity of
other kinase inhibitors [16].
Constraining a rotatable bond into a singular atropisomer was shown benefi-

cial in developing AZD-5991 (AstraZeneca) the selective pro-apoptotic protein,
MCL-1, antagonist with improved pharmacodynamic profile [30]. Analogous to all
pro-apoptotic proteins of the BCL-1 family, the binding site of MCL-1 is considered
undruggable, being shallow, long, and with a dominant hydrophobic nature [56].
A class-I atropisomeric indole acid lead compound was initially developed showing
significant MCL-1 potency and selectivity profile (MCL-1 IC50 = 0.042 μM). Crys-
tallized complex between MCL-1 and this lead compound depicted a U-shaped
conformation at the target binding site (Figure 11.11). Notably, both side terminal
scaffolds (naphthyl-3-carbon and pyrazole-methyl group) were only 3.6Å distance
apart via the rotation virtue around its atropisomeric axis. Entropically advanta-
geous structure optimization was considered by constraining the molecule within
a macrocycle using a nonpolar linker to avoid desolvation penalties at the MCL-1
hydrophobic pocket [56]. AZD-5991 was then developed with restrained bond rota-
tion around its atropisomeric axis through the macrocyclization strategy and
the indole ring steric substitution (N-methyl and C6-Cl). Notably, co-crystallized
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Figure 11.11 Evolution of singular atropisomeric development of specific MCL-1
inhibitors and their co-crystallized complexes with MCL-1 at the undruggable hydrophobic
protein–protein interface (PDB: 6fs1 for lead compound; PDB: 6fs0 for AZD-5991).
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complex of AZD-5991 with MCL-1 showed predominant binding for its atropiso-
meric (Ra) in accordance with its improved inhibition potency as compared to its
other congruent (MCL-1 IC50 (Ra) = 0.17–0.7 nM; (Sa) = 0.98–6.3 nM) [30].

11.6 Challenges for Atropisomerism within Drug
Discovery

Similar to geometrical isomerism and chiralitywithin drug design and development,
atropisomerism offers several advantages by introducing a pure atropisomeric form
of the drug. As discussed earlier, singular atropisomer would offer safer profiles,
higher/selective bioactivity, and thus lower administration doses as well as reduced
off-target activities over racemates [57]. The ability of atropisomers to display
widely different physiochemical and pharmacokinetic (absorption, distribution,
metabolism, distribution) properties can be exploited to improve pharmacody-
namic profiles and binding kinetics. In special cases, pure atropisomer would
permit patent protection against generic drug competitors since manufacturers
could exclusively market these atropisomeric pharmaceuticals following patent
loss [58]. Despite these offered advantages, the development of pure atropisomers
is considered challenging owing to interconversion, purification, analysis/detection,
and discovery/process difficulties.
A singular atropisomer could be accessible through modern synthetic pathways,

which are usually implemented for many axial bioactive natural metabolites with
optical purity. Nevertheless, the cost of such approaches is still high [57]. Another
approach is through symmetrizing the hindered rotation bond as an approach to
avoid class-II atropisomer formation. The orally bioavailable SCH 351125 was devel-
oped by Schering-Plough company for treatment ofHIV infections through targeting
the human C-C chemokine receptor type-IV (CCR-5) for inhibition (Figure 11.12)
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Figure 11.12 Concept of symmetrizing the hindered rotation bond to avoid class-II
atropisomers.
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[59]. Symmetrizing SCH 351125 was reported through shifting substitutions on
the atropisomeric benzoyl moiety accompanied by even complete scaffold hopping
[60, 61]. The symmetrizing approach developed potent antagonists of CCR5 biotar-
get with comparable efficacies in terms of binding affinity and viral entry relative to
SCH 351125, yet with relatively lower pharmacokinetic profiles [60].
The full potential of the atropisomerism applications in drug design could be

realized by developing novel analytical and separation approaches that would
be explored for the isolation, separation, and characterization of atropisomers.
In the successful example of the FDA-approved Sotorasib, chiral separation
with the (+)-2,3-dibenzoyl-D-tartrate salt of the racemic dione intermediate was
beneficial for preparing the more active (M)-atropisomer following a few steps
(Figure 11.13) [62]. Novel polar organic chiral separation performed on immobilized
amylose-based CSP was introduced by Radhakrishnanand et al. for the atropisomer
isolation of the nonsteroidal mineralocorticoid receptor antagonist, Esaxerenone,
achieving a resolution range of more than 0.30 [33].
It is worth noting that the rapid interconversion of class I atropisomers could

hamper the sole application of several analytical and isolation techniques. Thus,
prior encumbrance about a hindered bond for generating separable atropisomers
of slower interconversion (i.e. “atroisomeric switch” into extended half-lives) can
be considered beneficial before the application of chiral separation techniques
[17]. Designing atropisomers with hindered bond rotations was found successful in
developing the noncovalent BTK inhibitor in the clinical trial, BMS-986142. This
compound is a stable atropisomer locked at two atropisomeric (class II and III) axes
easily isolated through SFC chiral separation (Figure 11.14) [29]. Another example
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of atropisomeric switch was also adopted by Gilead Sciences for the preparation
of their selective PI3Kβ inhibitor following the development of a series of atropi-
someric analogs [22, 23]. Utilizing bulkier sterically hindered scaffolds permitted
atropisomeric switch from class I atroisomeric racemate to class III atropisomer
easily separated via SFC chiral separation (Figure 11.15). Another approach for
introducing rotation-hindered bond was applied to further refine the selective
neurokinin-I (NK-1) receptor antagonist, ZD-4974, developed by AsteraZeneca
[63]. This small molecule antagonist depicted inherited geared rotations around
its aromatic amide bond resembling those of atropisomer class II (t1/2 = 2 days)
(Figure 11.16). Constraining the system through introducing a rigidifying tether was
found beneficial to restrict the rotating bond while maintaining the antagonistic
affinity of NK-1 receptor [64]. Further stability was achieved through point chirality
introduction on the ring to further dampen the aromatic carbonyl rotation stabiliz-
ing the molecule into its bioactive trans-conformation with regained significant %
agonist inhibition.

11.7 Conclusion

The phenomenon of hindered rotation around a single bond or atropisomerism
could greatly impact the drug affinity, selectivity, and pharmacokinetics. However,
this type of chirality has long been overlooked during the rational design of drug can-
didates. It was noticed that considerable attention is usually paid to geometric and
point chirality, while the effect of substitution on systems with relatively restricted
bond rotation is frequently neglected. As discussed in this chapter, only four
FDA-approved drugs are recognized as class III stable atropisomers, namely,
Lesinurad, Telenzepine, Colchicine, and Sotorasib, with the latter being the only
drug that is deliberately designed as a stable atropisomer. On the other hand, there
is a wealth of FDA-approved drugs, about 30%, classified as class I atropisomers
and could be transformed into stable class III isomers via simple modifications.
A few other examples of pure atropisomers are currently being developed as kinase
inhibitors and GPCR ligands. The challenges facing the synthesis, purification,
and characterization of atropisomers could be the reason behind the low interest
in the exploitation of axial chirality to modulate biological activities. Nevertheless,
we believe that the potential benefits of employing atropisomers justify the cost of
considering this type of chirality in the early stages of drug development.
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