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engineering rigid, tridentate PCP and PCP’ pincer complexes, we
created a coordinatively protected environment for transition
metals. This robust platform facilitated the first highly enantioselective 1,4- and 1,6-additions to diverse Michael acceptors,
ultimately enabling the challenging asymmetric alkylation of primary phosphines. The second strategy pursues a logic of high atom-
efficiency through direct synthesis. We introduced chiral phosphoric acids (CPAs) and carboxylic amides as stereocontrol elements
in Pd- and Ir-catalyzed C—H bond activation. This approach does not merely supplement existing methods; it offers a direct route to
structurally complex motifs—such as benzophosphole oxides and axially chiral biaryl phosphine. By participating in the concerted
metalation-deprotonation (CMD) manifold, the CPA/amide directs the cleavage of enantiotopic C—H bonds with high fidelity.
Furthermore, the development of novel nucleophiles, such as secondary phosphine sulfides and 2-pyridyl phosphine oxides, has
resolved long-standing issues regarding regioselectivity and catalyst deactivation in allylic substitution and cross-coupling.
Collectively, these advancements shift the field from labor-intensive stoichiometric methods toward an era of modular, atom-
economical catalytic synthesis, providing a versatile toolkit for the chiral phosphorus community.
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complexes to overcome stereocontrol challenges associated
with primary phosphines, offering efficient access to
configurationally stable secondary phosphine-boranes.
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Scheme 1. Catalytic Asymmetric Synthesis of Phosphines
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e Wu, Z.-H.; Wang, H.-Y,; Yang, H.-L.; Wei, L.-H.; Hayashi,
T.; Duan, W.-L. Secondary Phosphine Sulfide-Enabled
Iridium-Catalyzed Asymmetric Allylic Substitution.
Angew. Chem. Int. Ed. 2022, 61, €202213904.* This
paper introduces secondary phosphine sulfides as superior
nucleophiles in iridium-catalyzed asymmetric allylic sub-
stitution (AAS), achieving exceptional regio- and enantiose-
lectivity (up to 99.9% ee) for the synthesis of branched allylic
phosphines.

1. INTRODUCTION

Chiral phosphorus compounds,” particularly those bearing P-
stereogenic centers, constitute a class of “privileged” motifs
indispensable to both modern asymmetric catalysis and the
discovery of novel bioactive molecules. The seminal develop-
ment of highly effective chiral phosphlne ligands—such as the P-
stereogenic ligand DIPAMP® developed by Knowles, the
carbon-chiral backbone of the DIOP ligand’ reported by
Kagan, and the axially chiral diphosphine BINAP® pioneered
by Noyori—revolutionized the field of homogeneous asym-
metric catalysis (Scheme 1a). These privileged scaffolds provide
precisely defined chiral environments that enable transition
metals to catalyze a vast array of asymmetric transformations
with exquisite stereocontrol. Despite their tremendous utility,
the synthesis of optically pure chiral phosphines has historically
been a formidable endeavor.” Conventional methodologies
often rely on chiral pool materials, stoichiometric auxiliaries, or
the tedious resolution of racemates—approaches that typically
lack step- and atom-economy and severely impede the rapid
screening of ligand libraries.

To circumvent the limitations of traditional stoichiometric
methods, the catalytic asymmetric synthesis of chiral phosphines

emerged as a highly attractive alternative.'® As summarized in a
2008 review by Glueck,'”* early breakthroughs in this domain
predominantly focused on transition-metal-catalyzed asymmet-
ric P—C bond-forming reactions with trivalent phosphines as the
nucleophile (Scheme 1b)."”'" Notable progress before 2010
included the palladium- and platinum-catalyzed asymmetric
arylation' " and alkylation' ' of secondary phosphines, as well
as ruthenium-catalyzed phosphinations' ¢ proceeding via
nucleophilic phosphido intermediates (Scheme 1c). While
these pioneering studies successfully demonstrated the feasi-
bility of generating P-stereogenic centers catalytically, the field
progressed relatively slowly. Many of these early methods were
plagued by restricted substrate scopes, low catalytic turnover,
and difficulties in maintaining high levels of enantiocontrol over
diverse architectures.

A fundamental bottleneck in this domain is what we term the
“Coordination Paradox”. Trivalent phosphorus (P(III)) com-
pounds are essential nucleophiles for forging P—C bonds.
However, the strong coordinating affinity of the P(III) lone pair
to transition metals frequently acts as a powerful “catalyst
poison”.'> This aggressive coordination often leads to
irreversible catalyst deactivation or the competitive displace-
ment of delicately designed chiral ligands from the metal center,
thereby abruptly terminating the catalytic cycle and eroding
enantioselectivity. Over the past decade, our research group has
focused on addressing this intrinsic paradox. We recognized that
surmounting the toxic effects of P(III) nucleophiles required
fundamentally new catalytic strategies. Consequently, our
laboratory has systematically established two parallel, concep-
tually divergent, and noninterchangeable catalytic tracks. The
first relies on the “Logic of Robustness”, wherein we designed
highly rigid tridentate pincer-metal (Pd, Ni) complexes that act
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Scheme 2. Pincer-Pd Catalyzed Asymmetric Addition of Diarylph

osphines to Enones
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Scheme 3. *'P NMR Monitoring Experiments and Catalytic Cycle
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as “catalytic survivors”, successfully resisting ligand displace-
ment and enabling highly enantioselective additions and
“C—H Bond

Activation”, wherein we pioneered the use of chiral phosphoric

substitutions. The second is founded on the

acids and amides to direct asymmetric C—H activation,
completely bypassing the coordination poisoning by utilizing
P(V) precursors and achieving stereocontrol without traditional

chiral phosphine ligands. Besides, two types of phosphorus
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Scheme 4. Evaluation on the Scope of Electrophiles
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Scheme 6. Reported Catalysts for Asymmetric Phosphorus Addition in the Past Decade

a) For addition with disubstituted phosphines

b) For addition with disubstituted phosphine oxides
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reagents have been designed to overcome the long-standing
problem and realize the highly selective transformation. This
Account chronicles our systematic exploration (Scheme 1d) and
mechanistic discoveries within these frameworks, offering a
comprehensive roadmap for the precise, modular construction
of chiral phosphorus compounds.

2. THE LOGIC OF ROBUSTNESS—PINCER SCAFFOLDS
AS “SURVIVORS”

2.1. Design Concept and the “Survivor” Catalyst

The most fundamental obstacle in transition-metal-catalyzed
asymmetric P—C bond formation is the aggressive coordinating
nature of trivalent phosphorus nucleophiles. In classical catalytic
systems, these P(III) species frequently outcompete and
displace delicate chiral ligands, leading to irreversible catalyst
deactivation or the prohferatlon of nonselective background
reactions.'” To conquer this “coordination paradox,” we
hypothesized that a tridentate pincer-metal framework would

firmly anchor the transition metal and resist ligand displacement
even in a phosphorus-rich environment. Specifically, we
employed a C,-symmetric bis(phosphine) (PCP) pincer-
palladium complex.13 The rigid carbon backbone of this scaffold,
equipped with stereogenic methyl groups at the benzylic
positions, strictly dictates the spatial arrangement of the phenyl
substituents on the coordinating phosphorus atoms. This
structural rigidity effectively creates a deep, well-defined chiral
pocket that selectively shields one enantioface of the incoming
electrophile, thereby ensuring precise stereocontrol.

2.2. The First Breakthrough in Enones and Mechanistic
Insights

Our initial validation of the pincer-palladium platform focused
on the hydrophosphination of a,f-unsaturated ketones (Scheme
2)." Utilizing merely 2 mol% of C,-symmetric PCP pincer-
palladium acetate complex (S,S)-1, we achieved the first highly
enantioselective addition of diarylphosphines to enones without
the need for external base additives, securing the corresponding
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Scheme 7. Catalytic Asymmetric Synthesis of Secondary Phosphines
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chiral phosphine oxides in up to 99% ee. The *'P NMR
monitoring experiments were conducted to understand the
reaction (Scheme 3a). Mixing the Pd catalyst 1 with HPPh,
generated a new species bearing two *'P new peaks. This
intermediate was identified as the pincer Pd-PPh, based on the
deprotonation of Pincer [Pd-PHPh,]BF,. The catalytic cycle
(Scheme 3b) commences with a transphosphination that
abstracts a proton, generating a nucleophilic palladium-
phosphido intermediate and acetic acid. Following nucleophilic
attack, the intermediate is protonolyzed by the acetic acid,
liberating the product and regenerating the active catalyst. The
chiral space induced by the methyl group on the benzyl position
of (S,S)-1 favors the approach of the enone with its Si-face, thus
generating the adduct with (S)-configuration (Scheme 3c).

2.3. Broadening the Synthetic Horizon

Encouraged by this mechanistic clarity, we systematically
expanded the substrate scope of the PCP pincer-PdOAc catalyst
(Scheme 4)."* The highly reversible nature of hydrophosphi-
nation to @,f-unsaturated aldehydes (enals) resulted in poor
enantioselectivities. We circumvented this equilibrium issue by
performing the reaction in tert-amyl alcohol, where the adduct
precipitates, thereby ensuring high conversion. Following in situ
reduction with borane, the initial adducts were rapidly trapped
to afford configurationally stable chiral secondary phosphine-
boranes with up to 98% ee.'** The robust nature of the pincer
catalyst subsequently enabled high-precision additions to a
diverse array of acceptors, including N—acylpyrroles,14b nitro-
alkenes,'*“ and N-tosylimines."*! Furthermore, we demonstra-
ted that a,f-unsaturated sulfonic esters'* and even sulfonyl
fluorides'* were excellent substrates, granting modular access to
highly valuable chiral phosphine-sulfonate ligands and their
derivatives. This catalytic protocol is also efficient for preparing
valuable chiral metal-phosphine complexes or ligand precursors.

2.4. Mastering Regiocontrol: The Asymmetric 1,6-Addition

Transitioning from simple 1,4-additions to conjugated diene
systems presented a formidable regiochemical challenge.
Intrinsically, the a,f-position of a conjugated diene is far more
electrophilic than the remote o-position, heavily biasing the
reaction toward 1,4-addition. To overcome this inherent
electronic preference, we devised a “steric steering” approach.
We postulated that appending exceptionally bulky electron-
withdrawing groups (EWGs) to the diene terminus would incite

severe steric repulsion against the bulky phenyl rings of the
palladium-phosphido intermediate. Indeed, while standard
dienones exclusively afforded 1,4-adducts, equipping the diene
with massive EWGs—such as trifluoroethyl sulfonic esters or
tetraethyl bis(phosphonates)—completely inverted the regio-
selectivity."® The profound steric clash steered the nucleophilic
attack toward the less hindered 6-position, culminating in the
first highly enantioselective 1,6-addition of diarylphosphines
and delivering chiral allylic phosphines with exceptional
precision (Scheme 5).

2.5. Parallel Strategies in the Chemical Community

It is important to contextualize our findings within the broader
renaissance of asymmetric hydrophosphination that was
occurring simultaneously. While our laboratory concentrated
on structurally symmetric PCP scaffolds, other research groups
developed highly complementary approaches to navigate the
coordination paradox (Scheme 6). For instance, Mao-Ping Song
and Jun-Fang Gong et al elegantly designed unsymmetric PCN
pincer complexes featuring both imidazoline and phosphinite/
phosphine donors, achieving excellent stereocontrol in additions
to enones and alkenoylpyridines.'® Wanbin Zhang’s laboratory
took a distinctly different structural approach by embedding P-
stereogenic centers directly into the pincer ligand backbone
itself, a modification that proved highly effective for the addition
to nitroalkenes.'” Beyond pincer architectures, Pak-Hing Leung
and co-workers demonstrated the profound utility of chiral
palladacycles to achieve highly enantioselective P—C bond
formations.'® Furthermore, Liang Yin’s group expanded the
frontier into earth-abundant base-metal catalysis, utilizing
copper(I) systems to successfully activate traditionally un-
reactive substrates such as @,f-unsaturated amides and
phosphine sulfides.'” Recently, remarkable progress has also
been made in manganese catalysis. Highly enantioselective
syntheses of chiral phosphorus compounds have been achieved
using a PNP Mn catalyst, offering a cost-effective and sustainable
alternative to noble metals.”” In addition, several groups made
significant progress with phosphine oxides as the nucleophile
based on concise catalyst development (Scheme 6b).”'~*’
These collective efforts underscore that overcoming the catalyst
poisoning effect of phosphorus nucleophiles requires metic-
ulously engineered, robust catalytic environments.
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Scheme 8. Development of New Unsymmetric PCP Catalysts for Secondary Phosphine Synthesis
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3. CATALYTIC SYNTHESIS OF P-STEREOGENIC
SECONDARY PHOSPHINES

3.1. The Inherent Challenges of Primary Phosphine
Reactivity

Moving beyond the construction of tertiary phosphines, our
laboratory set its sights on a significantly more formidable
challenge: the catalytic asymmetric synthesis of P-stereogenic
secondary phosphines (Scheme 7). These molecules are the
ultimate “holy grail” building blocks in phosphorus chemistry
because their highly reactive P—H bonds allow for divergent,
modular synthesis of complex ligand architectures. However,
their direct catalytic synthesis from primary phosphines has
historically been elusive due to several intrinsic chemical
hurdles. First, due to the presence of a P—H bond, chiral
secondary phosphine compounds are more prone to racemiza-
tion than tertiary phosphine compounds via acid- or base-
catalyzed pathways.”* Second, the relatively small steric profile
of primary phosphines often leads to nonstereoselective
background alkylations, overalkylation events, and the displace-
ment of delicate chiral ligands from the catalyst."”

3.2. Overcoming the Limitations of Symmetric Scaffolds:
Design of the Unsymmetric PCP’-Nickel Catalyst

Our initial attempts to solve this problem relied on the “survivor
logic” of well-established C,-symmetric PCP-palladium plat-

form. We attempted the asymmetric conjugate addition of
phenylphosphine to enones using this robust catalyst (S,S)-1
(Scheme 8a). To our disappointment, while the P—C bond
formation proceeded, the enantioselectivity was exceptionally
poor, yielding nearly racemic mixtures alongside very low
diastereomeric ratios. We deduced that the spatial orientation of
the small primary phosphine substrate was insufficiently
restricted; unlike bulky diarylphosphines, the compact primary
phosphine could freely rotate around the palladium-phosphorus
bond within the symmetrical chiral pocket, completely under-
mining stereocontrol.

To circumvent this, we redesigned our catalyst framework.
We hypothesized that an unsymmetric coordination sphere
would be required to enforce a rigid spatial arrangement on the
small phosphido intermediate. Thus, we engineered a novel
unsymmetric PCP’ pincer ligand featuring a standard diary-
Iphosphino (PAr,) donor on one arm and a significantly bulkier
di-tert-butylphosphinite (OPtBu,) donor on the other.” This
severe steric disparity effectively broke the symmetry of the
catalytic pocket. Furthermore, by transitioning the metal center
from palladium to nickel, we discovered the ideal balance
between reactivity and spatial confinement (Scheme 8b). This
unsymmetric PCP'-nickel complex successfully catalyzed the
highly enantioselective addition of primary phosphines to
various electron-deficient alkenes, yielding configurationally
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Scheme 9. Asymmetric Addition of Primary Phosphine to Azo Compounds

a) Asymmetric catalytic synthesis of P(lll)-stereogenic building blocks
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stable P-stereogenic secondary phosphine-boranes (after in situ

protection) with exceptional precision (Scheme 8c).
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Scheme 11. Asymmetric C—H Arylation for the Synthesis of P-chiral Phosphinamides
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Scheme 12. First Example of Application of CPA into Asymmetric C—H Activation
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3.3. Expanding the Scope: Azo Addition for Phosphanyl
Hydrazine Building Blocks

Recognizing the power of this unsymmetric pincer-nickel
platform, we sought to expand its utility beyond carbon
electrophiles to forge P—N bonds. We successfully applied this
catalyst to the asymmetric addition of primary phosphines to
electron-deficient azo compounds, specifically diazenecarbox-
amides (Scheme 9).*° This reaction represents an important
advance, generating novel P-stereogenic secondary amino-
phosphine-boranes. These unique molecules serve as chiral
phosphanyl-hydrazine building blocks. Their significant syn-
thetic utility stems from the presence of both a reactive P—H

bond and a selectively cleavable P—N bond, providing two
orthogonal handles for subsequent stereospecific functionaliza-
tion.

3.4. The Ultimate Test: Enantioselective Alkylation of
Primary Phosphines

The true testament to the robustness of this PCP’-nickel
platform was achieving the direct asymmetric alkylation of
primary phosphines with alkyl halides—a reaction historically
plagued by rapid, racemic background Sy2 substitutions.”® We
discovered that by utilizing diisopropylethylamine (iPr,NEt) as
a base and operating at cryogenic temperatures (—78 °C), we
could entirely suppress the nonselective background reaction.
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Scheme 13. Application of CPA for the Synthesis P-Chiral Heterocycles

a) Asymmetrlc C-H arylation for the synthesis of benzophospholes

o)

95% yield, 88% ee

5 mol % Pd(PCys), Ph’ ”

6 mol% (R)-L2 and (R)-L3

1.5 eq. Cs,CO3
toluene, 120 °C

23

f@
ot

95% vyield, 82% ee

L

93% vyield, 83% ee 88% yield, 71% ee

(R)-L2
F3C\©

Me

3% yield, 68% ee

8% yield, 84% ee

b) Asymmetric double C-H activation
/ \\ Pd(OAc), (10 mol%)
Q >/: R (R)-L4 (20 mol%)

73% yield, 93% ee

67% yield, 92% ee
.

P
/\\ \ / N\ AgOACc (2 equiv.)
__ R Mesitylene, 90 °C,24h
25 X:NR, S
Me CF3
O\
\ ; o\\ 5

CF3
62% yield, 96% ee 76% yield, 93% ee

O OH

Ar: 2,5-di- CF3C5H3

63% yield, 92% ee 50% yield, 81% ee
J

Under these conditions, the nickel catalyst effectively intercepts
the primary phosphine (Scheme 10).”” Detailed mechanistic
and computational studies (DFT) revealed that the reaction
operates under a classic Curtin—Hammett scenario: the base
generates two rapidly interconverting nickel-phosphido diaster-
eomers,”® and the unsymmetric chiral pocket dictates that the
nucleophilic attack on the alkyl halide proceeds almost
exclusively through the lowest-energy transition state of one
specific diastereomer. This enantioselective process enabled us
to couple a wide array of benzyl, allyl, and propargyl halides with
primary phosphines, affording an extensive library of highly
enantioenriched secondary phosphine-boranes (Scheme 10).
3.5. Diversity-Oriented Synthesis and Derivatization
Potential

The chiral secondary phosphine-boranes synthesized via these
addition and alkylation methodologies are not merely academic
curiosities; they are remarkably versatile “hubs” for diversity-
oriented synthesis. Because the borane group preserves the
delicate phosphorus stereocenter, the remaining P—H bond can
undergo a variety of stereospecific transformations (Schemes
8—10). We demonstrated that these intermediates readily
undergo base-mediated alkylation or palladium/copper-cocata-
lyzed cross-coupling with aryl iodides, yielding complex tertiary
phosphines with complete retention of chirality (Schemes 9c
and 10b). Similarly, the P—N bond of phosphanyl hydrazine
adducts can undergo acid-mediated, stereoinvertive nucleophilic
substitution with alcohols to efficiently generate chiral
phosphinites (Scheme 9d). Through these modular derivatiza-
tion strategies, we have bypassed the need for stoichiometric
chiral auxiliaries. We successfully applied this platform to the

rapid, gram-scale synthesis of advanced chiral ligands, including
the direct catalytic construction of frameworks that mimic the
privileged PCP and QuinoxP* architectures (Schemes 8d and
10b). This methodology firmly establishes our catalytic
platforms as powerful tools for accessing P-stereogenic chemical
space.

4. PILLAR IIl: CPA AND AMIDE-DIRECTED
ASYMMETRIC C—H ACTIVATION

4.1. The Conceptual Shift to Asymmetric C—H
Functionalization

Transition-metal-catalyzed C—H bond functionalization repre-
sents the pinnacle of step- and atom-economic synthesis,
offering direct access to complex molecular architectures from
unfunctionalized precursors.”” Historically, achieving high
enantioselectivity in these transformations has relied heavily
on two main strategies: the use of chiral transition metal
complexes to facilitate enantio-determining C—H bond
cleavage, or the unbiased scission of C—H bonds followed by
stereoselective coupling with external partners. In the context of
organophosphorus chemistry, we recognized that C—H
activation could offer a brilliant work around to the
“coordination paradox” that plagues the synthesis of P-
stereogenic compounds. By utilizing pentavalent phosphorus
(P(V)) oxides and amides as stable starting materials, we could
entirely circumvent the catalyst poisoning typically caused by
trivalent phosphorus nucleophiles. Concurrently, several other
research groups have also elegantly leveraged asymmetric C—H
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Scheme 14. Chiral Amide-Enabled Cp*Ir-Catalyzed Asymmetric C—H Activation
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activation strategies to access P—stereogemc molecules, 51gn1ﬁ—
cantly broadening the structural diversity of chiral phosphines.*’

Our laboratory’s initial breakthrough in this arena was
achieved through a palladium-catalyzed 1ntramolecular C-H
arylation, which we reported in 2015.° By employing a
TADDOL-derived chiral phosphoramidite hgand,‘Q’2 we success-
fully developed the desymmetrization of N-(o-bromoaryl)-
diarylphosphinic amides (Scheme 11). This methodology
enabled the highly enantioselective construction of P-chiral
biphenyl phosphinic amides, providing a direct and robust route
to valuable precursors for biaryl monophosphine ligands.

4.2. A New Paradigm: Bifunctional Control via Chiral
Phosphoric Acids

While the use of classical chiral phosphorus ligands was
successful, we sought to develop a fundamentally new
stereocontrol strategy that did not rely on permanent
coordination to the metal center. We hypothesized that the
Concerted Metalation-Deprotonation (CMD)*’ pathway—a
key mechanistic step in many C—H activations—could be

leveraged for external stereocontrol. Recognizing the high
basicity of the phosphoryl group and the excellent chiral
environment provided by BINOL scaffolds, we pioneered the
use of chiral phosphoric acids (CPAs) and phosphoric amides as
bifunctional “directors”. In this unique catalytic mode, the CPA
does not merely sit in the outer coordination sphere; it actively
participates in the CMD transition state, specifically abstracting
a proton to stereoselectively cleave enantiotopic C—H bonds
(Scheme 12).%*

We successfully applied this protocol to the synthesis of rigid,
P-stereogenic heterocycles. We demonstrated that a Pd/CPA
catalytic system could efficiently desymmetrize diaryl(2-
bromoaryl)phosphine oxides, affording P-stereogenic dibenzo-
phospholes with excellent enantiomeric ratios (up to 5:95 er)
(Scheme 13a).* Pushing this strategy even further, we recently
disclosed a palladium-catalyzed asymmetric intramolecular
oxidative double C—H activation. By pairing palladium with a
sterically demanding BINOL-based CPA, we achieved the direct
cross-coupling of two arenes—an indole ring and a phenyl group
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Scheme 15. Cu-Catalyzed Asymmetric C—H Activation
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attached to the phosphorus center (Scheme 13b).*° This
transformation yielded structurally complex, luminescent P-
stereogenic benzophosphole oxides with exceptional enantiose-
lectivity. Crucially, mechanistic investigations and kinetic
isotope effect studies confirmed that the CPA-assisted C—H
cleavage on the phenyl ring is both the rate-determining and
enantio-determining step, firmly validating our bifunctional
CMD design rationale.

4.3. Expanding the Toolbox: Iridium-Catalyzed Dual
Induction

Transitioning beyond palladium, we explored the intermolecular
C—H coupling of tertiary phosphine oxides with alkynes using
iridium catalysis. While chiral cyclopentadienyl (Cp*) ligands
have driven massive progress in group 9 metal-catalyzed C—H
actlvatlons, their synthesis and structural tuning can be quite
laborious.”” We envisioned a more modular and accessible
approach: pairing a simple, commercially available achiral Cp*Ir
catalyst with an external chiral carboxylic amide. The design
rationale for this system hinged on manipulating the amide’s
conformational flexibility. By installing specific bulky N-alkoxy
substituents, we intentionally induced severe steric repulsion
between the amide and the Cp* ring on the iridium center. This
steric clash restricted the free rotation of the Ir—N bond,
effectively locking the catalyst into a highly rigid and defined
chiral pocket during the C—H activation event. This synergistic
strategy enabled the simultaneous, highly stereoselective
construction of both P-central and axial chirality, delivering
biaryl phosphine oxides with up to 96% ee and excellent
diastereoselectivities (Scheme 14).

4.4, Sustainable Frontiers: Base-Metal Catalyzed C—H
Arylation

Ultimately, the future of catalytic C—H functionalization lies in
transitioning from precious noble metals to earth-abundant,
cost-effective 3d metals like copper and cobalt. However, the
development of base-metal-catalyzed asymmetric C(sp*)—H
arylation has hlstorlcally lagged far behind its 4d and 5d
counterparts.”” To bridge this gap, our laboratory developed a
copper-catalyzed protocol that utilizes diaryliodonium salts as
arylating agents in conjunction with chiral bisoxazoline (BOX)
ligands. This system achieved the highly enantioselective ortho-
arylation of phosphonic diamides, forging P-chiral centers with
up to 92% ee (Scheme 15a).*® Furthermore, this Cu/BOX
platform was successfully extended to the enantioselective C-3
arylation of diarylphosphine oxide indoles, demonstrating its
ability to dictate stereocontrol for the construction of axially
chiral phosphorus scaffolds (Scheme 15b). KIE experiments
(ku/kp = 1.0) indicated that the cleavage of the ortho C—H bond
is not a rate-determining step, and the reaction was proposed via
a Cu-catalyzed electrophilic arylation pathway (Scheme 15c).

5. INNOVATION THROUGH NUCLEOPHILIC
DEVELOPMENT

5.1. Overcoming Deactivation in Asymmetric Allylic
Substitution via Secondary Phosphine Sulfides

The transition-metal-catalyzed asymmetric allylic substitution
(AAS) is a cornerstone methodology for the direct construction
of complex chiral frameworks, yet the successful incorporation
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Scheme 16. Secondary Phosphine Oxide-Enabled Ir-Catalyzed Asymmetric Allylic Substitution
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of phosphorus nucleophiles into this transformation has
historically been challenging.*”** The primary obstacle lies in
the coordination ability of phosphorus reagents, which
inevitably leads to the rapid poisoning of the metal catalyst
(Scheme 16a). Consequently, achieving precise control over
both regio- and stereoselectivity to forge branched, P-chiral
allylic compounds remained elusive. For instance, widely
utilized chiral phosphoramidite ligands bind relatively weakly
to the metal center and are easily displaced by phosphorus
nucleophiles. During our investigations, we found that even
secondary phosphine oxides (SPOs)—which are considered
less toxic to catalysts—tfailed to undergo iridium-catalyzed AAS.
We deduced that SPOs tend to form a bidentate H-bonded
chelate with loss of a proton, which irreversibly deactivates the
metal catalyst.'” Notably, Changkun Li’s group recently
reported the use of protected secondary phosphine oxides for
the AAS reaction in the presence of Rh/NPN tridentate catalyst,
generating branched phosphination product in excellent
enantioselectivity (Scheme 16b).*"

To overcome this coordination hurdle, our laboratory
developed a strategy that uses secondary phosphine sulfides as
alternative nucleophiles. Our design rationale hinged on the
distinct coordination chemistry of sulfur; unlike their oxygen
analogs, phosphine sulfides coordinate to transition metals via
weaker modes and do not form the problematic bidentate
complexes that might cause catalyst deactivation (Scheme

16¢)."* Importantly, these sulfide reagents maintain a high
degree of nucleophilicity necessary for the reaction to proceed.
This nucleophilic switch proved to be highly effective. By
utilizing an iridium catalyst, a readily available Carreira-type P-
olefin ligand,42 and a Lewis or Brensted acid promoter, we
successfully achieved highly regio- and enantioselective AAS,
using phosphorus nucleophiles to form branched products. The
protocol operated under mild conditions, delivering an array of
branched allylic phosphine sulfides with excellent stereocontrol
(Scheme 17d: up to 99.9% ee).” This approach circumvented
the long-standing catalyst deactivation dilemma, opening a new
avenue for the precise synthesis of functionalized allylic
phosphorus architectures.

5.2. Precision Stereocontrol via 2-Pyridyl-Directed
Nucleophiles

Beyond catalyst poisoning, another intrinsic challenge in
asymmetric phosphorus synthesis is the difficulty of discrim-
inating between two structurally similar aryl groups on a
phosphorus atom during desymmetrization (Scheme 17a).** To
address this subtle stereochemical challenge, we pioneered the
use of 2-pyridinyl secondary phosphine oxides as structurally
engineered nucleophiles. The core design principle behind this
strategy leverages the inherent chelating capability of the 2-
pyridyl group. We hypothesized that the nitrogen atom on the
pyridine ring would function as an internal directing group,
coordinating to the transition metal alongside the phosphorus
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Scheme 17. Co-catalyzed Addition and Substitution of 2-Pyridyl Phosphine Oxides
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moiety to form a rigid, bidentate chelate. This dual-coordination
mode effectively restricts the conformational freedom of the
phosphorus substrate, thereby magnifying the local environment
and enabling the catalyst to readily differentiate between the two
similar aromatic rings at the phosphorus center (Scheme 17b).

This directing-group strategy was validated in our develop-
ment of a cobalt-catalyzed asymmetric addition and alkylation
platform. Using a cobalt complex of an NNN ligand developed
by the Gade group,™*
converted racemic secondary phosphine oxides into highly
enantioenriched tertiary phosphine oxides, achieving out-
standing yields and enantioselectivities up to 99.5% ee.*’ The

the chelation-assisted protocol efficiently

impact of this innovation extends well beyond methodology; it
provides a route for synthesizing optically active pyridyl-
substituted phosphorus compounds. These P, N-bidentate
structures are highly prized as privileged ligands in catalysis,
having demonstrated exceptional utility and selectivity in
industrially relevant transformations, such as the stereoselective
alkoxycarbonylation of diynes.*’

6. CONCLUSION AND OUTLOOK

By systematically dismantling the historical “coordination
paradox,” our laboratory has delineated a dual-track roadmap
for the precise catalytic synthesis of chiral phosphorus
compounds. While the “Logic of Robustness” and the CMD-
enabled C—H activation platforms have resolved critical
deactivation and stereocontrol bottlenecks.

Despite these significant methodological leaps, several
challenges persist within the field. The catalytic construction
of molecules bearing multiple contiguous stereocenters—
particularly those requiring the simultaneous installation of P-
stereogenic, C-stereogenic, and axially chiral elements—
remains synthetically demanding and often suffers from poor
diastereocontrol. Furthermore, the paradigm of P-stereogenic
synthesis must pivot toward sustainable, earth-abundant base-
metal catalysis. The distinct single-electron transfer regimes and
radical-mediated pathways inherent to first-row transition
metals (e.g, Ni, Co, Cu) present underexplored avenues for
achieving highly selective synthesis of P-chiral compounds. Our
recent developments utilizing cobalt-catalyzed directed addi-
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tions and copper-mediated C(sp*)—H arylations underscore the
transformative potential of 3d metals in this domain. Continued
innovation in synergistic metal catalysis and the strategic
deployment of structurally engineered nucleophiles will be
imperative for expanding the frontiers of asymmetric organo-
phosphorus chemistry.
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