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ABSTRACT: A novel -OH group-directed asymmetric catalytic C(sp2)−H arylation has been developed, enabling efficient access
to P-stereogenic chiral compounds with excellent yields (up to 90%) and enantioselectivity (up to 98% ee). The success of this C−H
functionalization system relies on the synergistic coordination of a phenolic hydroxyl functionality and (S)-6-oxopiperidine-2-
carboxylic acid with the Pd metal center, which acts as the efficient directing group and chiral ligand. The reaction demonstrated a
broad substrate scope, affording a diverse array of 30 distinct P-chiral products. The absolute configuration of the products was
unambiguously confirmed via X-ray diffraction analysis. Furthermore, a plausible catalytic cycle mechanism has been proposed,
which is supported by detailed experimental studies and DFT calculations.

Chiral phosphorus compounds play an important role in
catalytic asymmetric synthesis due to their dual utility

both as chiral ligands for metal catalysts and as organo-
catalysts.1 Ever since Knowles2 first introduced P-chiral
phosphines CAMP and DIPAMP for rhodium-catalyzed
asymmetric hydrogenation nearly half a century ago, the
development of various chiral phosphine ligands (Figure 1) has

been crucial to the rapid progress of asymmetric catalysis.3 In
order to improve the efficiency of the present transformations
and discover new reactions, enormous chiral phosphorus
compounds have been developed.4 The construction of P-
chiral compounds has primarily employed conventional optical
resolution methods, and these processes typically depend on
stoichiometric amounts of chiral auxiliaries. Beyond the use of
chiral auxiliaries and resolution techniques, catalytic asym-
metric methods have emerged as valuable synthetic strategies
in recent years.5 These approaches encompass a broad
spectrum of transformations, including C−H activation,
phenolic OH functionalization, alkyne diversification, allylic
alkylation, phosphonoalkylation, arylation, amination, ring-
closing metathesis, halogenative cyclization, hydroarylation,
and hydrophosphination.

Directed C−H bond activation catalyzed by transition
metals has emerged in recent decades as a powerful synthetic
strategy.6 Yu and co-workers have successfully demonstrated
the versatility of this elegant strategy across various C−H
activation modes.7 Recently, the development of enantiose-
lective C−H functionalization guided by directing groups has
provided a practical route for the assembly of chiral molecules.
In 2015, Han and co-workers8 employed the Pd(II)/mono-N-
protected amino acid (MPAA) catalytic system, developed by
Yu’s group,9 to achieve enantioselective C−H activation
directed by 2,3,5,6-tetrafluoro-4-cyanophenylamino (ArF) for
the synthesis of P-stereogenic phosphonamides (Scheme 1a).
Since then, numerous efficient catalytic systems have emerged
for synthesizing P-stereogenic phosphorus compounds, lever-
aging diverse directing groups. In 2021, Ke and colleagues10

developed an iridium-catalyzed, enantioselective ortho C−H
boronylation protocol directed by phosphonate groups,
enabling the construction of P-stereogenic phosphorus
compounds (Scheme 1b). The resulting borylated chiral
phosphinates exhibited versatile reactivity, undergoing diverse
transformations at the C−B and P−O bonds, thus highlighting
their potential as versatile intermediates for synthesizing
functionalized P-stereogenic compounds. In the same year,
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Figure 1. Examples of P-stereogenic centers.
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Li11 reported a rhodium-catalyzed 1:2 coupling cyclization of
diarylphosphinic amides and diarylacetylenes under mild
conditions, directed by the phosphine oxygen group. This
transformation proceeds via dual C−H bond activation,
constructing biaryl frameworks that possess both central and
axial chirality. In 2023, Shi’s group12 pioneered an electro-
chemical, Co(II)-catalyzed enantioselective C−H alkoxylation,
efficiently synthesizing diverse enantioenriched alkoxylated
phosphonamides with a high degree of stereocontrol by using
8-aminoquinoline as the directing group (Scheme 1c).
Mechanistic studies revealed that an unusual Co(III) alcohol
complex is a pivotal intermediate and that a base facilitates the
Co(III)-to-Co(IV) oxidation, consistent with an operative
Co(III/IV/II) catalytic cycle. At the same time, the groups of
Zhou,13 Ackermann,14 and Sundararaju15 also used 8-amino-
quinoline as a directing group and successfully constructed
various chiral compounds centered around phosphorus
through an asymmetric C−H bond cyclization strategy.
Subsequently, the Shi’s group16 continued to report on the
enantioselective C−H alkynylation and olefination directed by
N-ethyl-N-(3-methylpyridin-2-yl) amine, utilizing the Pd(II)/
L-pyroglutamic acid catalytic system (Scheme 1d). The
reaction proceeded through desymmetrization or kinetic
resolution, providing direct access to diverse P-stereogenic
phosphonamides with high enantioselectivity. However,
existing asymmetric C−H activation strategies are often
limited in substrate scope and rely on directing groups that
are cumbersome to install and remove. Therefore, the
development of new directing groups and efficient asymmetric
C−H functionalization methods to access diverse P-stereo-
genic chiral compounds remains a valuable synthetic goal.
Building on our previous work with palladium/amino acid
catalytic systems for directed asymmetric C−H activation,17

we now report a novel phenolic hydroxyl-directed asymmetric
C−H arylation (Scheme 1e). This method offers an effective
strategy to access P-enantiomeric chiral compounds, wherein

hydroxyl groups serve as directing groups, a feature that has
not been exploited in this context before. Using this approach,
we successfully constructed a series of pentavalent phosphine
derivatives, which we believe may lay a useful foundation for
the future development of novel phosphine oxygen bidentate
ligand libraries.

The model reaction was commenced by using 1a ((3-(tert-
butyl)-2-hydroxyphenyl)diphenylphosphine oxide) and 2a
(methyl 4-iodobenzoate) as the substrate. Initially, the reaction
conditions included Pd(OAc)2 (10 mol %) as the catalyst,
Cs2CO3 (2.0 equiv) as the base, and BI-DIME (L1, 20 mol %)
as the chiral ligand in cosolvents of PhCH3 (2 mL) under an
argon atmosphere. The reaction was conducted at 120 °C for
48 h, affording product 3aa in 62% yield and 58% ee (Table 1,

entry 1). Inspired by these outcomes, we continued to screen
for different types of chiral phosphine ligands such as BINAP
and Ph-BPE (Table 1, entries 2 and 3, respectively).
Unfortunately, the results showed that compared to L1,
these chiral phosphine ligands reduced the product yield and
enantioselectivity to varying degrees. Several other chiral

Scheme 1. Prevalent Research of Directed C(sp2)−H
Activation for P-Stereogenic Constructs

Table 1. Optimization of the Reaction Conditionsa

aConditions: 1a (0.1 mmol), 2a (0.15 mmol), a catalyst (10 mol %),
a ligand (20% mmol), and a base in 2 equiv of solvent (2 mL) at 120
°C for 48 h under Ar. bIsolated yield of 3aa. cThe ee value was
determined by chiral HPLC at 60 and 50 °C.
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oxazoline ligands (Table 1, entries 4−6) were subsequently
evaluated; however, none proved to be superior to the initial
system. Notably, our exploration of the catalytic performance
of chiral amino acids demonstrates that (S)-6-oxopiperidine-2-
carboxylic acid (L10) can efficiently boost the enantioselec-
tivity of the resultant product and achieve desirable yields
simultaneously (Table 1, entries 7−10). Next, with L10 as the
chiral ligand, palladium catalysts such as Pd(PPh3)4, Pd(S-
BINAP)Cl2, Pd(PPh3)2Cl2, and Pd(dppf)Cl2 (Table 1, entries
11−14, respectively) were again evaluated. We found that
Pd(S-BINAP)Cl2 can significantly improve stereoselectivity
and yield (Table 1, entry 12). Encouraged by this result, we
also tried using other bases instead of cesium carbonate to
improve the reaction efficiency, but the resulting performance
failed to meet our expectations (Table 1, entries 15−17).
Subsequently, we hope that different solvents could change the
result of the reaction. When DMF, p-xylene, and PhCl were
used instead of the original solvent (Table 1, entries 18−20,
respectively), the yield and ee value of 3aa were not improved.
Further experiments confirmed that appropriately decreasing
the temperature can facilitate the conversion of the reaction
and increase the ee value (Table 1, entries 21 and 22). Thus,
we established the Pd(S-BINAP)Cl2 (10 mol %)/L10 (20 mol
%) optimal catalyst system with 2.0 equiv of Cs2CO3 in PhCH3
(2 mL) (Table 1, entry 21).

With the optimal reaction conditions in hand, we then
examined the scope of this enantioselective transformation. A
broad range of aryl iodides were well tolerated, affording the
desired P-stereogenic chiral compounds with excellent yield up
to 90% and enantioselectivity up to 98% ee, as summarized in
Scheme 2. Initially, various electron-withdrawing groups,
including -CO2Me, -CO2Et, -COMe, -CHO, NO2, -CN,
-CF3, and -F, were found to be well tolerated at the para
position of the benzene ring, affording the target products in
good yields with high stereoselectivity (3aa−3ha, respectively).
Meanwhile, we found that the gram-scale synthesis of 3aa
could be carried out without a significant loss of yield or
enantioselectivity. Subsequently, under the optimized con-
ditions, the reaction of 4-cyanoiodobenzene with 1a afforded
product 3fa with excellent enantioselectivity (up to 98% ee),
the structure of which was unambiguously confirmed by single-
crystal X-ray diffraction analysis (CCDC 2580798). The
results show that high stereoselectivity could also be obtained
when electron-withdrawing groups (such as -CN and
-CO2Me) are located in the meta position of the benzene
ring (3ia and 3ja, respectively). The generality of this method
was then evaluated with substrates containing electron-
donating groups such as -H, -Ph, -p-MePh, -Et, -iPr, and -tBu
at different positions on the benzene ring. These substrates
were successfully converted into products 3ka−3qa with high
enantioselectivities (>80% ee). Interestingly, a substrate
bearing a m-dimethyl substitution was also tolerated, affording
product 3ra in 72% yield with 87% ee. Notably, heteroaromatic
systems also proved to be suitable substrates for the reaction
(3sa). We further demonstrated the applicability of this
method to natural product-based structure. A chiral pyran
derivative featuring a para-substituted benzene ring served as a
competent substrate, delivering desired product 3ta with
excellent diastereoselectivity.

Inspired by these promising results, we continued to explore
the efficiency of substrate 2 in achieving asymmetric C−H
arylation under the same catalytic system (Scheme 3). First,
different substituents on diphenylphosphine oxide were

screened. The reaction was smoothly facilitated by common
electron-donating groups such as -Me, -Et, -tBu, -OMe, and
-OEt, affording the product without compromising the yield or
enantioselectivity (3ab−3ag). Other substituents, including a
highly conjugated benzene ring and electron-withdrawing
halogen groups, can also be accommodated in the reaction,

Scheme 2. Substrate Scope of Aryl Iodidesa−c

aConditions: 1a (0.1 mmol), 2 (0.15 mmol), a catalyst (10 mol %), a
ligand (20% mmol), and a base (2 equiv) in a solvent (2 mL) at 60
°C for 48 h under Ar. bIsolated yield of product 3aa. cThe ee value
was determined by chiral HPLC.

Scheme 3. Substrate Scope of Diarylphosphine Oxidesa−c

aConditions: 1 (0.1 mmol), 2a (0.15 mmol), a catalyst (10 mol %), a
ligand (20% mmol), and a base (2 equiv) in a solvent (2 mL) at 60
°C for 48 h under Ar. bIsolated yield of product 3aa. cThe ee value
was determined by chiral HPLC.
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albeit with relatively poor reaction performance (3ah−3aj). A
decrease in enantioselectivity was observed when the tert-butyl
group was replaced with the less hindered isopropyl group
(3ak). This inverse correlation indicates that substantial steric
bulk on the phenol ring is crucial to achieving high
enantioselectivity.

Several control experiments were then carried out to
elucidate the reaction mechanism (Scheme 4). When the

reaction was conducted under the standard conditions in the
presence of radical scavenger TEMPO, the target product was
still obtained in 58% yield. This result suggests that a radical
process is not operative in this transformation (Scheme 4a).
Subsequent experiments confirmed that in the absence of the
tert-butyl and phenolic hydroxyl groups, triphenylphosphine
oxide 4 did not react with compound 2a, indicating that the
phosphoryl group played no role in directing C−H activation.
Further experiments, in which compound 5 (lacking the tert-
butyl substituent) was allowed to react with 2a, confirmed that
the tert-butyl group is essential not only for stereoselectivity
but also for the overall viability of the reaction (Scheme 4b).
Finally, we confirmed the crucial role of phenolic hydroxyl
groups in directing C−H bond activation by using compound
6 substituted with methoxy groups instead of 1a and reacting
with 2a in the reaction (Scheme 4c).

To compare the reactivity of the two phenyl rings in the
substrate (the R structure in Figure 2, phenyl rings A and B),

we performed density functional theory (DFT) calculations.
The first step of the reaction involves bond formation between
the palladium (Pd) of the catalyst and a carbon atom on one of
the phenyl rings, followed by a hydrogen transfer to the C�O
group of the catalyst. The activation can occur through
interaction with ring A (path A) or ring B (path B). To
determine which pathway is energetically favored, all relevant

reactants, intermediates (IM), and transition states (TSs) for
both reaction routes were optimized and compared.

In the ring A pathway, the Pd−C1 bond length in the
intermediate is 2.01 Å, showing that palladium has formed a
bond with the aromatic carbon. This bond becomes longer in
the transition state (2.54 Å). At the same time, the hydrogen
that participates in the reaction begins to move toward the
catalyst’s carbonyl group. The O1−H1 distance decreases from
1.97 Å (TSA) to a normal O−H bond length of 0.98 Å in the
IMA (Figure 2A). The carbonyl bond (C3�O1) is shorter in
TSA than in IMA, while the nearby C3−N bond shows a
contrasting behavior. The O2−Pd interactions also weaken
during the transition state, stretching from 2.16 to 3.11 Å,
which suggests that the palladium center temporarily adjusts its
coordination environment as it interacts with the substrate.
The ring B pathway shows almost the same pattern. The Pd−
C2 bond length is 2.02 Å in IMB and increases to 2.59 Å in
TSB, matching the behavior seen for ring A. The hydrogen
involved in this pathway also moves toward the catalyst, and
the O1−H2 distance decreases from 1.58 to 0.98 Å. Although
this TS distance is slightly shorter than the value seen for ring
A, it still clearly indicates hydrogen transfer. The carbonyl and
C−N bond lengths shift in nearly the same way as they do in
the ring A reaction, and the O2−Pd bond again becomes
weaker in TSB. Therefore, these structural changes show that
both rings follow the same basic reaction pattern. Palladium
begins forming a bond with the aromatic carbon, while a
hydrogen atom is transferred to the carbonyl group of the
catalyst. The small differences we see between the two sets of
distances, especially in the transition states, likely explain why
one ring is slightly more favorable than the other from an
energetic point of view.

The energy results provide (Figure 2B) a clear picture of
which phenyl ring is more likely to participate in the reaction.
For path A, the activation energy is 29.06 kcal/mol, which is
significantly lower than that obtained for path B (45.12 kcal/
mol). This large difference, more than 15 kcal/mol, shows that
the system requires much less energy to reach the transition
state when the reaction occurs on ring A. In other words, Pd−
C bond formation and hydrogen transfer are far more
accessible along path A. The relative stabilities of the
intermediates also support this result. For path A, intermediate
IMA lies 8.01 kcal/mol lower in energy than the reactant,
indicating that the system becomes more stable once palladium
begins to interact with ring A. In contrast, the intermediate for
path B is slightly higher in energy than that of the reactant
(+0.50 kcal/mol). This means that the formation of IMB is not
energetically favorable and does not provide any driving force
for the reaction. These results show that path A is clearly the
preferred route. It proceeds through a more stable intermediate
and requires a much smaller energy barrier to reach the
transition state. Path B, with its unfavorable intermediate and
substantially higher activation energy, is much less likely to
occur under the same reaction conditions. Overall, the energy
landscape strongly supports the conclusion that the reaction is
initiated on ring A rather than ring B.

It is worth mentioning that paths A and B also correspond to
the two competing stereochemical pathways. The formation of
IMA yields the S configuration, whereas the formation of IMB
yields the R configuration, as indicated in the caption of Figure
2. Therefore, the much lower activation barrier calculated for
path A (29.06 kcal/mol) compared to that for path B (45.12
kcal/mol) is consistent with the experimentally observed

Scheme 4. Mechanistic Studies

Figure 2. DFT calculations for paths A and B.
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preference for the S enantiomer. To better understand the
origin of this energy difference, we further performed
noncovalent interaction (NCI) analysis for TSA and TSB
(Figure S1). The three-dimensional NCI surfaces reveal
different interaction environments in the two transition states.
TSA shows a broader distribution of favorable weak attractive
and van der Waals contacts around the substrate−catalyst
interface, whereas TSB displays less attractive regions in the
sterically crowded part of the complex. These results suggest
that TSA is better accommodated within the chiral catalytic
environment, whereas the geometry of TSB introduces greater
steric repulsion. The NCI analysis therefore supports the
calculated preference for path A and provides a structural
explanation of the observed enantioselectivity.

On the basis of mechanistic experiments and references to
relevant literature, we propose a possible catalytic cycle
mechanism for the phenolic hydroxyl-directed asymmetric
C−H arylation (Scheme 5). First, Pd(S-BINAP)Cl2 and (S)-6-

oxopiperidine-2-carboxylic acid (L10) coordinate to form
metal complex I and then coordinate with -OH group of 2a
and activate the C−H bond at the adjacent position of the
benzene ring to form seven-memberied ring intermediate II.
Then, intermediate II and 1 undergo a C−I bond insertion
reaction to afford intermediate III, and then III undergoes a
reductive elimination reaction to afford final product 3 and
Pd(II) species and completes the catalytic cycle.

In summary, we have developed a convergent and
straightforward method for asymmetric catalytic arylation by
employing phenolic hydroxyl as a directing group enabling the
formation of P-stereogenic chirality. This method utilizes
newly synthesized triarylphosphine oxides as a substrate for
C(sp2)−H bond arylation via using aryl iodides, with Pd(S-
BINAP)Cl2 identified as the optimal catalyst and commercially
available (S)-6-oxopiperidine-2-carboxylic acid as a chiral
ligand. The substrate scope study demonstrated broad
functional group tolerance, delivering enantioselectivity up to
98% ee and yield up to 90% yield across a diverse range of

triarylphosphine oxides and aryl iodides, including natural
product-based structure chiral pyran. A plausible catalytic cycle
was proposed based on experimental results and DFT
calculations. Further studies of the application of these new
P-stereogenic chiral compounds are underway in our
laboratory.
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