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ABSTRACT: Asymmetric alkylation is a fundamental strategy for
the stereoselective construction of chiral molecules, traditionally
focusing on control over the carbon stereocenters. Recent advances
have extended this approach to heteroatom-centered systems,
enabling selective C−heteroatom bond formation to generate
heteroatom stereogenicity. While sulfur-based alkylations have
attracted considerable attention in recent studies, efficient
alkylation strategies for the synthesis of P-stereogenic compounds
remain limited despite their pivotal significance in catalysis and
drug development. Here, we present an organocatalytic enantiose-
lective methylation of prochiral phosphinic acids to access P(V)-
stereogenic phosphorus compounds. Employing a cinchonidine-derived phase-transfer catalyst, the formation of a tight ion pair with
a prochiral phosphinic acid anion enables highly stereoselective formation of an O−C bond using simple methylating agents under
mild conditions. The resulting chiral phosphinates serve as linchpin intermediates that can undergo stereospecific nucleophilic
substitution to afford a broad range of P-stereogenic molecules, including tertiary phosphine oxides, phosphinamides, and
phosphinates. These chiral phosphorus compounds display promising biological activities, underscoring their potential in the
development of agrochemical agents.
KEYWORDS: asymmetric alkylation, P-stereogenic compounds, organocatalysis, phase-transfer catalyst, heteroatom stereogenicity

■ INTRODUCTION
The stereocontrolled alkylation is a pivotal method in organic
synthesis for the construction of chiral molecules.1−3 Classical
enantioselective alkylations typically involve carbonyl com-
pounds, such as ketones, esters, amides, and malonates, wherein
α-hydrogens are deprotonated by a base to form enolates or
derived nucleophilic intermediates.4−6 These intermediates
subsequently react with alkyl halides or analogous electrophiles
under the stereocontrol of a chiral catalyst or auxiliary, allowing
precise face-selective C−C bond formation and furnishing
products with high enantioselectivity (Figure 1A, left).
Representative strategies include chiral-auxiliary-based meth-
ods7−11 and asymmetric alkylation mediated by metals, small-
molecule catalysts or enzymes.12−18 As a fundamental synthetic
strategy, asymmetric alkylation enables the direct installation of
chiral carbon centers into molecular frameworks, thereby
providing versatile and efficient routes for the synthesis of
pharmaceuticals, natural products, and functional materials.1−3

Although asymmetric alkylation remains a central tool for
installing carbon stereocenters in modern asymmetric synthesis,
recent years have witnessed rapid progress beyond carbon-
centered systems toward the development of heteroatom-
involved stereocontrolled alkylations. In these transformations,
catalysts control the formation of C−heteroatom bonds,
enabling the efficient synthesis of a variety of chiral compounds

featuring heteroatom stereogenicity (Figure 1A, right). A
notable advance is the development of asymmetric alkylation
strategies for sulfur-stereogenic centers. For instance, Ellman
and co-workers very recently reported a Rh-catalyzed synthesis
of S(IV)-chiral sulfilimines, in which diazo esters served as
precursors to chiral alkyl−metal carbene intermediate, which
subsequently engages in stereocontrolled C−S bond formation
with nucleophiles (Figure 1B, left).19,20 Alternatively, both
Ellman and Zhang group independently developed ion-pairing
catalyst-mediated asymmetric alkylations of sulfenamides with
alkyl halide electrophiles to access sulfur-stereogenic sulfilimines
(Figure 1B, right).21,22 On the other hand, phosphorus (P)
represents another highly significant heteroatom. Organo-
phosphorus compounds are widely distributed in functional
molecules, and P-stereogenic scaffolds, in particular, play crucial
roles in drugs, ligands, and chiral catalysts (Figure 1C).23−32

Consequently, the efficient construction of P-chiral compounds
has long attracted considerable attention.33−46 Asymmetric
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alkylation has emerged as a powerful strategy in this context,
particularly with substrates containing a P−H bond such as
secondary phosphines. In these reactions, the P−H bond is
activated (acidified) by a suitable metal catalyst as the mediator
to generate a phosphorus-centered chiral nucleophile and thus
engage in the subsequent stereoselective C−P bond formation.
For example, Bergman/Toste, Glueck, Duan, Yin, and others
independently developed catalytic enantioselective alkylations
of secondary phosphines using chiral metal complexes,
delivering P-stereogenic phosphines in high yields and
enantioselectivity (Figure 1C, strategy 1).47−54 Related C−P
alkylation methods with secondary phosphine oxide has also
been reported by the Zhang group.55 In addition, phosphinic

acids have emerged as stable and readily available prochiral
precursors for asymmetric alkylation. Johnston and co-workers
reported a Brønsted acid-catalyzed phosphoramidic acid
intramolecular addition to alkenes for diastereo- and enantio-
selective synthesis of chiral phosphoramidates.56 Trost and co-
workers first reported a metal-catalyzed asymmetric alkylation of
phosphinic acids via π-allyl−palladium intermediates, wherein
chiral metal complexes exerted high stereocontrol over the O−C
bond-forming step, enabling efficient preparation of chiral
phosphorus compounds with high enantioselectivity but modest
diastereoselectivity (Figure 1C, strategy 2).57 Very recently, the
group of Li achieved a similar desymmetrization using copper-
catalyzed asymmetric arylation reaction of phosphonic acids.58

Figure 1. (A) State-of-the-art stereoselective alkylations in the construction of carbon and heteroatom stereogenic compounds. (B) Alkylations for the
preparation of sulfur-chiral compounds. (C) Transition metal-catalyzed synthesis of P-chiral molecules by asymmetric alkylations. (D) Our proposed
two-stage modular preparation of chiral phosphorus molecules by organocatalytic asymmetric methylation of phosphinic acids.
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Notably, despite numerous advances in enantioselective
alkylation reactions, the direct and highly stereocontrolled
incorporation of a methyl group (as the smallest alkyl moiety)
remains elusive and a significantly challenging task in synthetic
chemistry.59−61 This transformation is particularly valuable in
drug discovery, as the introduction of a “magic methyl” can
profoundly alter the bioactivity of drug candidates.62−64

Motivated by these precedents and challenges, we envisioned
that organocatalytic strategies, such as ion-pair catalysis,65−70

could be harnessed to generate a tight ion pair between a chiral
catalyst and a phosphinic acid anion behaving as a chiral
nucleophile, thereby enabling stereoselective O−C bond-
forming reaction with simple methylating agents. Such an
approach would allow the development of a mild, efficient, and
highly stereoselective asymmetric alkylation method, expanding
the synthetic toolbox for P(V)-stereogenic functional molecules.
Herein, we report a cinchonidine-derived phase-transfer catalyst
that forms a chiral cavity around a prochiral phosphinic acid
anion, governing high stereocontrol over the formation of the

O−C bond to achieve asymmetric methylation (Figure 1D).
Under mild conditions, our protocol delivers highly efficient
methylation of phosphinic acids to provide an array of chiral
phosphorus compounds with high enantioselectivity. The
resulting chiral phosphinates can undergo further stereospecific
nucleophilic substitutions into a diverse range of P-stereogenic
functional molecules, including tertiary phosphine oxides,
phosphinamides, and phosphinates. Moreover, these chiral
phosphorus compounds exhibit promising potential biological
activities, offering new opportunities for the development of new
agrochemical agents.

■ METHODS SECTION
General Procedure for Catalytic Preparation of Chiral

Phosphinate Products 3. To a 4.0 mL oven-dried vial
equipped with a magnetic stir bar, substrate 1 (0.1 mmol, 1.0
equiv), 2c (0.2 mmol, 2.0 equiv), Rb2CO3 (0.2 mmol, 2.0
equiv), Cat. C13 (15 mol %), and mesitylene (1.0 mL) were
added. The mixture was cooled to −10 °C and kept stirring for

Figure 2. aReactions were performed with 1a (0.1 mmol, 1.0 equiv), catalyst (15 mol %), Rb2CO3 (2.0 equiv), and mesitylene (1.0 mL) at r.t. for 10 d.
bThe reaction was conducted at 0 °C for 10 d then at 30 °C for 3 d. cThe reaction was conducted at 0 °C for 24 h. dThe reaction was conducted at −10
°C for 24 h. Isolated yields were reported. E.r. values were determined by chiral HPLC analysis. See Supporting Information for detail.
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24 h at −10 °C. When substrate 1 was consumed completely
(monitored by TLC), the resulting residue was purified through
silica gel column chromatography to afford the desired product
3.

General Procedure for Catalytic Preparation of Chiral
Phosphinate Products 4. To a 4.0 mL oven-dried vial
equipped with a magnetic stir bar, substrate 1 (0.1 mmol, 1.0

equiv), 2b (0.2 mmol, 2.0 equiv), Rb2CO3 (0.2 mmol, 2.0
equiv), Cat. C13 (15 mol %), and mesitylene (1.0 mL) were
added. The mixture was cooled to 0 °C and kept stirring for 10 d
at 0 °C, then the reaction was heated to 30 °C and kept stirring
for 3 d. Once the starting material was fully consumed, the
resulting residue was purified through silica gel column
chromatography to afford the desired product 4.

Figure 3. Substrate scope of the enantioselective synthesis of P-chiral phosphinates 3−5. aThe reactions were conducted with 1 (0.1 mmol, 1.0 equiv),
2c (0.2 mmol, 2.0 equiv), Cat. C13 (15 mol %), Rb2CO3 (2.0 equiv) in mesitylene (1.0 mL) at −10 °C for 24 h. bReaction on 10.0 mmol scale.
cReactions with I-CH3 (2b, 0.2 mmol, 2.0 equiv) at 0 °C for 10 d then at 30 °C for 3d. dReactions with corresponding alkyl bromides. Isolated yields
were reported, er values were determined by chiral HPLC analysis. See Supporting Information for details.
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■ RESULTS AND DISCUSSION

We initiated our investigation on the stereoselective synthesis of

P(V)-chiral phosphinates by choosing readily accessible

phosphinic 1a and methyl p-toluenesulfonate (2a) as the
primary starting materials.71 A range of chiral phase-transfer
catalysts (PTCs) was first evaluated in the presence of Rb2CO3
and mesitylene at room temperature (Figure 2). Typical phase-

Figure 4. (A) Preparation of P(V)-chiral phosphine oxides. (B) Stereoselective synthesis of chiral phosphinamides 8. (C) Ester exchange of 4i with
various alcohols. (D) Modification of complex molecules by a click reaction. (E) Hydrogenation reduction of 4i to the synthesis of 13. (F) A control
experiment. (G) Bioassay studies. See Supporting Information for details.
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transfer catalystsC1−C4 gave chiral phosphinate 3a in 42−47%
yields with only modest enantioselectivity (52:48−65:35 er)
(entries 1−4). Modification of the N-substituents on the
quinuclidine of the PTC catalysts showed a significant impact on
stereocontrol (entries 5−14). Catalysts C5 and C6 afforded the
product 3a in low yields, wherein promising enantioselectivities
were observed (entries 5−6). The impact at the para position of
the benzylating reagents was also examined. Unfortunately,
these conditions did not lead to the enhancement of the
selectivity of product 3a (entries 7−10). Encouragingly,
catalysts with either electron-withdrawing (C11) or electron-
donating groups (C12) at the 3- and 5-positions showed good
enantioselectivity (75:25 and 78:22 er, respectively) (entries 11
and 12). To our delight, we found that the catalyst C13 was
superior to deliver the product 3a in modest yield (59%) and
excellent enantioselectivity (85:15 er) (entry 13). To further
improve the efficiency, we optimized the electrophile and
reaction temperature withC13. The use of methyl iodide (2b) at
0 °C gave the chiral product 3a in an acceptable yield and
enantioselectivity (76%, 95:5 er) (entry 16). In addition to
methyl iodide (2b), we were pleased to find that the reaction
with dimethyl sulfate (2c) at −10 °C could also deliver the
product 3a in good yield and high enantioselectivity (entry 18).
Notably, the deuterated analog 3a’ was obtained as well in 71%
yield and 96:4 er employing CD3I as the alkylation agent under
the optimized conditions (entry 19).
With the optimized conditions in hand, we set out to study the

scope of the organocatalytic enantioselective synthesis of P(V)-
chiral phosphinates (Figure 3). Initially, phosphinic acids 1 with
various substitution groups (e.g., F, Cl, Br) at the para positions
of the aromatic ring were examined with dimethyl sulfate (2c) as
the methylation agent (conditions in Figure 2, entry 18). These
substrates were smoothly converted to the corresponding
phosphinate products 3b−3d with 80−83% yields and excellent
enantioselectivity. Electron-deficient substituents, such as CF3,
CN, and NO2, were well tolerated, providing the corresponding
products (3e−3g) in good yields and high stereoselectivity.
Substrates with Me, MeO, and Ph also underwent efficient
transformation to give rise to the products 3h−3j with 76−78%
yields and 96:4 er. Furthermore, substituents featured at the
ortho- or meta-sites of the aromatic units furnished the chiral
phosphinates 3k−3n with 76−82% yields and 94:6−98:2 er.
Replacing the phenyl unit of 1 with a 2-thienyl substituent
afforded product 3o in 75% yield with 96:4 er. In contrast, an
aliphatic substrate gave desired product 3p in 65% yield but with
no enantioinduction. Notably, a gram-scale reaction was
performed under the optimized conditions, delivering 3a in
78% yield with 95:5 er, thereby highlighting the practicality of
the method. Subsequently, we evaluated the influence of
different aromatic groups replacing the naphthalene unit of
phosphinic acid 1. As a technical note, reaction conditions
utilizing methyl iodide (2b) as the methylation agent
(conditions in Figure 2, entry 16) was employed in these
cases due to the enhanced enantioselectivity (see SI for details).
We found that the steric hindrance of the Ar moiety is crucial to
the stereoselectivity: substrate with simple benzyl gave product
4a in a diminished 88:12 er, whereas the introduction of methyl
at the ortho position delivered product 4b with an improved
93:7 er. Moreover, the benzyl group with 2-, 4-, and 6-
trisubstitution significantly enhanced the selectivity, affording
products 4c and 4d with 96:4 and 95:5 er, respectively.
Substrates containing a benzoheterocycle also proceeded well to
furnish products 4e−4f in good yields and excellent

enantioselectivity. Additionally, 1 with extended aromatics,
such as phenanthrene (4g), pyrene (4h), anthracene (4i), and
triphenylene (4j), worked smoothly to afford the chiral
phosphinates 4g−4j in 68−74% yields and high selectivity.
Substrates bearing alkyl-containing arylphosphinic acids deliv-
ered products 4k and 4l in modest yield and decreased
enantioselectivity (67:33 and 68:32, respectively). Having
established the enantioselective methylation scope of phos-
phinic acid 1, we then explored alternative halide electrophiles.
Both propargyl and allyl bromides were compatible with this
reaction, delivering the corresponding products 5a−5c in 64−
70% yields and high stereoselectivity ranging from 92:8 to 95:5
er. The absolute configuration of 3 was determined as (S) by
analogy to product 4i, as determined through X-ray crystallo-
graphic analysis.
The optically enriched phosphinate products 3 and 4 served

as linchpin P(V)-chiral building blocks, which could be easily
transformed to afford a diverse set of P(V)-stereogenic
compounds in a stereoselective fashion. For instance,
nucleophilic substitution of product 4i with various Grignard
reagents readily delivered the corresponding products 6a−6c in
modest yields and high stereospecificity (Figure 4A).58 Next, N-
centered nucleophiles were employed for the synthesis of chiral
phosphinamide 8 (Figure 4B). In this context, reactions with
aliphatic amines in the presence of n-BuLi proceeded smoothly
to furnish products 8a−8c. Aromatic amine was also compatible
with this transformation, affording product 8d in 74% yield and
95:5 er. Additionally, N-heterocycles reacted effectively with 4i
to yield the product 8e with excellent enantioselectivity.58 The
simple N-free chiral phosphinamide 8f was obtained using
NaNH2 as the nucleophile, without erosion of the enantiopurity.
In addition, P−O bond formation with ROH/n-BuLi enabled
the preparation of phosphinates 10a−10c (Figure 4C).72

Notably, 10a, as the opposite enantiomer of product 4i, was
readily accessible through this transformation. To further
demonstrate synthetic utility, a set of important molecules
containing an azide unit, such as D-ribonucleoside (12a), D-
galactopyranose (12b), linezolid impurity (12c), ketoconazole
(12d), were successfully incorporated into the chiral phosphi-
nate scaffold via a Cu-catalyzed click reaction, affording products
in 76−80% yields and with high diastereoselectivity (Figure
4D).73,74 Intriguingly, straightforward hydrogenation of 4i with
PtO2/[Rh(cod)Cl]2 efficiently provided product 13 with 79%
yield and 95:5 er (Figure 4E).75 A control experiment on the
model reaction with hydroxyl-protected catalyst C15 instead of
C13 was performed to gain insights into the role of the OH
group in the catalyst on the catalytic reaction. As shown in
Figure 4F, the control reaction afforded the product 3a in a
racemic 50:50 er, which strongly implies the importance of the
OH moiety in the catalyst, presumably owing to the resulting
hydrogen-bonding interaction in the catalytic intermediates.
Motivated by the broad biological activity of phosphorus

compounds,23−25 we conducted bioassay studies to evaluate the
antimicrobial activity of the prepared chiral P(V) compounds,
with the aim to identify promising antimicrobial agrochemicals
for plant protection.76 In vitro bioassays were carried out at a
concentration of 100 μg/mL to examine their inhibitory effects
against a panel of common phytopathogens. As shown in Figure
4G, the phosphinate products exhibited broad-spectrum
inhibition activity against various plant fungal pathogens,
including Af, Bd, Ps, Rs, Ss, and others. Notably, (S)-4f showed
excellent inhibition rates of 83.5 and 89.4% against Af and Fo,
respectively, which were slightly superior to those of the
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commercial bactericides. Furthermore, both (S)-3b and (S)-3o
exhibited significant activity against Ss. These findings highlight
the potential of our chiral phosphinate products as a valuable
scaffold for the development of potent agrochemical agents.

■ MECHANISTIC STUDIES
To investigate the mechanistic origin of the pronounced
enantioselectivity in the C13-catalyzed enantioselective meth-
ylation of 1a into 3a, we conducted density functional theory
(DFT) calculations on the model reaction with the simple
methyl iodide (Figure 2, entry 16) at the PCM/B3LYP-D3(BJ)/
def2-TZVP//PCM/B3LYP-D3(BJ)/def2-SVP level. As de-
picted in Figure 5, the reaction proceeds through the initial
deprotonation of 1a to generate intermediate IM1, which
engages in simultaneous interactions with catalyst C13 and
methyl iodide (ICH3), affording the diastereomeric intermedi-
ates (R)-IM2 and (S)-IM2. Stabilized by hydrogen-bonding
networks, the nucleophilic O atom of the phosphinic acid anion
subsequently attacks the electrophilic methyl iodide through
either (R)-TS1 or (S)-TS1, leading to (R)-IM3 or (S)-IM3,
respectively. Catalyst dissociation then affords the final optically
enriched products (R)-3a and (S)-3a. Notably, the computed
free-energy difference between (R)-TS1 and (S)-TS1 (2.1 kcal/
mol) accounts for the observed stereochemical outcome, with a
predicted enantiomeric ratio of 97:3 that closely matches the

experimental 95:5 er (Figure 2, entry 16). To probe the
underlying factors, further reduced density gradient (RDG)
analysis was performed for both transition states (R)-/(S)-TS1
(Figure S3, Supporting Information). This analysis reveals
distinct noncovalent interaction patterns between the two
transition states involving the catalyst’s aromatic moiety and the
substrate. In (R)-TS1, a strong π−π stacking interaction is
present, whereas (S)-TS1 is stabilized primarily by CH−π
contacts. This preference correlates with the geometry imposed
by themethylene substituent attached to the phosphorus center:
in (S)-TS1, its orientation is more favorable for CH−π rather
than π−π stacking, consistent with the experimental observation
of (S)-3a as the predominant enantiomer.

■ CONCLUSIONS
In summary, we have developed an organocatalytic asymmetric
alkylation strategy for the synthesis of P(V)-stereogenic
phosphorus compounds via stereoselective O−C bond for-
mation. Utilizing a cinchonidine-derived phase-transfer catalyst,
an ion pair is formed between the chiral catalyst and a prochiral
phosphinic acid anion, generating a chiral environment that
enables high stereocontrol over methylation with simple
methylating agents. This mild and efficient protocol affords a
broad array of chiral phosphorus compounds with high
enantioselectivity, thereby expanding the synthetic toolbox for

Figure 5.Gibbs free-energy profiles for the enantioselective formation of 3a. DFT-optimized structures of the enantio-determining transition states are
presented, with key bond lengths (in Å) labeled. Nonpolar hydrogen atoms are omitted for clarity.
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P(V)-stereogenic functional molecules. Moreover, the resulting
chiral phosphinates serve as versatile linchpin intermediates,
undergoing stereospecific nucleophilic substitutions to furnish
diverse phosphorus-containing scaffolds, including tertiary
phosphine oxides, phosphinamides, and phosphinates. This
method not only provides new access to structurally diverse P-
chiral compounds but also offers promising candidates for
applications in the discovery of agrochemical lead compounds
and other biologically relevant fields.
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