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ABSTRACT: Chiral phosphorus(V) compounds bearing one or
two C−P bonds exhibit significant utility in pharmacy and
catalysis. Although several established methods enable stereo-
selective access to these P-stereogenic compounds, achieving direct
enantiocontrol at phosphorus via catalytic P(V)−heteroatom bond
formation remains challenging. Herein, we present a highly
efficient strategy to synthesize such chiral P(V) compounds
through the asymmetric desymmetrization of phosphonic
dichlorides catalyzed by a readily accessible bifunctional chiral
bicyclic imidazole. The synergistic combination of Lewis base
catalysis and hydrogen bond catalysis is responsible for the high
reactivity and stereoselectivity. The one-pot sequential process
combining the catalytic desymmetrization and the enantiospecific
SN2 displacement delivers a large number of chiral P(V) compounds with excellent yields and enantioselectivities. This protocol
establishes a versatile platform for the concise synthesis of structurally diverse P-chirogenic motifs relevant to high-value bioactive
molecules.

■ INTRODUCTION
P-Stereogenic organophosphorus(V) compounds bearing one
or two C−P bonds constitute a class of highly valued structures
with broad applications in medicinal chemistry1−3 and organic
synthesis.4−6 These chiral P(V) compounds are widely found
in numerous natural products, drugs, and bioactive molecules.
Among these compounds featuring one C−P bond, tenofovir
alafenamide serves as a first-line therapeutic agent for chronic
hepatitis B,7 a carbonic anhydrase inhibitor shows potential for
treating neuropathic pain,8 and several other derivatives exhibit
antitumor activity.9,10 Compounds containing two C−P bonds,
which can be derived from their single C−P bond counter-
parts, exhibit diverse biological activities. For instance,
phostine11 demonstrates potent antiproliferative properties,
and (−)-SMT02233212 is a promising therapeutic candidate
for Duchenne muscular dystrophy. Additionally, fosinopril3,13

remains the only approved phosphinate-based drug for high
blood pressure (Figure 1).

The development of efficient and highly selective methods
for synthesizing P(V)-stereogenic compounds with novel
structures and diverse functional groups undoubtedly holds
significant research importance and application value for drug
discovery and synthetic chemistry. Traditionally, methods for
the preparation of P(V)-stereogenic compounds mainly focus
on strategies such as chiral resolution of racemic P(V)
compounds14,15 and chiral auxiliary-induced synthesis.16−18

These methods generally require the use of equivalent or even
excessive amounts of chiral reagents, resulting in higher
economic costs. Notably, the resolution method suffers from
an intrinsic 50% maximum theoretical yield ceiling for the
target stereoisomer. Furthermore, the chiral auxiliary-induced
method entails installation and subsequent removal of
directing groups, resulting in increased reaction steps and
low atom economy. In comparison, asymmetric catalysis is
currently the most direct and efficient synthetic method for
constructing P(V)-stereocenters.

Due to the considerable value of P(V)-stereogenic
compounds containing C−P bonds, the asymmetric synthesis
of these compounds holds significant research importance.
Recent years have witnessed some breakthroughs in the
construction of a stereogenic P(V) center with C−P bonds by
catalytic asymmetric desymmetrization (Scheme 1A). Notably,
Jacobsen’s pioneering work developed the first desymmetriza-
tion reaction of aryl phosphonic dichlorides catalyzed by a
hydrogen-bond-donor catalyst, enabling efficient construction
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of P(V) stereocenters containing a C−P bond.19 Almost
simultaneously, the groups of Dixon and Yamazaki achieved
the intelligent synthesis of such compounds through an
asymmetric phosphorylative desymmetrization using phospho-
diester and phosphodiacylamide substrates, promoted by a
superbasic bifunctional iminophosphorane catalyst.20,21 Re-
cently, Chi and colleagues introduced an elegant, NHC-
catalyzed approach to P(V)-stereogenic compounds containing
a C−P bond from phosphodiester substrates.22 These works
synergistically establish a new platform for the catalytic
construction of P-stereogenic compounds bearing a C−P
bond. Furthermore, utilizing this desymmetrization strategy,
research groups of Li,23 He,24 Zhang,25 Dong,26 and Shang27

developed several efficient asymmetric syntheses of P(V)-
stereogenic compounds devoid of C−P bonds. Despite these
advancements, the development of new catalytic systems
remains necessary to address the shortcomings of the
aforementioned reactions, particularly in achieving high
enantioselectivity with readily accessible catalysts.

The catalytic asymmetric phosphorylation reaction is an
efficient strategy for the direct construction of P-stereocenters
(Scheme 1B). In 2012, our research group achieved the first
catalytic asymmetric phosphorylation to access enantioen-
riched phosphoramidates28 through the kinetic resolution of
racemic phosphoryl chloride catalyzed by a novel chiral
bicyclic imidazole.29 This achievement established the first
catalytic system for the asymmetric synthesis of P-stereogenic
phosphoric acid derivatives, addressing a significant challenge
in stereoselective phosphorus chemistry. The pivotal study by
Merck & Co. researchers offered crucial validation for the
bicyclic imidazole-catalyzed asymmetric phosphorylation re-
action in the synthesis of nucleoside phosphoramidate
prodrugs.30 Then, the Tang group at the University of
Wisconsin reported the site- and stereoselective synthesis of

P(V)-stereogenic glycosyl phosphoramidates catalyzed by a
chiral bicyclic imidazole.31 Our group accomplished the first
highly efficient synthesis of the first P(V)-stereogenic anti-
COVID-19 agent remdesivir through asymmetric phosphor-
ylation catalyzed by a chiral bicyclic imidazole in 2020, and the
kilogram-scale production via this catalytic process was realized
in collaboration with Shanghai NO.1 Biochemical &
Pharmaceutical Co., Ltd.32 Subsequently, a one-pot asym-
metric phosphoramidation catalyzed by the new designed
chiral bicyclic imidazole for the synthesis of remdesivir was
reported by Wong and Hung.33

Although the efficacy of chiral bicyclic imidazole catalysts
has been established for the asymmetric synthesis of
phosphoramidates, which lack C−P bonds, their potential for
the catalytic synthesis of P(V)-stereogenic compounds with
C−P bonds remains unexplored. The development of such
methods is highly desirable, given the readily available access of
bicyclic imidazole catalysts and the broad utility of these target
molecules. Building on previous research, we hypothesized that
a bifunctional bicyclic imidazole catalyst, bearing a N−H motif,
could nucleophilically activate the phosphonic dichloride with
a C−P bond while simultaneously interacting with the P�O
motif via hydrogen bond, thereby enhancing both reactivity
and stereodiscrimination (Scheme 1C). This catalysis enables
the asymmetric desymmetrization of the phosphonic dichlor-
ides, generating configurationally stable P-chirogenic chlor-
ophosphonamidate intermediates. These intermediates could
subsequently participate in the enantiospecific SN2 displace-
ment, providing desired P(V)-stereogenic compounds with a
C−P bond.

Herein, we present a versatile one-pot sequential strategy for
the direct construction of P-stereogenic centers featuring a C−
P bond. This methodology combines a bifunctional chiral
bicyclic imidazole-catalyzed desymmetrization of phosphonic
dichlorides with an enantiospecific displacement. This reaction
affords structurally diverse P-stereogenic products in satisfac-
tory yields (up to 99%) with excellent enantioselectivities (up
to 98% ee). Uniting facile catalyst synthesis with exceptional
catalytic efficiency, it offers a general platform for the synthesis
of chiral P(V) compounds bearing variable O-, N-, S-, and C-
substituents (Scheme 1C).

■ RESULTS AND DISCUSSION
At the outset of our study, we employed the commercially
available phenylphosphonic dichloride 1a as the model
substrate, secondary amine 2a, and sodium methoxide as
sequential nucleophiles to systematically evaluate diverse
bicyclic imidazole catalysts on reaction performance (Tables
1 and S1). Reaction under catalyst-free conditions failed to
produce the target product (Table 1, entry 1). As the well-
established catalysts in the C-acylation reaction,34−39 chiral
bicyclic imidazoles C1 and C2 were employed in this reaction
to assess their catalytic competence. However, both catalysts
exhibited limited stereoinduction in this transformation
(entries 2 and 3). Chiral bicyclic imidazole C3 has
demonstrated superior catalytic efficacy in the asymmetric
synthesis of the anti-COVID-19 drug remdesivir.32 Based on
this result, we employed C3 in this reaction, affording the
desired product in 74% conversion with 68% ee (entry 4).
Then, the structure of C3 was modified to investigate its
catalytic performance. By comparing C3 and C4, it is shown
that replacing the carbamate moiety with a urea structure
within the catalyst scaffold substantially increases catalyst

Figure 1. Selected examples of P(V)-stereogenic compounds bearing
one or two C−P bonds.
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activity while sharply decreasing enantioselectivity (entry 5).
The N-methyl-substituted catalyst C6 exhibited significantly
reduced activity and enantioselectivity compared with catalyst
C5 bearing an N−H bond (entries 6 and 7). The above results
underscore the importance of the carbamate moiety
(−OCONH−) in the catalyst structure for this reaction.
This also reveals a critical hydrogen-bonding interaction
between the N−H motif in the catalyst and the phosphonic
dichloride substrate, which was further verified through an
IGMH analysis in the mechanistic studies. Subsequently,
maintaining the carbamate moiety in the catalyst, the
substituent at the N-position was changed to structurally
diverse groups to enhance catalytic efficacy. The chiral dimeric
bicyclic imidazole C7, whose (R)-enantiomer was well-
established for the synthesis of MK-3682,30 was investigated

in this reaction and showed unsatisfactory performance (entry
8). After screening a number of bicyclic imidazole catalysts
bearing various N-substituents, catalyst C9 featuring the (R)-1-
phenylethyl substituent demonstrated superior catalytic activity
and enantioselectivity. By contrast, catalyst C8 bearing an (S)-
1-phenylethyl substituent exhibited notably reduced enantio-
selectivity (entries 9 and 10). Catalyst C10 (the absolute
configuration is determined based on X-ray crystallography
analysis), featuring the replacement of the phenyl group in the
structure of C9 with a naphthyl group, exhibited the highest
stereoselectivity (82% ee) among all screened catalysts (entry
11).

Through rational design, catalyst C10 was identified as the
optimal catalyst. Thereafter, a comprehensive solvent screening
was conducted to optimize the reaction conditions (see SI,

Scheme 1. Asymmetric Catalytic Phosphorylation
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Tables S3 and S4). Ethereal solvents presumably enhance the
catalytic efficacy through the stabilization of n−cation
interactions between the lone pairs of the ether oxygen and
the electropositive imidazolium ring in the catalytic inter-
mediates,40 accounting for their exceptional performance as
reaction solvent. After screening, 1,2-dimethoxyethane (DME)
was selected as the optimal reaction solvent instead of THF,
and cyclopentyl methyl ether (CPME) was selected as the
optimal solvent for dissolving phenylphosphonyl dichloride
(entries 12 and 13). Notably, decreasing the catalyst loading to
15 mol % and extending the first step reaction time to 36 h
maintained high enantioselectivity and quantitative conversion
of the product (entries 14 and 15). Remarkably, employing a

2:3 volume ratio of DME and CPME achieved excellent
enantioselectivity (93% ee, entry 16).

With the optimal reaction conditions established, the
versatility of phosphonic dichloride substrates was evaluated
using diisobutylamine as the nucleophile (Scheme 2). Initially,
substrates bearing a methoxy group at the para-, meta-, and
ortho-positions of the phenyl ring were tested in the reaction
(3b−3d). The para-methoxy-substituted substrate afforded the
corresponding product 3b in near-quantitative yield (99%)
with excellent enantioselectivity (95% ee). The stereo-
selectivity of the corresponding product 3c decreased when

Table 1. Optimization of the Reaction Conditionsa

entry Cat solvent A solvent B
VA (mL):VB
(mL) conv(%)b ee(%)c

1 none THF toluene 2:0.5 N.R −
2 C1 THF toluene 2:0.5 46 40
3 C2 THF toluene 2:0.5 83 28
4 C3 THF toluene 2:0.5 74 68
5 C4 THF toluene 2:0.5 99 6
6 C5 THF toluene 2:0.5 98 74
7 C6 THF toluene 2:0.5 25 5
8 C7 THF toluene 2:0.5 48 33
9 C8 THF toluene 2:0.5 87 71
10 C9 THF toluene 2:0.5 88 78
11 C10 THF toluene 2:0.5 80 82
12 C10 DME toluene 2:0.5 99 83
13 C10 DME CPME 2:0.5 99 84
14d C10 DME CPME 2:0.5 85 84
15d,e C10 DME CPME 2:0.5 99 84
16d,e C10 DME CPME 1:1.5 99 93

aReaction conditions: A solution of 1a (0.20 mmol, 1.0 equiv) in
solvent B was added to a mixture of 2a (0.70 mmol, 3.5 equiv), Cat
(20 mol %), and 4Å MS (70 mg) in solvent A at −50 °C under Ar.
After stirring for 24 h at −50 °C, MeONa (2 mmol, 5.4 mol/L in
methanol, 30 wt %) was added, and stirring was continued at −50 °C
for 12 h. bDetermined by 31P NMR analysis using P(O)(OMe)3 as
the internal standard. cDetermined by HPLC using Daicel Chiralpak
columns. dCat (15 mol %). eThe first step was conducted for 36 h.
DME: 1,2-dimethoxyethane. CPME: Cyclopentyl methyl ether.

Scheme 2. Scope of Phosphonic Dichloridesa

aReaction conditions: A solution of 1 (0.20 mmol, 1.0 equiv) in 1.5
mL anhydrous CPME was added to a mixture of 2a (0.70 mmol, 3.5
equiv), C10 (0.03 mmol, 15 mol %), and 4 Å MS (70 mg) in 1 mL
anhydrous DME at −50 °C under Ar. After stirring for 36 h at −50
°C, MeONa (2 mmol, 5.4 mol/L in methanol, 30 wt %) was added,
and stirring was continued at −50 °C for 12 h. Isolated yields. The ee
values were determined by chiral HPLC. Compounds 3c, 3d, 3m-3o:
48 h in the first step.
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using its meta-substituted analogue as a substrate. Additionally,
the ortho-methoxy-substituted substrate exhibited poorer
reactivity, which is likely due to increased steric hindrance
near the phosphorus center (3d). Following this, the effect of
different substituents at the para-position of the benzene ring
was studied (3e−3n). Other para-alkoxy substituents on the
benzene ring afforded the products (3e−3h) in excellent yields
(91−96%) with enantioselectivities (95−98% ee). Substrates
bearing a methyl or tert-butyl group at the para-position of the
benzene ring afforded products (3i and 3j) in satisfactory
yields and enantioselectivities. When the 4-position of the
benzene ring was substituted with a phenoxy group, product
3k was obtained in 56% yield with 79% ee. Substrates bearing
electron-withdrawing substituents exhibited reduced enantio-
selectivities (3n), whereas those with less electron-withdrawing
substituents (3l−3m) afforded corresponding products in
good yields (56−95%) and enantioselectivities (77−84% ee).
Generally, substrates bearing para-electron-donating groups on
the phenyl ring showed enhanced reactivity. This improvement
is likely ascribed to the increased electron density at the
phosphorus center contributed by these substituents, thereby
stabilizing the intermediate formed between the substrate and
the imidazolium cation (as discussed in the DFT study),
ultimately leading to an improved catalytic performance in
terms of both activity and stereoselectivity. Following this, we
extended our studies to disubstituted benzene substrates (3o−
3q). The results indicated that product 3p showed the highest
activity among them, affording the desired product in 93%
yield with 96% ee. Product 3o, featuring a rigid cyclic
framework, exhibited an intermediate catalytic performance.
This result is consistent with its steric environment around the
phosphorus center, which is less hindered than that in 3p but
more constrained than that in 3q. Notably, alkyl phosphonic
dichloride substrates also demonstrated favorable compatibility
in this reaction. The benzylphosphonic dichloride provided
product 3r in 90% yield with 75% ee. Significantly, the
enantioselectivity of the P-chirogenic chlorophosphonamidate
intermediate generated en route to 3b was determined to be
96% ee (see SI, Section 5), matching that of product 3b. This
conclusively demonstrates that the chirality of the product in
this one-pot reaction is determined by the first step, while the
catalyst in this reaction system induces no racemization of the
P-chirogenic intermediate.

The secondary amine serves a dual function in the catalytic
desymmetrization step of this one-pot reaction: as a
nucleophile attacking the phosphonic dichloride and as a
Bro̷nsted base neutralizing the HCl byproduct generated
during catalysis (Scheme 3). We commenced our investigation
by using a p-anisyl-substituted substrate to assess the influence
of various secondary amines on reactivity (3b, 3s−3x). Results
showed that the enantioselectivity of the product is related to
the steric hindrance of the amine nucleophile. Employing an
amine nucleophile with proper steric bulk afforded products in
excellent yields (92−98%) with high enantioselectivities (87−
95% ee). When dipropylamine with low steric hindrance was
used as a nucleophile, the corresponding product was obtained
with low enantioselectivity (3s). However, the reaction failed
to proceed when diisopropylamine was employed as the
nucleophile owing to its excessive steric bulk (see SI, Section
5). When employing phosphonic dichlorides exhibiting
superior stereoselectivities in Scheme 2 as substrates, we
observed reduced sensitivity to the steric bulk of amines
compared to p-anisyl-substituted substrate, with all cases

delivering products (3y−3ag) in excellent enantioselectivities
(92−98% ee).

The methoxy group, being ubiquitous in natural products,
consequently features extensively in natural product-derived
drugs.41 Accordingly, we selected compound 1b, featuring a 4-
methoxyphenyl substituent, as the substrate with diisobutyl-
amine as the nucleophile in the catalytic desymmetrization step
to evaluate the effects of diverse nucleophiles in the
enantiospecific SN2 displacement step (Scheme 4). Sodium
salts of primary and secondary alcohols proved to be effective
nucleophiles in the second step, delivering products 3ah−3ao
with consistently excellent enantioselectivities (95−97% ee).
When employing certain nucleophiles, we observed diminished
enantioselectivities in the final products. This stereochemical
erosion can be attributed to the Berry pseudorotation42,43 in
the pentacoordinate P(V) intermediate formed between
chlorophosphonamidate and certain nucleophiles. To elimi-
nate the detrimental impact on stereoselectivity, we introduced
a silver ion in the reaction system to reduce the concentration

Scheme 3. Scope of Amine Nucleophilesa

aReaction conditions: A solution of 1 (0.20 mmol, 1.0 equiv) in 1.5
mL anhydrous CPME was added to a mixture of 2 (0.70 mmol, 3.5
equiv), C10 (0.03 mmol, 15 mol %), and 4Å MS (70 mg) in 1 mL
anhydrous DME at −50 °C under Ar. After stirring for 36 h at −50
°C, MeONa (2 mmol, 5.4 mol/L in methanol, 30 wt %) was added,
and stirring was continued at −50 °C for 12 h. Isolated yields. The ee
values were determined by chiral HPLC. Compounds 3v, 3z, 3ac, and
3af: 48 h in the first step.
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of the chloride ion, which would shorten the lifetime of the
pentacoordinate P(V) intermediate and accelerate the
formation of the product. Ag2CO3 was selected as the additive
for the SN2 displacement step when using certain nucleophiles

(3an, 3aq−3bc). Notably, employing the enantiomerically
pure sodium (S)-1-phenylethan-1-olate bearing a chiral carbon
as the nucleophile furnished product 3ap with 99% de.
Subsequently, employing sodium phenoxide and its analogues
bearing diverse substituents on the benzene ring as
nucleophiles universally provided the desired products (3aq−
3av) in excellent yields (91−97%) with excellent enantiose-
lectivities (95−96% ee). Highly enantioselective phosphona-
midothioates (3aw−3ay) were accessible in good to excellent
yields through nucleophilic substitution with sodium thio-
phenolates and sodium thiolates. Primary and secondary
amines also served as efficient nucleophiles, delivering
enantioenriched phosphonic diamides (3az−3bc) with excep-
tional stereocontrol (96−97% ee). Through the enantiospecific
SN2 displacement in the second step of this one-pot protocol,
various P(V)-stereogenic compounds were efficiently obtained
with excellent stereoselectivities (95−97% ee, 99% de). The
versatile stereocontrolled formations of P−heteroatom (O/S/
N) bonds provide a powerful platform for constructing diverse
stereochemically pure P(V) compounds.

Under standard conditions at 5.0 mmol scale using 15 mol %
catalyst loading, the synthesis afforded 1.91 g of 3av in 86%
yield with 96% ee, without loss of enantioselectivity (Scheme
5A). We also investigated the recycling performance of the

catalyst. After four catalytic cycles, the catalyst maintained
catalytic efficiency (see SI, Table S7). The P-chirogenic
phosphonate 4 could be obtained by alcoholysis under acidic
conditions without a loss of enantioselectivity (Scheme 5B). 4
with reduced steric hindrance compared with 3av can be
converted into the following derivatives via distinct reaction
pathways, respectively: (i) Phosphonate 4 was reacted with
Grignard reagents to deliver the phosphinate ester 5 in 75%

Scheme 4. Scope of Nucleophiles in Enantiospecific SN2
Displacement of Chiral Chloridesa

aReaction conditions: A solution of 1b (0.20 mmol, 1.0 equiv) in 1.5
mL anhydrous CPME was added to a mixture of 2a (0.70 mmol, 3.5
equiv), C10 (0.03 mmol, 15 mol %), and 4Å MS (70 mg) in 1 mL
anhydrous DME at −50 °C under Ar. After stirring for 36 h at −50
°C, NuNa (2 mmol, 2 mol/L in THF) was added, and stirring was
continued at −50 °C for 12 h. Isolated yields. The ee values were
determined by chiral HPLC. bSynthesis of 3an, 3aq−3bc: After the
reaction mixture was stirred for 36 h in the catalytic step, a suspension
of Ag2CO3 (20 mol %) in THF (0.5 mL) was added. Then the
nucleophile was introduced. cThe nucleophile is corresponding amine
(2 mmol, 10 equiv) instead of NuNa. dAll H atoms omitted in the X-
ray crystallography analysis for clarity. Compounds 3aw, 3ax, 3ay: 36
h in the second step; Compounds 3az and 3ba: 72 h in the second
step; 3bb: 72 h under −20 °C in the second step; 3bc: 48 h in the
second step.

Scheme 5. Scalability, Functionalization, and Application
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yield with 96% ee; (ii) treatment of 4 with Lawesson’s reagent
afforded 6 in good yield (63%) with the retention of
configuration at the phosphorus center (95% ee); (iii) the
lithium-induced intramolecular rearrangement of phospho-
nates 4 via phosphorus migration from oxygen to carbon atom
afforded 7 in good yield (70%) with retained enantioselectivity
(97% ee). Moreover, this methodology was applied to the
asymmetric synthesis of (−)-SMT022332, a second-generation
utrophin modulator preclinical candidate.5 The optimized
protocol afforded the desired product 8 with 90% ee and
moderate yield (Scheme 5C). Then, a simple methanolysis of
8 delivered compound 9 in 81% yield, while maintaining high
enantioselectivity. Subsequently, compound 9 could be
converted to (−)-SMT022332 by substitution with a Grignard
reagent.19

To further investigate the reaction mechanism and the
origins of enantioselectivity, a computational study based on
density functional theory (DFT) was performed (Figure 2).

The catalytic reaction between 4-methoxyphenylphosphonic
dichloride and diisobutylamine, mediated by catalyst C10, was
computationally modeled to elucidate the reaction pathway
and stereoselectivity. Initially, the catalyst C10 undergoes a
nucleophilic addition reaction with substrate SM-1 (1b),
forming the penta-coordinated phosphorus intermediate IM-1
via TS-1. Tetra-coordinate phosphonium intermediates IM-2a
and IM-2b are then afforded, followed by elimination of a
chloride ion via TS-2. Due to the low polarity of the solvent,
the chloride ion remains incompletely solvated, forming an ion
pair with the imidazolium cation in IM-2. Subsequent
nucleophilic attack by 2a on IM-2 generates the penta-
coordinated phosphorus intermediate IM-3 via TS-3. Final
products IM-4a and IM-4b are formed by the elimination of
catalyst C10, coupled with an acid−base reaction with another
molecule of 2a, via TS-4. This step is highly exergonic and
irreversible. Based on the energy profile, the enantioselectivity
stems from the energy difference between TS-3b and TS-4a

Figure 2. Gibbs energy profile of the overall reactions; the DFT computation is under the PBE0-D3BJ/CBS/PCMDME/CPME=2/3 level of theory.
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(ΔΔG‡ = 1.85 kcal/mol), indicating 97% calculated ee at −50
°C, matching the experimental data (96% ee). Furthermore,
the IGMH analysis of TS-1 indicates a strong hydrogen bond
(approximately −3.9 kcal/mol) between the oxygen atom of
the P(V) species and the amide group of the catalyst (Figure
3). This hydrogen bond plays a critical role in enhancing the

electrophilicity of the P(V) center by effectively stabilizing the
negative charge on the oxygen. Consistent with this,
experimental results indicate that substitution of the amide
hydrogen with other groups led to a significant drop in
reaction yield (Table 1, entries 6 and 7). Thus, this specific
hydrogen-bonding interaction enables the nucleophilic catalyst
to achieve a high catalytic efficiency even at such low
temperatures.

■ CONCLUSIONS
In conclusion, we have successfully developed a one-pot
sequential strategy integrating bifunctional chiral bicyclic
imidazole-catalyzed desymmetrization of phosphonic dichlor-
ides with enantiospecific SN2 displacement for the direct
construction of P-stereogenic centers with a C−P bond. This
methodology combines facile catalyst synthesis with excep-
tional catalytic efficiency, establishing a versatile platform for
the synthesis of chiral P(V) compounds featuring flexible
combinations of variable O-, N-, S-, and C-substituents.
Employing this catalytic system, diverse P-stereogenic products
(55 representative products) were obtained in satisfactory
yields (up to 99%) with excellent enantioselectivities (up to
98% ee). Crucially, gram-scale reactions maintained activity
and stereoselectivity, while the catalyst exhibited excellent
recyclability and retained performance through four catalytic
cycles. This methodology holds significant promise for broad
applications in medicinal chemistry, particularly in the
synthesis of P-stereogenic drugs.
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Figure 3. IGMH analysis between the catalyst and substrate in TS-1.
The colors of these atoms are black (carbon), white (hydrogen), blue
(nitrogen), green (chloride), red (oxygen), and orange (phosphorus).

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c17437
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/jacs.5c17437?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c17437/suppl_file/ja5c17437_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2445023&id=doi:10.1021/jacs.5c17437
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2445024&id=doi:10.1021/jacs.5c17437
http://www.ccdc.cam.ac.uk/structures
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhenfeng+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3295-6966
mailto:zhenfeng@sjtu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wanbin+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4788-4195
https://orcid.org/0000-0002-4788-4195
mailto:wanbin@sjtu.edu.cn
mailto:wanbin@sjtu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lu+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mo+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yicong+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Delong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2190-1644
https://pubs.acs.org/doi/10.1021/jacs.5c17437?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c17437?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c17437?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c17437?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c17437?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c17437?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ REFERENCES
(1) Pradere, U.; Garnier-Amblard, E. C.; Coats, S. J.; Amblard, F.;

Schinazi, R. F. Synthesis of Nucleoside Phosphate and Phosphonate
Prodrugs. Chem. Rev. 2014, 114, 9154−9218.
(2) Mehellou, Y.; Rattan, H. S.; Balzarini, J. The ProTide Prodrug

Technology: From the Concept to the Clinic. J. Med. Chem. 2018, 61,
2211−2226.
(3) Finkbeiner, P.; Hehn, J. P.; Gnamm, C. Phosphine Oxides from a

Medicinal Chemist’s Perspective: Physicochemical and in Vitro
Parameters Relevant for Drug Discovery. J. Med. Chem. 2020, 63,
7081−7107.
(4) Dutartre, M.; Bayardon, J.; Jugé, S. Applications and stereo-

selective syntheses of P-chirogenic phosphorus compounds. Chem.
Soc. Rev. 2016, 45, 5771−5794.
(5) Warner, C. J. A.; Reeder, A. T.; Jones, S. Tetrahedron: Asymmetry
2016, 27, 136−141.
(6) Warner, C. J. A.; Berry, S. S.; Jones, S. Evaluation of bifunctional

chiral phosphine oxide catalysts for the asymmetric hydrosilylation of
ketimines. Tetrahedron 2019, 75, No. 130733.
(7) De Clercq, E. Tenofovir alafenamide (TAF) as the successor of

tenofovir disoproxil fumarate (TDF). Biochem. Pharmacol. 2016, 119,
1−7.
(8) Nocentini, A.; Alterio, V.; Bua, S.; Micheli, L.; Esposito, D.;

Buonanno, M.; Bartolucci, G.; Osman, S. M.; Alothman, Z. A.; Cirilli,
R.; Pierini, M.; Monti, S. M.; Di Cesare Mannelli, L.; Gratteri, P.;
Ghelardini, C.; De Simone, G.; Supuran, C. T. Phenyl(thio)-
phosphon(amid)ate Benzenesulfonamides as Potent and Selective
Inhibitors of Human Carbonic Anhydrases II and VII Counteract
Allodynia in a Mouse Model of Oxaliplatin-Induced Neuropathy. J.
Med. Chem. 2020, 63, 5185−5200.
(9) Sawa, M.; Kiyoi, T.; Kurokawa, K.; Kumihara, H.; Yamamoto,

M.; Miyasaka, T.; Ito, Y.; Hirayama, R.; Inoue, T.; Kirii, Y.; Nishiwaki,
E.; Ohmoto, H.; Maeda, Y.; Ishibushi, E.; Inoue, Y.; Yoshino, K.;
Kondo, H. New Type of Metalloproteinase Inhibitor: Design and
Synthesis of New Phosphonamide-Based Hydroxamic Acids. J. Med.
Chem. 2002, 45, 919−929.
(10) So̷rensen, M. D.; Blæhr, L. K. A.; Christensen, M. K.; Ho̷yer,

T.; Latini, S.; Hjarnaa, P.-J. V.; Björkling, F. Cyclic phosphinamides
and phosphonamides, novel series of potent matrix metalloproteinase
inhibitors with antitumour activity. Bioorg. Med. Chem. 2003, 11,
5461−5484.
(11) Clarion, L.; Jacquard, C.; Sainte-Catherine, O.; Loiseau, S.;

Filippini, D.; Hirlemann, M.-H.; Volle, J.-N.; Virieux, D.; Lecouvey,
M.; Pirat, J.-L.; Bakalara, N. Oxaphosphinanes: New Therapeutic
Perspectives for Glioblastoma. J. Med. Chem. 2012, 55, 2196−2211.
(12) Wilkinson, I. V. L.; Perkins, K. J.; Dugdale, H.; Moir, L.;

Vuorinen, A.; Chatzopoulou, M.; Squire, S. E.; Monecke, S.; Lomow,
A.; Geese, M.; Charles, P. D.; Burch, P.; Tinsley, J. M.; Wynne, G. M.;
Davies, S. G.; Wilson, F. X.; Rastinejad, F.; Mohammed, S.; Davies, K.
E.; Russell, A. J. Chemical Proteomics and Phenotypic Profiling
Identifies the Aryl Hydrocarbon Receptor as a Molecular Target of
the Utrophin Modulator Ezutromid. Angew. Chem., Int. Ed. 2020, 59,
2420−2428.
(13) Shionoiri, H.; Naruse, M.; Minamisawa, K.; Ueda, S.; Himeno,

H.; Hiroto, S.; Takasaki, I. Fosinopril. Clin. Pharmacokinet. 1997, 32,
460−480.
(14) Korpiun, O.; Lewis, R. A.; Chickos, J.; Mislow, K. Synthesis and

absolute configuration of optically active phosphine oxides and
phosphinates. J. Am. Chem. Soc. 1968, 90, 4842−4846.
(15) Vineyard, B. D.; Knowles, W. S.; Sabacky, M. J.; Bachman, G.

L.; Weinkauff, D. J. Asymmetric hydrogenation. Rhodium chiral
bisphosphine catalyst. J. Am. Chem. Soc. 1977, 99, 5946−5952.
(16) Berger, O.; Montchamp, J. L. A General Strategy for the

Synthesis of P-Stereogenic Compounds. Angew. Chem., Int. Ed. 2013,
52, 11377−11380.
(17) Han, Z. S.; Goyal, N.; Herbage, M. A.; Sieber, J. D.; Qu, B.; Xu,

Y.; Li, Z.; Reeves, J. T.; Desrosiers, J.-N.; Ma, S.; Grinberg, N.; Lee,
H.; Mangunuru, H. P. R.; Zhang, Y.; Krishnamurthy, D.; Lu, B. Z.;
Song, J. J.; Wang, G.; Senanayake, C. H. Efficient Asymmetric

Synthesis of P-Chiral Phosphine Oxides via Properly Designed and
Activated Benzoxazaphosphinine-2-oxide Agents. J. Am. Chem. Soc.
2013, 135, 2474−2477.
(18) Gwon, D.; Lee, D.; Kim, J.; Park, S.; Chang, S. Iridium(III)-

Catalyzed C−H Amidation of Arylphosphoryls Leading to a P-
Stereogenic Center. Chem. - Eur. J. 2014, 20, 12421−12425.
(19) Forbes, K. C.; Jacobsen, E. N. Enantioselective hydrogen-bond-

donor catalysis to access diverse stereogenic-at-P(V) compounds.
Science 2022, 376, 1230−1236.
(20) Formica, M.; Rogova, T.; Shi, H.; Sahara, N.; Ferko, B.; Farley,

A. J. M.; Christensen, K. E.; Duarte, F.; Yamazaki, K.; Dixon, D. J.
Catalytic enantioselective nucleophilic desymmetrization of phospho-
nate esters. Nat. Chem. 2023, 15, 714−721.
(21) Formica, M.; Ferko, B.; Marsh, T.; Davidson, T. A.; Yamazaki,

K.; Dixon, D. J. Second Generation Catalytic Enantioselective
Nucleophilic Desymmetrization at Phosphorus (V): Improved
Generality, Efficiency and Modularity. Angew. Chem., Int. Ed. 2024,
63, No. e202400673.
(22) Wang, Y.; Chen, K.; Che, F.; Zhao, S.; Feng, P.; Zhao, Q.; Wei,

D.; Wu, X.; Chi, Y. R. NHC-catalyzed covalent activation and control
of P(V)-stereogenic phosphorus centers via phosphonyl azolium
intermediates. Chem. 2025, 11, No. 102586.
(23) Nie, X.-k.; Zhang, S.-q.; Wang, X.-y.; Yang, W.-t.; Zhang, X.;

Chen, S.-j.; Cui, X.; Tang, Z.; Li, G.-x. Catalytic Enantioselective
Nucleophilic Desymmetrization at Phosphorus(V): A Three-Phase
Strategy for Modular Preparation of Phosphoramidates. J. Am. Chem.
Soc. 2025, 147, 11010−11018.
(24) Zheng, G.-L.; Zhang, Y.; Zhang, J.-M.; Chen, L.; Xue, X.-S.; He,

Z.-T. Stereogenic P(V) Synthesis via Catalytic Continuous Sub-
stitutions. J. Am. Chem. Soc. 2025, 147, 13566−13576.
(25) Wang, W.-H.; Zhang, S.-Y.; Zhang, Y.-X.; Wang, Y.-Q.; Zhang,

Q.-W. Nickel-Catalyzed Asymmetric Synthesis of Ambiphilic
Secondary Phosphine Oxides. J. Am. Chem. Soc. 2025, 147, 14797−
14805.
(26) Daniels, B. S.; Blackburn, B. G.; Scribner, S. J.; Dong, V. M.

Pathway to P(V)-Stereogenic Phosphoramidates by Enantioselective
Yttrium Catalysis. J. Am. Chem. Soc. 2025, 147, 21339−21346.
(27) Yao, H. Q.; Cai, Y. M.; Xie, T.; Lv, J. Y.; Fang, S. S.; Li, M. H.;

Shang, M. Modular Access to P(V)-Stereogenic Compounds via Cu-
Catalyzed Desymmetrization of (Thio)Phosphonic Dichlorides.
Angew. Chem., Int. Ed. 2025, 64, No. e202509807.
(28) Liu, S.; Zhang, Z.; Xie, F.; Butt, N. A.; Sun, L.; Zhang, W. First

catalytic enantioselective synthesis of P-stereogenic phosphoramides
via kinetic resolution promoted by a chiral bicyclic imidazole
nucleophilic catalyst. Tetrahedron: Asymmetry 2012, 23, 329−332.
(29) Zhang, Z.; Xie, F.; Jia, J.; Zhang, W. Chiral Bicycle Imidazole

Nucleophilic Catalysts: Rational Design, Facile Synthesis, and
Successful Application in Asymmetric Steglich Rearrangement. J.
Am. Chem. Soc. 2010, 132, 15939−15941.
(30) DiRocco, D. A.; Ji, Y.; Sherer, E. C.; Klapars, A.; Reibarkh, M.;

Dropinski, J.; Mathew, R.; Maligres, P.; Hyde, A. M.; Limanto, J.;
Brunskill, A.; Ruck, R. T.; Campeau, L.-C.; Davies, I. W. A
multifunctional catalyst that stereoselectively assembles prodrugs.
Science 2017, 356, 426−430.
(31) Glazier, D. A.; Schroeder, J. M.; Blaszczyk, S. A.; Tang, W. Site-

and Stereoselective Phosphoramidation of Carbohydrates Using a
Chiral Catalyst and a Chiral Electrophile. Adv. Synth. Catal. 2019,
361, 3729−3732.
(32) Wang, M.; Zhang, L.; Huo, X.; Zhang, Z.; Yuan, Q.; Li, P.;

Chen, J.; Zou, Y.; Wu, Z.; Zhang, W. Catalytic Asymmetric Synthesis
of the anti-COVID-19 Drug Remdesivir. Angew. Chem., Int. Ed. 2020,
59, 20814−20819.
(33) Gannedi, V.; Villuri, B. K.; Reddy, S. N.; Ku, C.-C.; Wong, C.-

H.; Hung, S.-C. Practical Remdesivir Synthesis through One-Pot
Organocatalyzed Asymmetric (S)-P-Phosphoramidation. J. Org. Chem.
2021, 86, 4977−4985.
(34) Wang, M.; Zhang, Z.; Liu, S.; Xie, F.; Zhang, W.

Enantioselective Black rearrangement catalyzed by chiral bicyclic
imidazole. Chem. Commun. 2014, 50, 1227−1230.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c17437
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

I

https://doi.org/10.1021/cr5002035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr5002035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.7b00734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.7b00734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c00407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c00407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c00407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CS00031B
https://doi.org/10.1039/C6CS00031B
https://doi.org/10.1016/j.tet.2019.130733
https://doi.org/10.1016/j.tet.2019.130733
https://doi.org/10.1016/j.tet.2019.130733
https://doi.org/10.1016/j.bcp.2016.04.015
https://doi.org/10.1016/j.bcp.2016.04.015
https://doi.org/10.1021/acs.jmedchem.9b02135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b02135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b02135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b02135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm0103211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm0103211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bmc.2003.09.015
https://doi.org/10.1016/j.bmc.2003.09.015
https://doi.org/10.1016/j.bmc.2003.09.015
https://doi.org/10.1021/jm201428a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm201428a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201912392
https://doi.org/10.1002/anie.201912392
https://doi.org/10.1002/anie.201912392
https://doi.org/10.2165/00003088-199732060-00003
https://doi.org/10.1021/ja01020a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01020a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01020a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00460a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00460a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201306628
https://doi.org/10.1002/anie.201306628
https://doi.org/10.1021/ja312352p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja312352p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja312352p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201404151
https://doi.org/10.1002/chem.201404151
https://doi.org/10.1002/chem.201404151
https://doi.org/10.1126/science.abp8488
https://doi.org/10.1126/science.abp8488
https://doi.org/10.1038/s41557-023-01165-6
https://doi.org/10.1038/s41557-023-01165-6
https://doi.org/10.1002/anie.202400673
https://doi.org/10.1002/anie.202400673
https://doi.org/10.1002/anie.202400673
https://doi.org/10.1016/j.chempr.2025.102586
https://doi.org/10.1016/j.chempr.2025.102586
https://doi.org/10.1016/j.chempr.2025.102586
https://doi.org/10.1021/jacs.4c15587?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c15587?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c15587?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c00591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c00591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c03897?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c03897?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c06639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c06639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202509807
https://doi.org/10.1002/anie.202509807
https://doi.org/10.1016/j.tetasy.2012.02.018
https://doi.org/10.1016/j.tetasy.2012.02.018
https://doi.org/10.1016/j.tetasy.2012.02.018
https://doi.org/10.1016/j.tetasy.2012.02.018
https://doi.org/10.1021/ja109069k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja109069k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja109069k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aam7936
https://doi.org/10.1126/science.aam7936
https://doi.org/10.1002/adsc.201900382
https://doi.org/10.1002/adsc.201900382
https://doi.org/10.1002/adsc.201900382
https://doi.org/10.1002/anie.202011527
https://doi.org/10.1002/anie.202011527
https://doi.org/10.1021/acs.joc.0c02888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c02888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3CC47455K
https://doi.org/10.1039/C3CC47455K
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c17437?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(35) Wang, M.; Zhang, X.; Ling, Z.; Zhang, Z.; Zhang, W. Direct
enantioselective C-acylation for the construction of a quaternary
stereocenter catalyzed by a chiral bicyclic imidazole. Chem. Commun.
2017, 53, 1381−1384.
(36) Zhang, L.; Wang, M.; Zhou, M.; Zhang, Z.; Muraoka, M.;

Zhang, W. Chiral Bicyclic Imidazole-Catalyzed Direct Enantioselec-
tive C-Acylation for the Synthesis of 2-Oxindoles Bearing a
Quaternary Stereocenter. Asian J. Org. Chem. 2019, 8, 1024−1028.
(37) Zhou, M.; He, E.; Zhang, L.; Chen, J.; Zhang, Z.; Liu, Y.;

Zhang, W. Development of a new bicyclic imidazole nucleophilic
organocatalyst for direct enantioselective C-acylation. Org. Chem.
Front. 2019, 6, 3969−3972.
(38) Wang, M.; Zhou, M.; Zhang, L.; Zhang, Z.; Zhang, W. A step-

economic and one-pot access to chiral Cα-tetrasubstituted α-amino
acid derivatives via a bicyclic imidazole-catalyzed direct enantiose-
lective C-acylation. Chem. Sci. 2020, 11, 4801−4807.
(39) Zhou, M.; Zou, Y.; Zhang, L.; Zhang, Z.; Zhang, W. Chiral

Bicyclic Imidazole-Catalyzed Direct Enantioselective C-Acetylation of
Indolones. CCS Chem. 2023, 5, 361−371.
(40) Fallek, A.; Weiss-Shtofman, M.; Kramer, M.; Dobrovetsky, R.;

Portnoy, M. Phosphorylation Organocatalysts Highly Active by
Design. Org. Lett. 2020, 22, 3722−3727.
(41) Chiodi, D.; Ishihara, Y. The role of the methoxy group in

approved drugs. Eur. J. Med. Chem. 2024, 273, No. 116364.
(42) Jennings, E. V.; Nikitin, K.; Ortin, Y.; Gilheany, D. G.

Degenerate Nucleophilic Substitution in Phosphonium Salts. J. Am.
Chem. Soc. 2014, 136, 16217−16226.
(43) Kolodiazhnyi, O. I.; Kolodiazhna, A. Nucleophilic substitution

at phosphorus: stereochemistry and mechanisms. Tetrahedron:
Asymmetry 2017, 28, 1651−1674.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c17437
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

J

https://doi.org/10.1039/C6CC09451A
https://doi.org/10.1039/C6CC09451A
https://doi.org/10.1039/C6CC09451A
https://doi.org/10.1002/ajoc.201900294
https://doi.org/10.1002/ajoc.201900294
https://doi.org/10.1002/ajoc.201900294
https://doi.org/10.1039/C9QO01025D
https://doi.org/10.1039/C9QO01025D
https://doi.org/10.1039/D0SC00808G
https://doi.org/10.1039/D0SC00808G
https://doi.org/10.1039/D0SC00808G
https://doi.org/10.1039/D0SC00808G
https://doi.org/10.31635/ccschem.022.202201782
https://doi.org/10.31635/ccschem.022.202201782
https://doi.org/10.31635/ccschem.022.202201782
https://doi.org/10.1021/acs.orglett.0c01226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c01226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ejmech.2024.116364
https://doi.org/10.1016/j.ejmech.2024.116364
https://doi.org/10.1021/ja507433g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetasy.2017.10.022
https://doi.org/10.1016/j.tetasy.2017.10.022
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c17437?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

