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Albeit notable endeavors in the construction of organophosphorodithioates, the direct catalytic enantiose-
lective synthesis of organophosphorodithioates still stands for a long-lasting challenge. Herein, an efficient
organocatalytic enantioselective nucleophilic addition of vinylidene ortho-quinone methide with phos-
phinothioic thioanhydride as nucleophilic reagent has been achieved by the dual catalysis of cinchona
alkaloid-derived squaramide and 4-dimethylaminopyridine. This protocol provides a straightforward ap-
proach for accessing a variety of axially chiral phosphorodithiolated styrenes in good yields (up to 98 %
yield) with high stereoselectivities (up to 97% ee and >99:1 E/Z).

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Organophosphorodithioates have a wide variety of applications
in pharmacy [1-4], agrochemistry [5-8], materials chemistry [9,10]
and synthetic chemistry [11,12]. Consequently, great effort has
been devoted to the development of efficient methods for the
construction of organophosphorodithioates and related derivatives
in recent years (Fig. 1a) [13-18]. Enantioselective preparation of
organophosphorodithioates mainly relied on asymmetric induction
approaches began with stoichiometric amounts of chiral auxil-
iaries [19-28]. The emerging P(V)-based phosphorylation proto-
col developed by Baran et al. provided a robust synthetic strategy
for stereocontrolled synthesis of chiral phosphorodithioate deriva-
tives with P-stereogenic centers by using limonene-derived chi-
ral oxathiophospholane reagents [19,22-28]. Nevertheless, the cat-
alytic asymmetric reaction for accessing chiral organophospho-
rodithioates was exclusively explored via (salen)Ti(IV)-catalyzed
asymmetric ring opening of epoxide with dithiophosphorus acid,
but unfortunately the enantioselective control of carbon stereocen-
ter remains challenging (up to 73% ee) [29]. Furthermore, the di-
rect catalytic asymmetric approach toward axially chiral phospho-
rodithioates has never been reported.

Anhydride was an important synthon in synthetic chemistry to
provide electrophilic acyl (C=0) moiety in various reactions such
as Friedel-Crafts acylations [30,31], esterifications [32-34], and
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Allan-Robinson reactions [35,36]. Phosphinic anhydrides, a type of
highly reactive anhydrides, were recently utilized as electrophilic
reagents to afford phosphoryl group (P=0) for the construction of
phosphoryl compounds [37,38]. In 2021, the Wang group demon-
strated a highly enantiodivergent Atherton-Todd reaction of biaryl-
diol and phosphinic anhydride generated in situ from phosphine
oxide for the synthesis of atropisomeric O-phosphorylated diaryl
diols (Fig. 1b) [38].

Recently, the catalytic asymmetric nucleophilic addition reac-
tions of vinylidene ortho-quinone methide (VQM) intermediates
with various nucleophiles provided an efficient approach to the
construction of axially chiral styrenes [39-50]. In light of the
challenge and importance of catalytic enantioselective construc-
tion of axially chiral phosphorodithioates, we hypothesize that
phosphinothioic thioanhydride reacts as the nucleophilic reagent
(S-P=S moiety), as phosphinothioic thioanhydride could exhibit
stronger nucleophilicity compared to phosphinic anhydride, which
enables the development of an asymmetric nucleophilic addition of
VQM to directly afford axially chiral phosphorodithiolated styrenes
(Fig. 1c). The reaction suffers from two major challenges: (1) di-
vergent potential reactive sites of phosphinothioic thioanhydride
as both nucleophile and electrophile; (2) stereoselective control
of axially chiral styrenes due to their low rotational barrier lead-
ing to racemization. Herein, we describe a method for the in
situ generation of phosphinodithioic acid anion as nucleophiles
for the successful synthesis of axially chiral phosphorodithio-
lated styrenes with excellent enantioselectivity. The reaction was
achieved through the activation of phosphinothioic thioanhydride
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Fig. 1. Phosphorodithioate derivatives and asymmetric synthesis of axially chiral
organophosphorus derivatives from anhydride derivatives.

using 4-dimethylaminopyridine (DMAP), coupled with the stereos-
elective control guided by chiral catalyst.

Initially, 1-(phenylethynyl)naphthalen-2-ol 1a and
diphenylphosphinothioic thioanhydride 2a were chosen as the
model substrates to optimize the conditions (Table 1). The reaction
was first investigated in the presence of commercially available
quinine in toluene at 50°C. Fortunately, the desired axially chiral
product 3a could be obtained in 58 % yield with —24 % ee (entry 1).
Inspired by this success, we next screened chiral organocatalysts.
Cinchona alkaloid-derived urea, thioureas and squaramides (C-
1~5) could efficiently improve the enantioselectivity (entries 2—6),
and C-5 gave the product 3a with 77 % ee (entry 6). The reaction at
30°C gave higher yield and ee than that at 50°C and 0°C (entries
7 vs. 6 and 8). Further investigation on various solvents including
dichloromethane (DCM), tetrahydrofuran (THF), mesitylene and
ethyl acetate (EA) showed that toluene was the best solvent
(entries 7, 9—12). Gratifyingly, pyridine derivatives as the additive
were found to improve the reaction yield and activation of anhy-
dride 2a (entries 13—15) [51,52]. Notably, DMAP as the additive
boosted the enantioselectivity to 96% ee together with improved
yield (entry 15). In addition, the catalyst loading of C-5 and DMAP
could be reduced to 10 mol% while keeping almost the same yield
and ee (entry 16). Considering that phosphonic anhydride has a
structure similar to that of phosphinothioic thioanhydride, we also
tested phosphonic anhydride 2a’ as a nucleophile in this reaction.
However, only a trace amount of product 3a’ was obtained (entry
17). This result highlighted the crucial role of phosphinothioic
thioanhydride in the nucleophilic addition of VQM.

With the optimized conditions in hand, we first evaluated
the substrate scope of o-alkynylnaphthols (Fig. 2). The reactions
with o-alkynylnaphthols containing various electron-deficient and
electron-rich groups at para-position of the aryl ring proceeded
smoothly to afford the corresponding products 3b—k in 54%—95%
yields with 88%—97% ee. o-Alkynylnaphthol bearing 1-naphthyl
group generated the desired product 3l in 63% yield with 82%
ee. The meta- and ortho-substituent on aryl ring gave good enan-
tioselectivity, ranging from 84% to 95% ee (3m-r). In addition,
3,5-dimethyl-substituted product 3s could be obtained in 78%
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Table 1
Reaction optimization.?

Ph
I
catalyst

oH i

—_—
+ Ph,P___PPh
OO 2 g 2 solvent, T

Ar = 3,5-(CF3),CgH3

Entry Catalyst T (°C) Time (h) Solvent Yield (%)P ee (%)°
1 QN 50 72 Toluene 58 -24
2 C-1 50 72 Toluene 56 65
3 C-2 50 72 Toluene 72 74
4 C-3 50 72 Toluene 73 63
5 C-4 50 72 Toluene 70 71
6 C-5 50 72 Toluene 76 77
7 C-5 30 120 Toluene 78 84
8 C-5 0 >168 Toluene 43 79
9 C-5 30 72 DCM 78 55
10 C-5 30 72 THF 20 26
11 C-5 30 120 Mesitylene 58 80
12 C-5 30 168 EA 80 72
134 C-5 30 24 Toluene 82 76
14¢ C-5 30 24 Toluene 80 81
15f C-5 30 12 Toluene 86 96
168 C-5 30 12 Toluene 84 96
170 c-5 30 12 Toluene Trace -

2 Reaction condition: 1a (36.6mg, 0.15mmol), 2a (46.6 mg, 0.1 mmol), catalyst
(20 mol%), toluene (2mL), 50°C. DCM = Dichloromethane; THF = Tetrahydrofuran;
EA =Ethyl acetate; DMAP = 4-Dimethylaminopyridine.

b Isolated yield.

¢ Determined by HPLC on a chiral stationary phase.

4 20 mol% pyridine.

¢ 20 mol% 2,6-lutidine.

f 20 mol% DMAP.

& 10mol% C-5 and 10 mol% DMAP.

h Phosphonic anhydride 2a’ instead of phosphinothioic thioanhydride 2a, 10 mol%
C-5 and 10 mol% DMAP.

yield with 90% ee, while 3,5-bis(trifluoromethyl) substituent de-
creased the reactivity and enantioselectivity. It is notable that het-
eroaromatic substituted o-alkynylnaphthols also reacted smoothly
with 2a to furnish the corresponding 3u—w with good results
(76%—78% yields, 85%—95% ee). Furthermore, naphthalene ring
bearing 6-bromo-substituted group was also tolerated in this
transformation and afforded product 3x in 81% yield with 96% ee.

Subsequently, we further investigated the scope of phos-
phinothioic thioanhydrides 2 (Fig. 3). The reaction with 2 bear-
ing halogen and electrondonating groups, such as p-fluoro, p-
methyl, m-methyl, or p-methoxy yielded the corresponding prod-
ucts 3y-3ab with excellent enantioselectivity ranging from 91%
to 97% ee. Notably, the bulky tert-butyl group at the para po-
sition of phenyl ring gave 3ac in 62% yield with 81% ee.
Moreover, phosphinothioic thioanhydride with 3,5-dimethyl sub-
stituent generated product 3ad in 96% yield with 91% ee. Further-
more, bis(benzo[d][1,3]dioxol-4-yl)thiophosphoric anhydride was
also feasible for this reaction, producing 3ae with 94 % ee.

In order to explore the configurational stability of axially chiral
phosphorodithiolated styrenes, the racemization experiment of 3a
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Gram-scale reaction
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Scheme 1. Gram-scale reaction and synthetic transformations.

was carried out in toluene at 50°C. The rotation barrier of 3a was
determined as 29.0 kcal/mol, which is just slightly higher than the
required racemization barrier (24 kcal/mol) for isolating the indi-
vidual atropisomers [53]. Besides, we also calculated the rotation
barrier of 3a (Figs. S1-S3 in Supporting information), and the cal-
culated value (AGF=29.86kcal/mol at 50°C) was in good accor-
dance with the experimental data. These results demonstrated the
challenges in constructing the axial chirality of phosphorodithio-
lated styrenes due to the low racemization barrier and the weak
configurational stability.

To demonstrate the utility of this protocol, a gram-scale re-
action was performed on a 3mmol scale under the standard re-
action conditions (Scheme 1a), furnishing the desired product 3a
maintaining the same level of yield and enantioselectivity (84 %
yield, 96% ee). Moreover, the trifluoromethanesulfonation of 3a
could easily produce the synthetically useful triflate 4 in 84%
yield with 94% ee (Scheme 1b). Furthermore, esterification of 3a
with 2-(diphenylphosphaneyl)benzoic acid afforded axially chiral
phosphine-containing styrene 5 (Scheme 1c).

To gain further insight into the mechanism of this reaction,
a series of control experiments were conducted (Scheme 2). O-
Acyled substrate 1y generated no desired product 3af under
the standard reaction conditions, indicating that OH group of o-
alkynylnaphthol could play a crucial role in forming VQM inter-
mediate (Scheme 2a). Interestingly, the reaction of 1a and benzoic
anhydride 6 under the standard conditions only generated prod-
uct 7, and no desired product 8 was generated from nucleophilic
addition of VQM with the anhydride 6 as a nucleophilic reagent
(Scheme 2b). To further explore the influence of nucleophiles, we
conducted a series of experiments using various S-nucleophiles.
The ee values of the resulting products exhibited significant vari-
ation, indicating that the nucleophilic attack on VQM may repre-
sent the enantioselectivity-determining step (Scheme 2c). The re-
covery of 93% of racemic 3a in the presence of catalyst C-5 ex-
cluded the possibility that the reaction initially produced racemic
3a, which was subsequently isomerized to one enantiomer un-
der the influence of C-5 (Scheme 2d). Moreover, a deuterium la-
beling experiment with D,0 in the reaction system gave the cor-
responding product with a 61% D-labelled ratio, suggesting that
external trace amounts of water might provide proton for the
generation of product (Scheme 2e). Besides the desired prod-
uct 3a, this reaction between 1a (1.5 equiv.) and 2a (1.0 equiv.)
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d Conformational flip of the racemic 3a
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generated byproducts including O-(1-(phenylethynyl)naphthalen-
2yl)diphenylphosphinothioate 11 and pyridinium 12 which were
identified by NMR, mass spectrometric and X-ray crystallographic
analysis, indicating that excess phosphinothioic thioanhydride 1a
could react as the electrophilic reagent to give 11 (Scheme 2f). In-
terestingly, the reaction with pyridinium 12 instead of DMAP under
the standard reaction conditions also proceeded smoothly to afford
product 3a in 81% yield with 97 % ee, maintaining almost the same
level of enantioselectivity, and treatment of 1a with pyridinium 12
(1.0 equiv.) in toluene at 30°C produced 3a in 77 % yield with 80%
ee. This observation suggested that pyridinium 12 may serve as the
true nucleophiles in the addition reaction. Moreover, the reaction
without 1a under standard conditions also afforded pyridinium 12

(for details see Supporting information). The Hammett relationship
was established for para-pyridine, allowing for a Hammett analysis
to be performed on the nature of these substituents and their ef-
fect on asymmetric induction in the formation of 3a [54]. A linear
plot of log(er) for 3a versus o for para-pyridine was obtained, re-
vealing a negative slope in the relationship between enantiomeric
ratios and o constants for 3a (Fig. S5 in Supporting information).
This result indicates that the reaction might undergo an ionic tran-
sition state and the electron-donating effect of pyridine enhances
the ionization of pyridinium salt.

Based on the above experimental observations, a plausible
mechanism was elucidated (Scheme 3). First, DMAP as a nucle-
ophilic catalyst reacted with phosphinothioic thioanhydride 2a to
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produce the activated thiophosphoryl donor intermediate Int-I.
Subsequently, 1a and H,O interacted with Int-I to generate pyri-
dinium 12 and byproduct 11 through TS-I [55]. Meanwhile, the
hydrogen-bonding interactions of 1a and cinchona alkaloid-derived
squaramide catalyst C-5 could generate VQM intermediate. Concur-
rently, the proton of pyridinium 12 was neutralized by the qui-
nine moiety of C-5. Then, C-5 efficiently guided nucleophilic addi-
tion with enantioselective control to the formation of TS-III by the
hydrogen-bonding interactions [56-59]. Finally, the nucleophilic
addition and protonation of TS-III led to axially chiral styrene 3a,
together with catalyst C-5 and DMAP released into the catalytic cy-
cle respectively.

In conclusion, we have developed an efficient catalytic asym-
metric nucleophilic addition of in situ generated VQMs with phos-
phinothioic thioanhydride as nucleophilic reagent by the dual
catalysis of cinchona alkaloid-derived squaramide and DMAP. The
reaction rate could be significantly enhanced through the in
situ generation of pyridinium, facilitated by the interaction of
DMAP with phosphinothioic thioanhydride. Chiral squaramide cat-
alyst controlled the stereoselectivity of the reaction by hydrogen-
bonding interactions. This protocol provides an efficient and
straightforward route for the construction of axially chiral phos-
phorodithiolated styrenes in good yields with high enantioselec-
tivities. Our work not only successfully solved the unprecedented
catalytic asymmetric synthesis of axially chiral phorodithioates but
also showcased the potential of combining chiral organocatalysis
with achiral organocatalysis to achieve new asymmetric transfor-
mations that are otherwise unreachable.
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