
Chemical
Science

EDGE ARTICLE
Palladium-cataly
College of Materials, Chemistry and Ch

Organosilicon Chemistry and Material Tech

Normal University, Hangzhou, 311121, P. R

† Electronic supplementary information (E
NMR spectra, and crystallographic data.
For ESI and crystallographic data in CI
https://doi.org/10.1039/d4sc00446a

‡ These authors contributed equally.

Cite this: Chem. Sci., 2024, 15, 6943

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 19th January 2024
Accepted 8th April 2024

DOI: 10.1039/d4sc00446a

rsc.li/chemical-science

© 2024 The Author(s). Published by
zed regio- and stereo-selective
phosphination of cyclic biarylsulfonium salts to
access atropoisomeric phosphines†

Jinghui Sun,‡ Yifei Yan,‡ Xuanxuan Chen, Zhiwei Huang and Yinhua Huang *

A palladium-catalyzed regio- and stereo-selective phosphination of cyclic biarylsulfonium salts (racemic)

with HPAr3Ar4 for straightforward synthesis of atropoisomeric phosphines (P,S-ligands) bearing

a stereogenic axis or both a stereogenic axis and a P-stereogenic center is reported. The high reactivity

and regio- and stereo-selectivity originate from the torsional strain release and palladium catalysis, and

the construction of a P-stereogenic center is enabled by an efficient dynamic kinetic resolution. The

high performance of the nascent P,S-ligands has been demonstrated in palladium-catalyzed asymmetric

allylic substitutions, indicating the great potential of the present methodology.
Introduction

Chiral phosphines have demonstrated their high utility in
synthetic chemistry and asymmetric catalysis, spurring the
development in various areas including biomedicines, drugs
and materials science.1 Among them, atropoisomeric phos-
phines represented by the iconic BINAP (2,20-bis(diphenyl-
phosphino)-1,10-binaphthyl)2 and MOP3 (monodentate
phosphines) have attracted wide interest owing to their excel-
lent axially chiral skeleton and unique properties. The devel-
opment of efficient synthesis of chiral phosphines has been
a long-standing goal. The conventional methods, relying on the
use of either a stoichiometric quantity of chiral control
elements or phosphine oxides/sulphides/boranes followed by
reduction/deprotection, have been the dominant approaches.2–4

Despite the signicant advances made in this area, catalytic,
direct and enantioselective synthesis of chiral tertiary phos-
phines, particularly, chelating phosphines and P-stereogenic
phosphines, remains an enduring challenge in organic chem-
istry. Herein, we report a straightforward synthesis of atropoi-
someric phosphines, a type of C1-symmetric chelating P,S-
ligand, potentially offering a high level of structural variations
through modular assembly of P- and S-containing building
blocks. The key process involves the palladium-catalyzed regio-
and stereo-selective phosphination of cyclic biarylsulfonium
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salts (racemic) with HPAr3Ar4 to create a stereogenic axis (Ar3 =
Ar4) or both a stereogenic axis and a P-stereogenic center (Ar3 s
Ar4) (Scheme 1c).

The key challenges of the present study are (1) the regio- and
stereo-selectivity of the C–S bond cleavage5 of sulfonium salts
(racemic), in which two types of C(Ar)–S bonds are to be
discriminated (path a–b), (2) the nascent P,S-ligands have high
affinity to transition metals, which could inhibit the reaction or
exclude chiral induction, and (3) the chiral catalyst has to not
only reach efficient atroposelectivity6 to create a stereogenic axis
Scheme 1 Regio- and stereo-selectivity of cyclic sulfonium salts.
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Table 1 Evaluation of reaction parametersa

Entry 1 L* Solvent Base Yieldb (%) eec (%)

1 1a L1 THF Et3N 96 62
2 1a L2 THF Et3N 42 53
3 1a L3 THF Et3N 58 5
4d 1a L4 THF Et3N 53 0
5 1a L5 THF Et3N 93 65
6 1a L6 THF Et3N 58 79
7 1a L7 THF Et3N 72 52
8 1a L8 THF Et3N 87 0
9 1a L9 THF Et3N 39 58
10 1a L10 THF Et3N 80 63
11 1a L11 THF Et3N 10 −64
12 1a L6 THF Barton's base 41 <5
13 1a L6 THF Cs2CO3 69 40
14 1a L6 THF K3PO4 82 77
15 1a L6 Dioxane K3PO4 62 87
16 1a L6 Toluene K3PO4 85 64
17 1a L6 MTBE K3PO4 91 60
18 1a L6 DCE K3PO4 81 70
19e 1a L6 Dioxane K2HPO4 64 90
20e 1a L6 Dioxane iPr2NEt 74 90
21e,f 1a L6 Dioxane iPr2NEt 95 93
22e 1a0 L6 Dioxane iPr2NEt 0 n.a.

a Reaction conditions: 1 (0.120 mmol), 2a (0.120 mmol), base (1.5
equiv.), and Pd2(dba)3 (2.5 mol%) in solvent (4.0 mL) at 25 °C for
13 h, unless otherwise noted. THF = tetrahydrofuran and MTBE =
methyl tert-butyl ether. b The yields were obtained by 1H NMR
analysis of the crude reaction mixture with the aid of Cl2CHCHCl2 as
an internal standard. c The ee was determined by HPLC on a chiral
stationary phase column. d The reaction was performed at 60 °C (no
reaction at 25 °C). e Pd2(dba)3 (5 mol%). f 1a (0.132 mmol) and base
(2.0 equiv.).
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but also construct a P-stereogenic center via a dynamic kinetic
resolution process (when racemic HPAr3Ar4 is used) in one step.
Nevertheless, by taking the strategy of palladium-catalyzed
phosphinative ring-opening of torsional cyclic biarylsulfonium
salts, we successfully addressed these challenges. It is high-
lighted that the nascent chiral P,S-phosphine products are
bench-stable and their enantiomeric purity can be further
improved to an optically pure level (ee > 99%) just by a single
recrystallization. The unique properties of P,S-ligands have
been realized recently,7 indicating that the products have great
potential as ligands for asymmetric catalysis.

Sulfonium salts, particularly, cyclic biarylsulfonium salts
such as dibenzothiophium and thianthrenium salts, have been
demonstrated as versatile electrophilic reagents, and it was
generally observed that the cleavage of the exo C–S bond pro-
ceeded with predominant preference followed by the transfer of
the exo group during the reaction (Scheme 1a).8 So far, most of
them are limited to non-asymmetric reactions, asymmetric
transformation of them being rarely explored. Only one asym-
metric example (carbonylation), to the best of our knowledge,
has been known (Scheme 1b).9 We have made continuous
efforts in C–X (X = C, P, S, Si, B) bond formation10 by taking
advantage of sulfonium salts and in asymmetric catalysis,11

which lead us to envision that the merge of the sulfonium salt
chemistry and asymmetric catalysis may result in new solutions
to construct desired chiral molecules.

Results and discussion

We began our investigation by the reaction of cyclic biar-
ylsulfonium salt 1a with HPPh2 (2a). 1a is a newly synthesized
compound for the present study and its X-ray diffraction anal-
ysis (CCDC-2303113)12 reveals that the two naphthyl rings are
twisted by an angle of 27.07°, and that both (S)- and (R)-
conformers exist in the crystal packing (cif). The preliminary
investigation identied that Pd2(dba)3 can efficiently catalyse
the reaction to furnish the ring-opening product 3aa. Subse-
quently, a variety of chiral ligands were evaluated for the
asymmetric transformation. (R)-Binap (L1) smoothly facilitated
the reaction to deliver 3aa in a 96% yield with 62% ee (entry 1,
Table 1). A set of ferrocene bisphosphines (L2–L5) were also
tested (entries 2–5), and it was found that taniaphos (L5) can
give comparable results. Several chiral bisphosphines based on
biaryl backbone (L6–L10) were also tested among which (R)-
Segphos (L6) was found to give the best ee result (entry 6). The
increased steric hindrance on the auxiliary (L7 and L8) did not
improve the enantioselectivity (entries 8–9). The use of
QuinoxP* (L11) resulted in a low yield with moderate enantio-
selectivity (entry 11). Next, bases and solvents were screened in
order to improve the enantioselectivity (entries 13–19). It turned
out that dioxane is a good solvent and iPr2NEt is a good base for
this reaction. Finally, ne tuning of the conditions led to 3aa in
a 95% yield with 93% ee (entry 21, standard conditions).
Notably, the cleavage of the exo C–S bond was not observed
under these conditions. The dinaphthothiophene 1a0, which
was reported efficient for Ni-catalyzed asymmetric Grignard
cross-coupling,5a is not reactive at all under the standard
6944 | Chem. Sci., 2024, 15, 6943–6948
conditions (entry 22), indicating that the reactivity enabled by
sulfonium is essential. The X-ray analysis of 3aa (CCDC-
2303114)12 ambiguously revealed its (S)-conguration of the
stereogenic axis. Chiral monophosphines which usually do not
cause chelation with transition metals via catalytic asymmetric
C–P bond formation have been documented;13 however,
straightforward synthesis of atropoisomeric P,S-ligands which
can readily cause chelation with transition metals, to the best of
our knowledge, is not known before.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Under the optimized conditions (Table 1, entry 21), a variety
of cyclic biarylsulfonium salts reacted smoothly with 2a to give
the desired products 3aa–3va in good to excellent yields with
high enantioselectivities (Scheme 2). Various para, meta, and
ortho mono- and disubstituted aromatic rings (Ar1) at the exo-
position of 1 are well tolerated. Generally, the steric hindrance
on Ar1 does not inuence the reactivity and enantioselectivity.
For example, the steric hindrance from the ortho methyl
substituent of Ar1 (1b and 1o) and the tertiary butyl at the para-
position (1h) smoothly delivered the corresponding products. A
range of functional groups such as ether, halogens (F, Cl, and
Br), CF3 were compatible with the conditions. The electronic
properties of the substituents on Ar1 have an obvious effect on
the reaction. The electron neutral (1d) and donating groups (1a–
h and 1m) substituted on Ar1 furnished the desired products in
good to excellent yields (51–97%) and enantioselectivities (84–
94% ee). Comparatively, the electron-decient ones with halo-
gens (F, Cl, and Br) substituted on Ar1 (1i–1k) gave higher yields
(91–97%) with good enantioselectivities (82–90% ee). 1l bearing
a strong electron-decient CF3 group resulted in a lower yield
(74%) and enantioselectivity (48% ee). The introduction of
disubstituents on Ar1 (1n and 1o) did not affect the reaction.
The cyclic biarylsulfonium salts bearing two substituents
(including Br, Ph, Tol, and 1-Ad) at the naphthyl rings (Ar2) (1p–
u) were also amenable to this protocol and delivered the cor-
responding products 3p–u in 65–96% yields with 75–97% ee. It
is worth noting that aryl halides including Br (1k, 1p, and 1u)
and Cl (1j) can be tolerated under the reaction conditions,
Scheme 2 Substrate scope of cyclic biarylsulfonium salts. a Reaction co
(4.0 mL), 25 °C, and 13 h. Isolated yield of 3 is given. b The ee% was dete

© 2024 The Author(s). Published by the Royal Society of Chemistry
which employ palladium (0) as the catalyst. Interestingly, het-
eroaromatic rings such as 2-thienyl can also be tolerated to give
the corresponding product 3va (53%, 89% ee).

Using the cyclic biarylsulfonium salt 1a, the scope of the
secondary phosphine partners has also been investigated and
the results are shown in Scheme 3. Firstly, several symmetrical
diarylphosphines HPAr2

3 including 2b–2d were evaluated for
this reaction. The results indicated that all of them are good
partners for this transformation delivering the corresponding
products 3ab–3ad in 83–93% yields with 81–96% ee. Motivated
by the pivotal role of P-stereogenic phosphines,14 a series of
unsymmetrical diarylphosphines HPAr3Ar4 (Ar3 sAr4) were
evaluated under the standard conditions. The substrates con-
taining an ortho-substituent such as Me (2e and 2g–2i) on one
aromatic ring (Ar4) reacted smoothly with 1a to give the corre-
sponding products 3ae and 3ag–ai bearing both a stereogenic
axis and a P-stereogenic center in 61–71% yields with 87–97% ee
and $10 : 1 dr. Comparatively, the 2-methoxyl substituted 2f
was not so efficient, delivering the corresponding 3af in 64%
yield with 50% ee and 6 : 1 dr. The absolute conguration of 3ae
was unambiguously determined to be (Saxial,RP) by single-crystal
X-ray diffraction analysis (CCDC-2306477).12 Other products
yielded under the same chiral catalytic conditions are assumed
to have identical conguration. Notably, all of the P,S-
phosphine products produced by this protocol are bench-stable.

Scale-up (2 mmol) synthesis of 3aa (92%, 90% ee) and 3ae
(62% ee, 97% ee) has been achieved (Scheme 4a). The yields and
enantioselectivities are not obviously inuenced, indicating the
nditions: 1 (0.132 mmol), 2a (0.120 mmol), iPr2NEt (2.0 equiv.), dioxane
rmined by HPLC on a chiral stationary phase column. c 0–25 °C.
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Scheme 3 Substrate scope of secondary phosphines. a Reaction
conditions: 1a (0.132 mmol), 2 (0.120 mmol), iPr2NEt (2.0 equiv.),
dioxane (4.0 mL), 25 °C, and 13 h. Isolated yield of 3 is given. b The ee
was determined by HPLC on a chiral stationary phase column. The dr
ratio was determined by 31P NMR analysis of the crude reaction
mixture.

Scheme 5 Proposed mechanism.
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feasibility of scale-up synthesis. Importantly, a simple recrys-
tallization (CHCl3/acetone) further improved the enantiomeric
purity of 3aa (>99% ee) and 3ae (>99% ee) to an optically pure
level, demonstrating the elegance of this protocol.

The use of a non-substituted dibenzothiophium salt 1a00,
which lacks torsional strain, terminates the reaction completely
Scheme 4 Scale-up synthesis of optically pure 3aa and 3ae.

6946 | Chem. Sci., 2024, 15, 6943–6948
under the standard conditions (Scheme 4b). The raise of
temperature (65 °C) delivered 4aa00 (via exo C–S cleavage) as
a major product (65%) rather than the expected 3aa00 (10%).
These results demonstrate that the activation from both sulfo-
nium and torsional strain is essential for this transformation.

To gain a deeper insight into the mechanism, radical trap-
ping experiments have been conducted and the results excluded
the radical pathway.12 A plausible catalytic cycle was proposed
as depicted in Scheme 5. (Ra)-1 and (Sa)-1 are in rapid equili-
brium5a,9 with each other via the rotation of the Caryl–Caryl single
bond. The (R)-Segphos-ligated Pd(0) complex undergoes oxida-
tive addition preferentially to (S)-1 cleaving an endo C–S bond to
form biaryl [Pd]II species A. The subsequent coordination of 2
(B) leads to the formation of complex C followed by the
abstraction of a proton to give the [Pd]II-phosphido species15 D
and E, which undergo a rapid equilibrium (when Ar3 s Ar4).
The subsequent reductive elimination of the more thermody-
namic stable D furnishes the chiral phosphine product 3 and
regenerates the [Pd]0 species, closing a catalytic cycle. The key
point is that the equilibrium between D and E must be much
faster than the reductive elimination in this dynamic kinetic
resolution process in order to achieve high enantio-control of
the P-stereogenic center. Notably, the existence of P,S-ligands
which have high affinity to metals does not interrupt the cata-
lytic cycle, presumably due to the stronger chelating ability of
Segphos coordinated with palladium. It is the combination of
the torsional strain release with the dynamic kinetic resolution
Scheme 6 Application of P,S-ligands in Pd-catalyzed allylic
substitutions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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process enabled by palladium catalysis that provides
a straightforward synthesis of atropoisomeric chelating P-
stereogenic phosphines that are otherwise difficult to achieve
in a catalytic manner.

Finally, to demonstrate the utility of the nascent P,S-
phosphine products, preliminary investigations employing
3aa or 3ae as a chiral ligand for the palladium-catalyzed allylic
substitution of 5 including alkylation (with 6a), etherication
(with 6b), and amination (with 6c) under mild conditions have
been carried out (Scheme 6).16 3aa or 3ae exhibited excellent
reactivity (91–99% yields) and enantioselectivity (80–93% ee) in
the alkylation and etherication and good reactivity (73%) and
enantioselectivity (75% ee) in the amination.

Conclusions

In conclusion, we have disclosed a palladium-catalyzed regio-
and stereo-selective phosphination of cyclic biarylsulfonium
salts with HPAr3Ar4. This protocol provides a general method
for straightforward synthesis of P,S-ligands bearing a stereo-
genic axis, or both a stereogenic axis and a P-stereogenic center.
The high performance of the nascent P,S-ligands has been
demonstrated in palladium-catalyzed asymmetric allylic
substitution reactions. Further mechanistic studies and appli-
cations of P,S-ligands in asymmetric catalysis are currently
underway. We expect the versatile chiral P,S-ligands outlined
herein to enable the related symmetric catalysis for the facile
synthesis of known and new chiral compounds of interest.
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Chem. Rev., 2006, 106, 4681–4727.

2 M. Berthod, G. Mignani, G. Woodward and M. Lemaire,
Chem. Rev., 2005, 105, 1801–1836.

3 T. Hayashi, Acc. Chem. Res., 2000, 33, 354–362.
4 (a) D. S. Glueck, J. Org. Chem., 2020, 85, 14276–14285; (b)
M. Dutartre, J. Bayardon and S. Jugé, Chem. Soc. Rev., 2016,
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