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ABSTRACT: Axial chirality features prominently in molecules of biological interest as well as chiral catalyst designs, and
atropisomeric 2,2'-biphenols are particularly prevalent. Atroposelective metal-catalyzed cross-coupling is an attractive and modular
approach to access enantioenriched biphenols, and yet existing protocols cannot achieve this directly. We address this challenge
through the use of enantiopure, sulfonated SPhos (sSPhos), an existing ligand that has until now been used only in racemic form
and that derives its chirality from an atropisomeric axis that is introduced through sulfonation. We believe that attractive noncovalent
interactions involving the ligand sulfonate group are responsible for the high levels of asymmetric induction that we obtain in the
2,2"-biphenol products of Suzuki—Miyaura coupling, and we have developed a highly practical resolution of sSPhos via

diastereomeric salt recrystallization.

T ransition metal-catalyzed cross-coupling has revolution-
ized the synthesis of biaryl compounds, and the Suzuki—
Miyaura coupling has arguably had the greatest impact.'
Extensive ligand development has made it feasible to form
increasingly hindered biaryl bonds, which often lead to axial
chirality. Atropisomeric compounds can have dramatically
different biological activities and have become an important
feature in medicinal chemistry,” so development of method-
ology that can control stereochemistry during their synthesis is
extremely important. The development of enantioselective
variants of the Suzuki—Miyaura reaction is the obvious
approach. Seminal examples were reported in 2000, building
on pioneering studies relating to asymmetric cross-coupling of
Grignard reagents.4 In the ensuing decades, substantial efforts
have been directed towards the development of new chiral
ligands that can expand the scope of enantioselective Suzuki—
Miyaura couplings.5’6 While tremendous advances have been
made, it is notable that almost all protocols require either one
or both substrate partners to possess an extended 7z system,
typically in the form of a naphthalene ring, leading to either
phenylnaphthyl or binaphthyl products, respectively (Figure
1A). Barring a few isolated examples, there is only a single
report, from Tang and co-workers, which delivers high (>90%
ee) selectivity in biphenyl-type products.65 Although an
important advance, it does, in most cases, require formyl and
methoxy substituents to be present adjacent to the biphenyl
bond on both partners, constraining synthetic utilization. The
dearth of examples for obtaining enantioenriched biphenyls
illustrates that this remains a largely unsolved problem in
asymmetric cross-coupling chemistry.

One of the most prominent classes of atropisomeric
biphenyl compounds are the 2,2'-biphenols. Axially chiral
2,2"-biphenols occur extensively in natural products, such as
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vancomycin, rugulotrosin A, and mastigophorene A.” They
also have numerous potential applications in catalyst and
ligand design but remain underexplored in favor of readily
available BINOL,® despite the potential advantages offered
such as ready tailoring of dihedral angle, substitution patterns,
and acidity (Figure 1B).” Enantioenriched biphenols can be
accessed by resolution or covalently attached auxiliaries, but
this rec&uires stoichiometric chiral material (Figure 1C,
left).gc’l In nature, 2,2'-biphenols are obtained through
enzymatic oxidative phenolic coupling,'" and recent important
developments in their enantioselective synthesis using
biocatalysis have been reported.'> A variety of chemical
methods have enabled the asymmetric oxidative coupling of
naphthols,"> but the analogous coquling of phenols remains
challenging (Figure 1C, center). * Asymmetric Suzuki—
Miyaura coupling should be the most modular and general
disconnection to obtain enantioenriched 2,2'-biphenols, but
the paucity of effective methods for enantioselective biphenyl
couplings have precluded this (Figure 1C, right).

We have recently repurposed the sulfonated phosphine
ligand sSPhos, originally reported by Buchwald.'® Instead of
using the sulfonate group to impart water-solubility, we utilized
it to control site-selectivity in cross-couplings of polychlori-
nated arenes.' We deduced that the sulfonate group engages
in attractive electrostatic interactions with deprotonated,
Bronsted acidic substrates via its associated cation, directing
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A State of the art in enantioselective Suzuki-Miyaura cross-couplings:
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Figure 1. Background, 2,2’-biphenols and sSPhos.

site-selective oxidative addition. We became intrigued by the
fact that the sulfonation of SPhos renders the product sSPhos

chiral through axial desymmetrization, albeit in racemic form
(Figure 1D, upper). We speculated that enantiopure sSPhos
may constitute a unique chiral phosphine ligand for
enantioselective Suzuki—Miyaura couplings. This ligand
would possess the parent SPhos scaffold, providing the ability
to form very hindered C—C bonds, in combination with close
proximity of the sulfonate group to the metal center, providing
a chiral environment. Sulfonate groups are proficient at
engaging in attractive noncovalent interactions, as we have
utilized for enantioselectivity control in other metal-catalyzed
reactions.'” We envisage it should be well-placed to engage in
hydrogen bonding interactions with phenolic coupling partners
during any of the three key mechanistic steps of the catalytic
cycle, all of which have been suggested to potentially influence
product selectivity in the formation of hindered biaryls.’"""
Interestingly, weaker attractive noncovalent interactions have
been implicated in several asymmetric Suzuki—Miyaura
protocols on the basis of DFT calculations,**“™P and the
leading protocol from Tang and co-workers invoked a key
catalyst—substrate hydrogen bond.*'*

One can envisage three potential avenues for accessing
enantiopure sSPhos: preparative chiral chromatography,
diastereomer separation after covalent attachment of an
auxiliary, and resolution via diastereomeric salt formation
(Figure 1D, lower). In the first instance, enantiopure material
was obtained by preparative chiral SFC and we initially
examined the Suzuki—Miyaura coupling of aryl bromide 1la
and boronate ester 2a to give the atropisomeric biphenol 3a
(Table 1). We were delighted to find that an initial evaluation

Table 1. Optimization of Solvent and Base”

5 mol% Pd(OAc),,

r BPin oy Bmol% (R1-sSPhos
3 eq. Base
19:1 Solvent:H,0O
1a 2a 40°C,16h
2 equiv.
entry base solvent % yield % ee
1 K,PO, THF 19 81
2 K,PO, MeCN S 74
3 K;PO, toluene 18 9s
4 K,CO, toluene 40 90
S Cs,CO, toluene 16 90
6 Na,CO; toluene 67 88
7 Na;PO, toluene 73" 92°

“Yields determined by "H NMR with internal standard. ee determined
by SFC analysis of crude reaction mixture. “Isolated yield. “ee
following isolation.

using K;PO, as base showed very encouraging results, with
optimal enantioselectivity obtained in a biphasic toluene/water
solvent system (entries 1—3). The yield could be improved by
modifying the inorganic base, and a brief survey revealed that
enantioselectivity was unaffected by the base: potassium,
cesium, and sodium carbonate bases all gave similar
enantioselectivity (entries 4—6). The optimal was found to
be Na;PO,, affording 3a in 73% yield and 92% ee (entry 7).

Using boronate ester 2a, we evaluated the influence of
substituents around the aryl bromide. A chlorine atom adjacent
to the phenolic hydroxyl gave an excellent outcome (Scheme
1A, 3b, 99% ee). Extra alkyl (3c) and fused alkyl (3d)

substituents were well tolerated. Switching from alkyl to
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Scheme 1. Scope of the Enantioselective Suzuki—Miyaura Coupling for Both Biphenols and Triphenols®

A Scope of biphenol formation through Suzuki-Miyaura coupling

2.0 equiv. 2
. . 5mol% Pd(OAc),, 6 mol% (R)-sSPhos ~R"
1 Conditions A3 6q. NagPO,, PhMe:H,0 (19:1) A
40°C, 16 h _ PCy,
R OH " meo OMe
R' OH
3.0 equiv. 2 S
» 5 mol% Pd(dba)s, 12 mol% (R)-sSPhos SO3 Na
2 Conditions B:
3 eq. KF, 2 eq. MgSO,, PhMe, R)-sSPh
80 °C, 60 h 3 (R)-sSPhos
Using Conditions A: Ve cl
® CC (X . 0O ® CL,
Me OH Me OH Me O OH OH Cl OH cl OH cl OH Cl OH
FIOH FIOH F OH FIOH FIOH F.OH FIOH F‘OH
3a, 73% 3b, 55% 3¢, 78% 3d, 66% 3e, 47%° 3f, 50% 39, 83% 3h, 65%
92% ee 99% ee 87% ee 93% ee 88% ee 88% ee 88% ee 97% ee
NHBoc OMe OMe
TBDMSO BocHN
O,N OH OH
ARG & O O

3i, 55% 3j, 56% 3k, 43%° 31, 89% 3m, 82% 3n, 55% 30, 63%
93% ee 98% ee 85% ee 98% ee 87% ee 89% ee 19:1dr

Using Conditions B:
l Me

Me OH MeQO I OH Cl I OH Cl OH Me I OH
cl l OH cl I OH cl ! OH cl I OH cl [ OH F3C FsCO ‘ OH
3p, 44%7 3q, 63%7 3r, 44% 3s, 49% 3t, 31% 3u, 69% 3v, 89%
97% ee 87% ee 97% ee 94% ee 88% ee 96% ee 94% ee

B Examples of triphenol formation through double Suzuki-Miyaura coupling
R F F
sr O 0
10 mol% Pd(OAc),
R OH 12 mol% ( )-sSPhos OH OH
Br OH OH Me OH Me OH
3 eq. K3PO, *
- PhMe:H,0 (2:1) OH OH F O O F O o
40 °C, 16 h
F OH 0°c.18
5a, 17% 5b, '19% 5¢c, 45% 5d, 15%
92% ee achiral 98% ee achiral

“Yields are isolated. ee values determined by SFC. ¥2.6 equiv of 2 used. “5.0 equiv of 2 used with 10 mol % Pd(OAc), and 12 mol % (R)-sSPhos
for 64 h. “2.0 equiv of 2 used with 2.5 mol % Pd,(dba); and 6 mol % (R)-sSPhos for 16 h.

chloride as the ortho substituent on the aryl bromide also
worked well (3e), and a methyl group (3f) and additional
chlorine atoms (3g, 3h) were accommodated on the ring at
various positions. Any moderate yields were generally due to
competitive debromination or incomplete conversion. Includ-
ing a chloride atom adjacent to the phenol again resulted in a
very high enantioselectivity (3h, 97% ee). This position could
also accommodate a Boc-protected amine (3i); the NH of
which does not interrupt putative hydrogen bonding
interactions with the ligand. A methoxy group adjacent to
the phenol gave 3j in 98% ee. We next evaluated larger groups
around the biaryl axis and found that a chain terminated in a

nitro group (3k) was compatible, as were a silyl-protected
alcohol (31) and a Boc-protected amine (3m). To demonstrate
the reaction on more complex partners, we brominated the
antibacterial agent triclosan, which underwent highly selective
coupling (3n). 4-Bromoestrone underwent smooth coupling
giving 30 in 19:1 dr. We successfully examined several aryl
bromides in combination with a chloro-substituted phenol
boronate ester following minor reoptimization (conditions B,
3p—3v). C,-symmetric product 3r was obtained in 97% ee. We
were able to determine the absolute stereochemistry of this
compound by X-ray crystallography (all others assigned by
analogy) and have also evaluated the impact on ee of further
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transformation of the chlorine atom close to the axis in a
derivative of 3e (see Supporting Information). We explored
two examples with trifluoromethoxy substitution on the
boronate ester which worked well (3u and 3v), although an
ortho methyl-substituted boronate ester gave low yields (see
Supporting Information). Synthesis of a biphenol that was not
tetra-ortho-substituted revealed that the barrier to interconver-
sion was too low for this compound to be configurationally
stable at room temperature, and we have also included details
of unsuccessful substrates (see Supporting Information for
details in both cases). We were intrigued by the possibility of
performing a double Suzuki—Miyaura coupling on dibromo-
phenols to form triphenolic products that possess two
independent atropisomeric axes (Scheme 1B). These reactions
can form two diastereomers, one chiral and one achiral. We
evaluated the coupling of two different sterically hindered
dibromophenols and were pleased to find that in both cases
excellent levels of enantioselectivity were obtained in the chiral
diastereomers Sa and Sc (92 and 98% ee, respectively). The
yield of Sa was low due to very challenging purification
required to obtain clean material.

We next probed the substrate features critical for high
enantioselectivity, systematically comparing outcomes when
the phenolic oxygen of each component or both are
methylated (Scheme 2A). This revealed that phenolic hydroxyl
groups on both boronic acid and aryl bromide are crucial to
obtaining the highest enantioselectivities. With a hydroxyl on
only one partner (6a or 6b), appreciable selectivity could still
be obtained but this was noticeably reduced when compared
with 3a (hydroxyls on both partners). With phenolic hydroxyls
absent on both partners almost no enantioselectivity was
observed (6c). A control experiment using a neutral, alkylated
version of (S)-sSPhos gave product in good yield but only
—8% ee, clearly demonstrating the crucial nature of the
sulfonate group; the alkylation of which would greatly reduce
its abilities as a hydrogen bond acceptor (Scheme 2B). We
could replace one of the phenolic hydroxyls with an acetamide
group, and although the yield was low, product 7 was obtained
in highly encouraging 83% ee (Scheme 2C). This preliminary
result demonstrates that our approach is effective for targeting
atropisomeric 2-amino-2’-hydroxybiphenyl motifs, close rela-
tives of NOBIN."”

Having applied enantiopure sSPhos to the generation of
axial chirality, we were keen to test its ability to introduce point
chirality and evaluated it in the desymmetrization of N-triflated
benzhydrylamine 8, in which oxidative addition would now be
enantiodetermining and occurs at a position remote from the
new stereocenter (Scheme 2D). Such long—range stereo-
induction is a challenge, and one in which catalysts that
exploit attractive noncovalent interactions have demonstrated
particular advantages.'’>*" In our previous work on site-
selective cross-coupling of related Brensted acidic substrates
we proposed that ligand—substrate electrostatic interactions
were key,'® and in a recent report Zhu and co-workers
successfully accomplished a related desymmetrizing Suzuki—
Miyaura coupling using a novel chiral phosphonate ligand
inspired by that approach.”’ Use of enantiopure sSPhos in the
desymmetrizing Suzuki—Miyaura coupling of 8 resulted in high
enantioselectivity in the product 9. This demonstrates its
proficiency in the formation of two fundamentally different
chirality classes, axial chirality in the synthesis of atropisomers
such as 3 and point chirality in the desymmetrization of
substrates such as 8. For atropisomer formation, all steps could

Scheme 2. Control Experiments, Desymmetrizing Cross-
Coupling, and Ligand Recrystallization

A Experiments to probe importance of phenolic hydroxyls on each component:

No. of phenolic
hydroxyls

2 > 1 = 1 > 0

Aryl
Bromide Me

Aryl Boronate
Ester

3a, 73% yield 6a, 67% yield 6b, 71% yield 6¢, 29% yield
92% ee 85% ee 66% ee <5% ee

B Use of neutral, alkylated ligand:

With:
O BPin

PCy, + Fu K _oH
MeO OMe Me OH 7 T
O Br >

SO 3a, 70% yield
(S)-sSPhos-iBu -8% ee

C Enantioselective formation of a 2-amino,2'-hydroxybiphenyl:

o B(OH), Pd,dbaj (5 mol%)
M A A_OH _ (R)-sSPhos (12 mol%)
Me N + ‘ N
H P 3 eq. KF, 2 eq. MgSO,
=z

PhMe, Ar, 80 °C
60 h

7, 30% yield, 83% ee
D sSPhos applied to desymmetrizing Suzuki-Miyaura coupling:

NHTf
NHTf B(OH)2 5 mol% Pd(OAc),
10 mol% (S)-sSPhos
T -
// 3 eq. K3POy
Me co g, THRH,O (19:1)
40°C, 16 h

51% yield,
CO,Et 94% ee

E sSPhos proficient in two different modes of asymmetric cross-coupling:

Atropisomer-forming mode Desymmetrizing mode

Transmetalation Me Me
R and/or reductive
/O elimination likely Cl g O Cl
Cy,P-PdH! key to selectivity Cy,P—Pd _ K+

outcome N
MeO. o— H MeO, 7K+ S1e
MeOQ o 10 — /O Oxidative addition

/
/Sz fe) key to selectivity

o o outcome

o

F Synthesis of enantioenriched sSPhos via diastereomeric salt formation:

H

N 4
PCy, OMe PCyv>  y OMe
MeO OMe HO! MeO OMe Ho.
g <) — QT -
SOj3 / S03” /
\_ \

(R/S)-sSPhos ~ QD-H" (R)-sSPhos  QD-H"

First recrystallization
1:1 Mixture of from MeCN 43% yield, 32:1 dr
Diastereomeric Salts (2.32 g) 993 mg

Second recrystallization
from MeCN

(R)-sSPhos, 26% yield (max. 50%) Cation Removal 29% vyield, 74:1 dr
98% ee, 375 mg AmberLite IRC120 H 668 mg

potentially contribute to the selectivity outcome but it is the
later stages, transmetalation and particularly reductive
elimination, that have been most commonly suggested to
dominate (Scheme 2E, left).*™" In contrast, for point
desymmetrization it is most likely initial oxidative addition
which is selectivity-determining (Scheme 2E, right). For
atroposelective coupling, our working hypothesis is that a
hydrogen bonding interaction between one phenolic hydroxyl
and the ligand sulfonate group is key and it is plausible that the
second phenolic hydroxyl forms an additional hydrogen bond
in an arrangement that results in the highest ee (Scheme 2E,

https://doi.org/10.1021/jacs.2c06529
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left). Phenol deprotonation in reaction intermediates cannot Kingdom; ® orcid.org/0000-0002-7383-5469;

be ruled out, but the lack of ee dependence on the nature of
the cation (Table 1) together with experiments that suggest
deprotonation of the phenolic starting material is not occurring
(see Supporting Information) provides some evidence against
this.

In paralle]l to the studies described above, we sought to
develop synthetic access to enantiopure sSPhos without
relying on preparative chromatography. The first strategy
developed involved incorporating BINOL as a chiral auxiliary,
allowing diastereomeric intermediates to be separated by flash
chromatography (see Supporting Information). More practi-
cally, we have developed an approach based on the resolution
of diastereomeric salts; the anionic nature of sSPhos presents
the opportunity to pair it directly with a chiral cation. We
discovered that the combination of protonated quinidine
paired with racemic sSPhos anion led to highly diastereose-
lective crystallization upon cooling from acetonitrile (Scheme
2F). After one recrystallization the salt was determined to have
a diastereomeric ratio (dr) of 32:1 and an X-ray crystal
structure of the obtained material confirmed the sSPhos
component to have R configuration. The dr increased to 74:1
after a second recrystallization and the sodium salt of sSPhos
was obtained using AmberLite resin to give (R)-sSPhos in 26%
total yield (theoretical maximum 50%) with 98% ee. This facile
procedure, which uses commercially available and cheap
starting materials, allows rapid access to highly enantioenriched
sSPhos without specialist facilities.

In summary, we have developed an atroposelective Suzuki—
Miyaura protocol that allows the rapid and modular synthesis
of highly enantioenriched 2,2'-biphenols. A rare example of an
asymmetric phenyl-phenyl cross-coupling, it has been enabled
by the resolution of sulfonated SPhos (sSPhos), a ligand
explored until this point only in racemic form. This work
demonstrates the potential of this ligand to enable challenging
asymmetric transformations and we have developed a practical
recrystallization protocol which allows highly enantioenriched
sSPhos to be obtained quickly and cheaply. We anticipate that
with its versatile chiral structure, this ligand will find
application in other branches of palladium chemistry and
indeed more broadly within asymmetric transition metal
catalysis.
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