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Axially chiral biaryl ethers and related compounds hold valuable potential in natural products, medicinal
chemistry, and catalysis; however, their asymmetric syntheses have always been overlooked compared
to other biaryl/hetero-biaryl atropisomers. Unlike the later class molecules bearing a single chiral axis,
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the former category possesses a unique type of atropisomerism bearing two potential axes. Due to their
great importance in diverse research domains, catalytic atropselective biaryl ether synthesis has recently
witnessed an upsurge. This highlight article provides an elaborated view on the developments of
catalytic synthetic methods that have been explored to achieve dual axial chirality in biaryl ethers and
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1. Introduction

Biaryls/hetero-biaryls represent an essential class of organic
molecules, frequently resolved as atropisomers due to the
restricted rotation around the pivotal bond, specifically around
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the carbon-carbon, carbon-nitrogen, and nitrogen-nitrogen
bonds. The significance of atropisomeric biaryls and related
hetero-biaryls has long been recognised due to their wide-
spread presence in natural products,’ drug molecules,” privi-
leged organocatalysts® and chiral ligands in metal catalysis.*
Considering the diverse applications and interesting proper-
ties, substantial progress has been witnessed in the atropselec-
tive synthesis of these biaryls/hetero-biaryls bearing a C2 axis of
symmetry.” Besides, another essential and fascinating class of
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Fig. 1 Types of atropisomerism in biaryls and functional molecules bearing biaryl ethers and related amines.

atropisomeric biaryls has been encountered, where a heteroatom
is incorporated between the biaryl rings, providing unique
structural features due to two adjacent chiral axes (Fig. 1A). In
the case of biaryl ethers and related scaffolds such as biaryl
amines and sulphides, the unsymmetrical substitution on both
the aryl rings imposes the chiral element on the respective
skeleton. The configurational stability of these dual-axial com-
pounds with steady C-X (X = O, NR, S) stereogenic axes is mainly
ascribed to the presence of 2,6-disubstitution on both the
aromatic rings, which creates a substantial rotational barrier
sufficient for the conformers to be resolved as atropisomers.

Apart from distinctive structural properties, the above-
mentioned potential dual axial chiral scaffolds are among the
structural motifs in selected natural products, FDA-approved drug
candidates, pharmaceuticals, and agrochemicals. Biaryl ether core
is a privileged pharmacophore in major natural products A-C°
and antibiotics such as vancomycin D’ (Fig. 1B). Besides, biaryl
ethers constitute the fundamental unit in certain other pharma-
ceuticals, viz., anti-malarial drug E,® anti-parasitic drug F° and
anticancer medicine G-J."° In an important class of bidentate
diphosphine ligands, the biaryl ether (e.g. K) or biaryl amines
serve as an important backbone."" Biaryl amines are also key
structural components in a broad range of anti-cancer drugs (L-
M), and bioactive molecules like EKB-569 N (Fig. 1C)."*

Based on the unique type of chirality leading to fascinating
properties and wide applications, the development of synthetic
routes to these biaxial atropisomers can be explored as an
exciting research area. However, their atropselective synthesis
is not well developed compared to biaryl compounds with a
single axis. The innate difficulties encountered in generating
flexible dual C-X axes could be rationalised based on the low
rotational barrier (the half-life of racemization at least 1000
seconds at room temperature, corresponding to an energy
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barrier of 23.3 keal mol * is generally required for the existence of
atropisomerism)" and more conformational space around dual
axes that make the recognition and regulation of specific atropi-
somers relatively difficult. Additionally, compared to the conven-
tional atropisomers with a single axis, rotational control around
both potential axes is required to achieve atropselectivity. Incor-
porating a heteroatom between two axes not only reduces spatial
proximity but also diminishes the electronic interactions among
the different groups attached around the specific aryl rings.

Despite the difficulties in achieving atropselectivity in these
biaxial compounds, recently, some advancements have been
seen in developing catalytic methods for dual axial chiral
compounds. In this context, mainly the catalytic potential of
chiral organocatalysts has been explored for developing new
methodologies leading to the synthesis of much-challenging
dual axial chiral biaryl ethers, to a limited extent, related
amines. This article highlights the seminal breakthroughs for
the atropselective synthesis of biaryl ethers and other related
atropisomers. For the convenience of readers, the early pre-
cedents describing the chirality in biaryl ethers, amines and
sulfides have been thoroughly elucidated, and in the following
sections, the recent breakthroughs for their catalytic atropse-
lective synthesis have been described.

2. Early evidence for the atropisomerism
in biaryl with C-X-C linkage

The first evidence for the restricted rotation around the C-O-C
bond in biaryl ethers was illustrated by Gibbs and co-workers
about 70 years back in 1954."® Based on the wooden models,
they observed a certain degree of steric hindrance in biaryl
ethers such as 1 (Fig. 2). Four years later, Brewster and

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Early studies on the restricted rotation in biaryl ethers.

Dahlgard performed IR and UV spectral studies on more than
three dozen differently substituted biaryl ethers (including
compound 2) and found a significant weakening in the absorp-
tion bands in IR and UV regions for the larger substituent at the
ortho positions.'* Other precedents also appeared later, where
the variable temperature NMR investigations were carried out
to determine the rotation barriers in biaryl ethers.

In 1998, Fuji and co-workers reported the synthesis of
optically active 8,8'-disubstituted 1,1’-binaphthyl ethers and
calculated the rotation barrier based on the time-dependent
alteration in the ee values.'” It was realized that the sterically
crowded biaryl ether 3 has a half-life for racemization (¢/,)
at 25 °C of 8 months and sufficient activation barrier (AG;q =
126 k] mol ") to be resolved as an atropisomer. Later, Clayden’s
group further investigated the phenomenon of atropisomerism
among diphenyl ethers with unsymmetrical substitution."® It
was observed that the free energy barrier was enhanced with an
increase in steric bulk around the aromatic rings, as shown for
compounds 4 to 6, where a significant atropisomerism is only
apparent when the tert-butyl group is present.

Clayden and co-workers also successfully established the
phenomenon of atropsiomerism in biaryl sulfides and biaryl
sulphones (Scheme 1)."” A separable diastereoisomeric sulfinyl
sulfides 7 were detected in "H NMR at 20 °C with a 1:1 ratio;
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Scheme 1 Atropsiomerism in biaryl sulfides and biaryl sulphones.
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however, a rapid interconversion was observed due to a lower
energy barrier at ambient temperature. The conformationally
and enantio-pure sulfinyl sulfone 8 could be converted to bis
sulfone 9, possessing only biaryl axes without central chirality
by maintaining the high enantiomeric excess.

A similar atropisomerism could be witnessed in biaryl
amines.'® In this direction, Kawabata et al. investigated atropi-
somerism in a series of biaryl amines having the possibility
of intramolecular H-bonding."® It was revealed that in biaryl-
substituted amine 10, a stable axial chirality arises due to
intramolecular N-H-N hydrogen-bonding interactions, and the
hydrogen bond gets stronger by substituting donor groups on the
imine nitrogen and electron-withdrawing groups on the naphthyl
ring (Scheme 2). Further, it was realized that substituting the
naphthyl ring with sterically demanding groups effectively
increased the rotational barrier around the C-N pivotal bond,
thus enabling stable axial chirality among these molecules.

Clayden and co-workers were able to resolve the atropi-
somers in biaryl amines without intramolecular H-bonding
on HPLC by using a chiral stationary phase.”® A significant
rotation barrier and half-life of racemization were calculated by
observing first-order decay in enantioselectivity for the biaryl
amines 11.

3. Catalytic atropselective synthesis of
biaryl ethers
3.1 Biocatalytic approach

Clayden’s group provided the first catalytic pathway for acces-
sing enantiopure biaryl ethers either via the biocatalytic oxida-
tive or reductive desymmetrization of symmetrical diol 12 or
dialdehyde 13, respectively (Scheme 3).>' With a variant of
galactose oxidase (GOase), a benzylic diol 12 provided the biaryl
ether (P)-14 with 88% ee in an hour. The ee value was further
enriched to a maximum of 94% due to converting the minor
enantiomer (M)-14 to the dialdehyde 13. This enantio-
enrichment was attributed to combining both enantioselective
desymmetrization and kinetic resolution (KR). Further, an
initial attempt for the selective acylation of diol 12 with a lipase
and vinyl acetate provided moderate enantioselectivity (60% ee)
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Scheme 2 Atropsiomerism in biaryl amines.
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Scheme 3 Biocatalytic oxidative or reductive desymmetrization of sym-
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of 15 with approximately 50% conversion in 24 hours. Alter-
natively, a series of ketoreductases (KREDs) were screened for
the reduction of dialdehyde 13 to reach the enantiomer of (P)-
14 selectively. In the enzymatic reduction, most of the screened
KREDs were found to be active; however, the one showing
perfect enantio-induction resulted in poor conversion.

3.2. Organocatalytic approaches

3.2.1 Chiral Brensted acid catalysis for atropselective
synthesis of axially chiral biaryl ethers. After Clayden discov-
ered the biocatalytic access to enantiopure ethers, it took more
than a decade to see another catalytic approach leading to the
biaxial biaryl atropisomers. In 2023, research groups of Zeng?>
and Yang® independently published two works exploring
the catalytic potential of chiral Brensted acid to achieve the

View Article Online
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atropselective synthesis of axially chiral biaryl ethers. Zeng and
co-workers explored a dynamic kinetic resolution (DKR) approach
for accessing these atropisomers, starting from symmetrical
dicarbaldehydes 16 and aniline derivatives (Scheme 4).>*> The
chiral phosphoric acid C-1 was identified as the best catalyst
for the asymmetric transfer hydrogenation (ATH) of in situ
generated imines 19 with Hantzsch ester 17 as a reductant to
afford biaryl ethers 18. During substrate scope investigation, it
was observed that the aryl anilines with 3,5-dimethoxy substi-
tuents resulted in high enantioselectivity. Replacing one of
these methoxy groups with hydrogen, methyl and chloro sub-
stituents did not affect the results in terms of yields; however,
the enantioselectivities were slightly diminished. On the
other hand, dicarbaldehydes bearing electron-donating
groups and halogens were well tolerated for this protocol and
afforded the desired products 18 in good yields and excellent
enantioselectivities. The steric crowding at one of the ortho
positions with alkyl groups such as tert-butyl, tert-pentyl and
adamantyl was found to be crucial for high enantioselectivity,
where an iodo substituent resulted in lower enantioselectivity
of 65% ee.

A deep insight into the reaction mechanism revealed that in
the absence of Hanztsch ester, the corresponding imine was
generated in good yield but in <5% ee. This clearly indicated
that even in the presence of a chiral catalyst, no enantio-
induction was provided by the imine formation step. Further,
computational studies combined with experimental observa-
tions led to the conclusion that in situ generated (R)-19 under-
goes a fast ATH reaction catalyzed by C-1 to provide good
enantioselectivity of the desired amine 18a. Conversely, another
conformer (S5)-19 with a slow reaction rate hydrolyzes to recover
16a dynamically. A stereochemical model (TS-1) was also
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OHC CHO dlethyl ether NHAr
3AMS, 50 °C,
26-examples 18 i
16 P 69-85% via

65-95% ee rac-19

R2
R!
R! ArNH, (1.0 equiv.)
C-1 (20 mol%)
o} o ks
\©ANAr

R?

gée
(o]
O.
SPg Et0,C. CO,Et
0" "OH
X
. c1 Me Me

N

Ar = 9-anthryl 17

Selected Examples:

e

79%, 94% ee 65%, 95% ee

Me
\Q t-Bu OMe ! OMe Me
Me e
OHC. e OHC,
OMe @AN oMe \©/\ OMe OHC@A
81%, 65% ee 69%, 88% e

‘@”u

85%, 90% ee

t-Bu £ Bu

(R)-19a "R)-18a

t-Bu
o ArNH,

ir AG (1o )= 29.9 keal/mol

o
I
o
0.
5
I
3
’_‘J

(5)-19a (S)-18a

ono L Ve
\@A _>OHC\©ANHN

16a
s/ow
\©/§NAr OHC\©/\ NHAr

Br

I—BU\Q OMe
o Me
OHC.
N OMe

72%, 90% ee

Scheme 4 Phosphoric acid catalyzed DKR via ATH of the in situ generated
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proposed for the transformation, indicating the role of a chiral
catalyst for the atropselective synthesis of biaryl ethers.
Yang’s group explored the applications of chiral phosphoric
acid catalysis to efficiently synthesise axially chiral biaryl ethers
through a desymmetrization of symmetrical biaryl ether
appended aryl amines 20 (Scheme 5).”® Using C-2 as a catalyst,
the asymmetric electrophilic amination of the 2-aryloxy-
substituted 1,3-benzenenedimaines 20 with azodicarboxylate
21 resulted in the broad range of enantiopure desymmetrized
biaryl ethers 22. It was found that the substrates with various
N-benzyl and N-alkyl substituents (with both cyclic and acyclic
systems) at the R position resulted in excellent results in terms
of yield and enantioselectivity. Interestingly, a free amine also
undergoes amination reactions with high enantioselectivity
(91% ee). Many alkyl and aryl groups, as well as a benzyl group
on one of the aryl rings of biaryl ethers (at R?), were found to
be tolerable, except the sterically crowded substrate (R*> =
2-MeOCgH,), which resulted in only 39% ee. Apart from a good
acceptance of different substituents on different positions of
the biaryl ethers, many commercially available azodicarboxy-
lates were also examined, where the atropisomers of biaryl
ethers were accessed in the highly enantioselective fashion
except for di-tert butyl azodicarboxylates, which proved to be
the unsuitable substrate for this transformation due to the
steric reasons. The configurational stability of the biaryl ether
products was further confirmed by thermal racemization
experiments, where products were found to have sufficient
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racemization half-life and a high rotation barrier. Kinetic
resolution of an unsymmetrical starting amine 23 occurs with
high efficiency, suggesting the versatility of this amination
process for delivering diverse atropisomeric biaryl ethers.
3.2.2 Chiral NHC-catalysis for atropselective synthesis of
axially chiral biaryl ethers. Recently, four independent related
works were published one after another on the NHC-catalysed
desymmetrization reactions leading to atropselective synthesis
of axially chiral biaryl ethers. Biju’s group was the first to
disclose a straightforward atropselective synthesis of axially
chiral dialdehydes with an NHC-catalysed desymmetrization
of the 2-aryloxyisophthaladehydes 24 with various aryl alcohols
25 (Scheme 6).>" This desymmetrization process involves the
oxidative generation of acylazolium intermediate 26 from the
substrates 24 with the assistance of NHC generated from
triazolium salt C-3 and an external oxidant 27. The resulting
intermediate 26 is trapped by suitable alcohol to yield desym-
metrized axially chiral biaryl ethers 28. It was found that
irrespective of the substitution pattern and nature of the group
on the 2-naphthols, efficient esterification of the dialdehydes
24 produced the corresponding axially chiral biaryl ethers in
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Scheme 5 Phosphoric acid catalyzed desymmetrization via electrophilic
amination of aryl amines for accessing atropisomeric biaryl ethers.
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Scheme 6 Biju's work on the NHC-catalyzed desymmetrization for
atropselective synthesis of biaryl ethers.
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excellent ee-values. Not only 2-naphthols but also 1-naphthol
and other alcohols bearing larger aryl rings, such as 9-phe-
nanthrene; and heteroaryl alcohols (a 3-indanol derivative and
quinolinol), sesamol and 2-naphthalene thiols proved to be
suitable nucleophiles for this transformation without much
impacting the yield and enantioselectivities of the corres-
ponding products.

The configurational stability of the product was depicted
with thermal stability experiments and DFT calculations. Both
investigations revealed that compound 28a has a significant
rotation barrier to be resolved as an atropisomer. Further insight
into the mechanism revealed that lowering the equivalents of
oxidant under optimized conditions led to the formation of the
desired product in 52% yield and 94% ee, along with the
formation of diester 29 as a by-product in traces. On the other
hand, the reaction of racemic product 28a with 0.55 equivalent
of oxidant resulted in kinetic resolution leading to enantiopure
28a in 35% yield and diester 29 in 52% yield. These observations
suggested that desymmetrization plays a major role in control-
ling enantioselectivity; however, the possibility of further
enantio-enrichment by a subsequent KR process could not be
eliminated completely.>

Parallelly, Ye and co-workers disclosed similar NHC-catalyzed
desymmetrization of 2-aryloxyisophthaladehydes 24 with alco-
hols 25 and amines 30 (Scheme 7).>® It was proposed that the
NHC generated from C-4 or C-5 oxidatively provide azolium
intermediate 26 from 24, which undergoes esterification or
amidation to furnish asymmetrical biaryl ethers 28 and amides
31 with excellent enantioselectivities. By using CD;OD as a
nucleophile, it was observed that deuterium incorporation did
not occur in the remaining formyl group, which suggests the
non-reversible formation of the Breslow intermediate. Based on
similar controlled experiments as performed by Biju’s group, the
enantio-enrichment was proposed to be further assisted by a
downstream kinetic resolution process in this desymmetrization
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process. The key features of this protocol include broad func-
tional group tolerance and late-stage functionalizations under
ambient reaction conditions. Apart from phenol derivatives as
nucleophiles, the successful applications of aliphatic alcohols
and amine nucleophiles, i.e. 2-aminobenzothiols 30, could be
seen as further advancement in the NHC-catalyzed desymmetri-
zation leading to biaxial biaryl ethers.

Soon after the works of Biju’s and Ye’s lab, the research
groups of Zeng®” and Gao®® designed similar NHC-catalysed
strategies to synthesize the biaxial biaryl ethers. Using C-3 as
NHC-pre-catalyst and Cs,CO; as a base assisted the above-
described desymmetrization of isopthaladehyde derivatives 24
with a broad range of alcohols (Scheme 8).%” Again, an excellent
level of enantioselectivity of esters 28 or alcohols 32 (formed by
reduction of 28) was observed. With the triazolium salt C-6 as
an NHC precursor, desymmetrization of isopthaladehyde deri-
vatives 24 with a wide variety of aliphatic alcohols and some
phenol derivatives yielded the desired biaryl ethers in good to
excellent enantioselectivities (Scheme 9).%® The last two strate-
gies are important not only in the context of synthetic methods
leading to atropisomeric biaryl ethers but also in the utilization
of corresponding biaxial ethers in chiral catalysis.

3.3. Transition-metal catalyzed approach

Recently, Yao and co-workers applied transition-metal catalysis
to provide direct access to the dual axial chirality among biaryl
ether scaffolds. A new class of bisalkyne-based biaryl ethers 33
has been developed for Cu-catalyzed azide-alkyne Huisgen
cycloaddition (CuAAC), leading to desymmetrization of the
substrate (Scheme 10).%° An indane fused BOX ligand L-1, with
the assistance of copper metal, catalyses the cycloaddition
reaction between bis alkynes and azides to give a diverse array
of axially chiral C-O atropisomers 34 in excellent yields and
enantioselectivities. The developed methodology accommo-
dates diverse substitution patterns irrespective of the nature
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Scheme 7 Ye's work on the NHC-catalyzed desymmetrization for atropselective synthesis of biaryl ethers.
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Scheme 9 Gao's work on the NHC-catalyzed desymmetrization for
atropselective synthesis of axially chiral biaryl ethers.

and position of groups on the bisalkynes. The cycloaddition
reaction proceeded smoothly with bio-active molecules such as
zidovudine to furnish the desired desymmetrized product in
79% yield and 97: 3 dr. It was observed that steric bulk at the C2
position is necessary to provide satisfactory results as replacing
the bulky group (tert-Bu, tert-pentyl, etc.) with ethyl or isopropyl
greatly affected the enantioselectivity of the corresponding
products (18% ee with isopropyl and racemic with ethyl). The
control experiment revealed that a prolonged reaction time of
24 hours resulted in the formation of di-triazole product 35 of
21% via a double CuAAC with a slight enantioselectivity
enhancement (96% ee to 99% ee) of 34. This result suggests
that the enantio-induction is primarily governed by the desym-
metrization step, with little role of the KR.

4. Catalytic atropselective synthesis of
related ethers

Although a significant upsurge has been seen in the last year
for procuring biaryl ethers, it was in 2018 when Gustafson’s
group laid a foundation for the catalytic atropselective synth-
esis of such biaxially chiral molecules. Their work was focused
on the enantioselective synthesis of naphthoquinone-based aryl

This journal is © The Royal Society of Chemistry 2024
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ethers (Scheme 11).° By using cinchona-derived urea-bearing
quaternary ammonium salt C-7, direct access to atropisomeric
biaryl ethers 37 or 38 has been achieved through C(sp®)-H
alkylation of substrate 36 with nitromethane or by a similar
C(sp®)-H alkylation followed by second nitromethane addition.
The C-7 assisted 1,4-nucleophilic addition of nitromethane to
quinones 36, followed by the elimination of nitrous acid,
resulting in atropselective synthesis of quinone-based biaryl
ethers 37. Among the screened substrates, in some instances,
the nitroethylated products 38 were isolated as a major product
in decent yields and moderate enantioselectivities. In these
cases, after eliminating nitrous acid from intermediate 39, the
enone 40 (if having a sufficiently longer lifetime) undergoes
another Michael-type addition to provide 41, which, after
oxidation, results in the corresponding nitroethylated product
38. Notably, after one round of tituration, the enantioselectivity
of both products has been enriched to an excellent level. The
stereochemical model for the formation of the desired product
revealed that there was hydrogen bonding between the urea
moiety of the catalyst with the ether oxygen and one of the
carbonyl carbons of the low-energy conformer of quinone
substrate. As a result of this, the quinone-based biaxial biaryl
ether locks into feasible (aS)-exo atropisomers.

5. Catalytic atropselective synthesis of
related amines

Despite being recognized as potential chemotypes in medicinal
chemistry and many FDA-approved drugs,” the atropselective
synthesis of biaryl amines has been completely overlooked.
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Besides the early efforts of Kawabata'® and Clayden® towards
establishing the axial chirality among biaryl amines, Gustafson’s
group devised the atropselective synthesis of N-aryl quinoids-based
biaryl amines 43 (Scheme 12).*" Their work disclosed a chiral
phosphoric acid C-8 catalyzed halogenation of N-aryl quinoids 42,
yielding the desired product 43 in excellent yields and enantios-
electivities. Under ambient conditions, N-aryl quinoid-derived
biaryl amines were found to be exhibiting strong N-H-O hydrogen
bonding interactions, resulting in high stereochemical stability of
the exo-product (AG*= 30 kcal mol ") over endo-product in both
protic and aprotic solvents. During the reaction, it was observed
that replacing aryl substitution at R* and R* by methyl groups
suddenly resulted in an immense loss of ee value (20% ee). This is
mainly attributed to the fact that n—n-stacking between the catalyst
and aryl rings of the substrates at the R' and R* positions play a
crucial role in leading to high enantiomeric excess. It was also
found that decreasing the bulk by replacing the tert-butyl group
with iso-propyl and trifluoromethyl groups drastically decreased
the enantioselectivity to 28% ee and 12% ee, respectively, probably
due to a low barrier of racemization. It was postulated that at

onset, the C-8 catalyst is involved in hydrogen bonding with
the stable exo-conformation of the quinoid substrate (TS-3). The
resulting hydrogen bonding increases the energy of HOMO, i.e. the
enamine-like amino naphthoquinone. The rotation around the
C-N axis allows the positioning of the #-Bu group to be far away
from the catalyst, thus organizing into (aS)-conformation. This
conformation allows the n-n-stacking of the ortho-aryl group with
the naphthyl group of the catalyst. Simultaneously, the acidic
proton of C-8 activates the electrophilic halogenating reagent
(NXS) via H-bonding, thus directing the halogenation towards
the naphthoquinone site, and the axis will be further reinforced,
leading to the selective formation of the product with (aS)-
configuration, whereas the formation of (aR)-product is limited
due to steric crowing and lack of n-n-stacking (TS-4).

Conclusions & outlook

Widespread applications and interesting properties of atropi-
somers have led to the discovery of new synthetic methods for
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Scheme 12 Atropselective synthesis of naphthoquinone-based aryl amines.
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selectively synthesizing these classes of compounds. This high-
light article has summed up the importance, early precedents
and asymmetric methods leading to a unique class of biaryl
atropisomers viz biaryl ethers and related amines. Whereas the
evidence of atropisomers in such molecules has long been
recognized, their asymmetric synthesis has gained recognition
only recently. In this context, desymmetrization reactions
under the action of chiral catalysts have emerged as an efficient
strategy. In most cases, the desymmetrization step imparts the
desired enantio-differentiation; however, the role of KR has
also been observed in improving the enantioselectivity. Apart
from the first example on the catalytic pathway leading to
enantioselective synthesis of biaryl ethers by using enzymes,
recently, the potential of organocatalysts such as chiral
Bronsted acid and NHC have been explored for accessing such
biaxial biaryls. In addition, a transition metal-catalyzed desym-
metrization/KR process has been developed to achieve dual
axially chiral biaryl ethers. Regardless of the major challenges
due to flexible C-X {X = O, N, S} axes and the prolonged
distance between the groups imparting restricted rotations,
all the seminal contributions discussed above provide excellent
enantioselectivities of the biaryl ethers with a sufficiently
longer half-life of racemization. Impressively, diverse precur-
sors with wide functional group tolerance, including biologi-
cally relevant compounds, have been well accommodated
under mild reaction conditions. In a couple of cases, the
applications of newly developed enantiopure diaryl ethers have
been successfully explored as chiral catalysts.

Though the evidences of dual axial chirality due to the
hindrance in rotation were apparent for related biaryl amines
and sulfides, nothing much has been seen in terms of asym-
metric methods for accessing these scaffolds. At this stage, we
believe that these current developments will open a new area
in asymmetric synthesis,®® which will not only be limited to
the atropselective synthesis of biaryl ethers but may extend
up to the enantioselective synthesis of dual axial biaryls bearing
C-N-C, C-S-C, C-P-C linkage, etc. The enantioselective synth-
esis of these biaxial biaryls is also expected to extend beyond
the desymmetrization process involving the site-specific mod-
ifications of a selected aryl ring or the substituent attached to
the aryl ring. Beyond desymmetrization, at this stage, we can
anticipate that the developing asymmetric methods relying on
coupling reactions or direct C-H functionalization may also
lead to the atropselective synthesis of biaryl ethers and related
molecules.
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