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Abstract: Atropisomers hold significant fascination, not only for their prevalence in natural compounds but also for their
biological importance and wide-ranging applications as chiral materials, ligands, and organocatalysts. While biaryl and
heterobiaryl atropisomers are commonly studied, the enantioselective synthesis of less abundant heteroatom-linked non-
biaryl atropisomers presents a formidable challenge in modern organic synthesis. Unlike classical atropisomers, these
molecules allow rotation around two bonds, resulting in low barriers to enantiomerization through concerted bond
rotations. In recent years the discovery of new configurationally stable rare non-biaryl scaffolds such as aryl amines, aryl
ethers and aryl sulfones as well as innovative methodologies to control their configuration have been disclosed in the
literature and constitute the topic of this minireview.

1. Introduction

Atropisomers are of utmost interest due to their prevalence
in natural products,[1] but also for their biological relevance[2]

and their numerous applications as chiral materials,[3]

ligands[4] and organocatalysts.[5] Among them, biaryl and
heterobiaryl atropisomers are the most common, and many
synthetic approaches are available (Scheme 1a).[6] Non-
biaryl atropisomers constitutes another family of these
axially chiral molecules with fewer synthetic approaches and
consequently are less represented in the literature
(Scheme 1b).[7] Within this family, the highly challenging
enantioselective construction of even less common heter-
oatom-linked atropisomeric structures such as aryl amines,
-ethers or -sulfides still constitutes a daunting challenge of
modern organic synthesis (Scheme 1c). This is mainly due to
the fact that, unlike classical atropisomers, the rotation is
possible around two C(sp2)� X bonds, which grants low
barriers to enantiomerization via concerted bond
rotations.[8]

This crucial stereochemical feature was brought to light
by the pioneering work of Fuji in 1998[9] with diaryl ethers
and studied in more detail by Clayden[10] with both diaryl-
ethers and amines clearly showing the need for bulky
substituents around the two C(sp2)� X stereogenic axes to
secure high enough barriers to enantiomerization
(Scheme 1d, ΔG‡

enant.>93.3 kJ.mol� 1 for Oki’s definition,[11]

or ΔG‡
enant.>125.4 kJ.mol� 1 for a class 3 atropisomer,[12]

according to LaPlante classification).
Such unusual stereogenic features are found in natural

products such as vancomycin[13] and bastadins,[14] which
contain two atropisomeric diaryl ether units (Scheme 2).
Atropisomerism is also ubiquitous throughout modern drug
discovery,[15] but the potential axial chirality found in these
rare families of heteroatom-linked non-biaryl atropisomers
has been largely overlooked. Vandetanib, bosutinib and

triclabendazole are three examples of such molecules with
potential axial chirality. They are used in the treatment of
chronic myelogenous leukemia (CML),[16] as cell tumor
proliferation inhibitor[17] and as pesticide,[18] respectively. In
this domain, the irrelevant atropisomer contributes little to
the desired activities[19] and may even cause undesired side
effects.[20] Therefore, the discovery of new configurationally
stable heteroatom-linked atropisomeric scaffolds as well as
innovative methodologies to control their configuration, has
started to emerge recently, justifying this review. Hence, it
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will cover the history of the development in this field, based
on a classification by heteroatom type.

2. Aryl Amines

Aryl amines play a crucial role in various biologically
relevant targets, showcasing their widespread presence in
medicinal chemistry and drug discovery.[21] It is well known
that they may exhibit atropisomerism if any structural
element preventing the “concerted gearing” of the two C� N
axes is present in the molecule (Scheme 1c). In this context,
both intramolecular hydrogen-bonding interactions and
steric repulsions have been proposed to secure configura-
tional stabilization, allowing the enantioselective synthesis
of aryl amines. These strategies will be presented in the two
following subsections.

2.1. Configurational Stabilization by Hydrogen-Bonding

In 2020, Gustafson’s group reported the pioneering atropo-
selective synthesis of axially chiral diaryl amines 2,[22]

building upon the concept previously described by Kawaba-
ta, which relies on the hydrogen-bonding enhancement of
the barrier to enantiomerization.[23] The pre-stereogenic
C� N bond is already present in the substrate 1, which
undergoes a chiral phosphoric acid (CPA) C1 catalyzed
atroposelective electrophilic halogenation (Scheme 3a). This
method results in a broad spectrum of stereochemically
stable N-aryl quinoids 2, thanks to an intramolecular hydro-
gen bond, with excellent yields and atroposelectivities,
featuring barriers to enantiomerization of approximately
127 kJ.mol� 1. This initial instance paved the way for future
strategies in the underexplored realm of enantioselective
synthesis of axially chiral aryl amines. This atroposelective
halogenation was later exploited by Chen and Li (Sche-
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me 3b) from quinolines 3 already featuring an intramolecu-
lar NO2···H� N bond but with low barriers to enantiomeriza-
tion due to the lack of a second ortho-substituent on the N-
aryl group.[24] Hence, in the presence of N-bromosuccinimide

(NBS) and CPA catalyst C2, an enantioselective ortho-
bromination occurred, delivering the desired atropostable
aryl amines 4 with excellent yields and high enantiomeric
excesses.

Xue & Chen[25] also employed the “hydrogen-bonding”
concept. The electrophilic sulfenylation of 5 with sulfenylat-
ing reagent 6 assisted by para-toluenesulfonic acid (PTSA)
and in the presence of a chiral Lewis base such as the newly
designed 6,6’-disubstituted SPINOL catalyst C3, afforded
the corresponding sulfenyl quinones 7 in moderate to
excellent yields and enantioselectivities (Scheme 3c). This
strategy hinges on rigidifying the scaffold of the starting
quinone through a N� H···S bond, effectively constraining the
system and its environment from an atroposelective perspec-
tive. The latter assertion is supported by computational
studies.

Liu and colleagues’ method[26] distinguishes itself from
previous examples by facilitating direct C� N bond formation
through a domino process via an enantioselective aza-
Michael addition leading to centrally chiral intermediates 11
with a six-membered ring intramolecular N� H···O hydrogen
bond interaction (Scheme 4). Subsequent tautomerization
with central-to-axial chirality conversion[27] and in situ
oxidation of the resulting axially chiral hydroquinones 12
render a new family of N-aryl quinone atropisomers 10. This
direct C4 CPA-catalyzed atroposelective coupling between
quinone esters 8 and hindered anilines 9 proceeded in good
yields and enantioselectivities (up to 88% yield and 99% ee,
Scheme 4). The six-membered intramolecular N� H···O bond
stabilizes the quinone in a planar conformation and prevents

Scheme 2. Heteroatom-linked non-biaryl atropisomers in natural prod-
ucts and drugs.

Scheme 3. Chiral organocatalysts-mediated atroposelective electrophilic
functionalization.

Scheme 4. Enantioselective synthesis of N-arylated quinoid atropisom-
ers via organocatalytic N-arylation/oxidation.

Angewandte
ChemieMinireview

Angew. Chem. Int. Ed. 2024, 63, e202407767 (4 of 11) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2024, 30, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202407767 by Shandong U

niversity L
ibrary, W

iley O
nline L

ibrary on [30/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



a complex conformational profile which would lead to
racemization. Subsequently, the authors highlighted the
synthetic potential of the obtained compounds through
various post nucleophilic additions of thiophenols or indoles
on the quinone Michael acceptor (e.g., 13) and subsequent
oxidation, which gave highly functionalized N-aryl quinoids
(e.g., 14) with preserved enantiopurity.

Brønsted acid organocatalysis with C5 could also
successfully promote the atroposelective silver-mediated
oxidative domino reaction of nitro-functionalized hydro-
quinones 15 with substituted anilines 16 (Scheme 5).[24] Key
to the success is the in situ generation of highly reactive
nitroquinones 18 resulting in the formation of the aza-
Michael addition products, which upon a second oxidation
delivered the final atropisomeric anilines 17. The resulting
six-membered intramolecular NO2···H� N hydrogen bond
fixes one C� N axis of the aryl amine providing the desired
adducts 17 in good yields and excellent enantioselectivities
(up to 99% yield, up to 99% ee). This methodology proves
to be a platform for the synthesis of structurally diverse
optically active secondary amine atropisomers through
further functionalization (e. g. 19 to 20).

2.2. Configurational Stabilization by Steric Repulsion

Other recent strategies have emerged, standing out as they
disclose atroposelective electrophilic amination without
intramolecular H-bonding. In these approaches, the pres-
ence of highly bulky groups (R= tert-butyl, adamantyl) is
therefore necessary to achieve sufficiently high barriers to
enantiomerization by steric repulsion.

In the next approaches, the stereogenic C� N bond is
created between an electrophilic nitrogen atom and a carbon
centered nucleophile. Hence, Liao & Zhong disclosed a
CPA-C6-catalyzed atroposelective electrophilic amination

of 2-substituted indoles 21 via regioselective 1,6-addition to
p-quinone sulfonyl diimines (QDI) 22 as highly electrophilic
nitrogen source delivering the corresponding N-arylaminoin-
doles 23 in good yields, with excellent enantioselectivities
(Scheme 6).[28] The scope here is limited to tertiary sulfonyl
heterodiaryl amines bearing a bulky R2 substituent (tert-
butyl, tert-pentyl, adamantyl) on the indole moiety. Control
experiments and extensive computations allowed to propose
an ionic nucleophilic process, with a more exergonic driving
force for the regioselective C� N bond formation (versus
C� C), rather than a radical pathway. The strong inductive
sulfonyl group drastically enhanced the electrophilicity of
the QDI imine nitrogen, which upon protonation by the
CPA can evolved through transition state 24 featuring high
degree of aromaticity and accounting for the observed
stereoselectivity.

A closely related catalytic enantioselective umpolung
reaction of N-sulfonyl iminoquinones 25 as N-electrophilic
arenes has been developed with CPA catalyst C1, enabling
the atroposelective amination of C3-substituted 1-naphthyl-
amines 26 to access N-sulfonyl diaryl amine atropisomers 27
in good yields (up to 97%) and high enantiomeric excesses
(up to 96%) (Scheme 7).[29] As in the previous study (see,
Scheme 6), the key feature is the polarity reversal of highly
electrophilic imines, promoted by aromatization upon proto-
nation. The method was also applicable to C2,C4-disubsti-
tuted indoles 29 as C-nucleophiles, with C7 as CPA organo-
catalyst, which gave the corresponding heterodiaryl amines
30 in excellent yields and atroposelectivities, but failed to
elucidate the origin of the enantioselectivity.

Finally, Yang started from diaryl amines 31 featuring a
prostereogenic C� N bond,[30] and developed a CPA-C4-
catalyzed atroposelective electrophilic ortho-amination em-
ploying azodicarboxylates, which afforded a variety of
axially chiral secondary diaryl amines 32 in good yields with
high enantioselectivities (Scheme 8). Notably, the presence
of an ortho-tert-butyl group is mandatory in this study to
reach high enough barriers to enantiomerization.

Scheme 5. Atroposelective domino reaction for the synthesis of N-aryl
aminoquinones. Scheme 6. Atroposelective access to N-sulfonyl-3-arylaminoindoles.
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3. Aryl Ethers

Controlling the axial chirality of aryl ethers holds significant
importance due to their relevance in biologically active
molecules such as the well-known vancomycine,[13] their
architectural significance in the development of novel
ligands,[31] and their applications in materials science.[32] The
control of axial chirality in aryl ethers is a complex endeavor
due to lower barriers to rotation around the two C� O axes.
The conformational freedom is therefore increased, leading
to less spatial interactions between substituents. In addition,
as compared to axially chiral aryl amines, which can
incorporate a third substituent on the nitrogen atom to bring
additional steric congestion, this is not possible with a
divalent oxygen atom in aryl ethers. Relatively underex-
plored, synthetic strategies for achieving precise stereo-
chemical control have recently gained significant attention,
with a notable surge in publications on this subject over the
past year. It is noteworthy that all strategies for achieving
axial chirality in aryl ethers rely on the pre-existing C� O
axis, which configurational stabilization is secure by steric
repulsion.

The group of Gustafson capitalized on their previous
methodology for the atropocontrol of C� N bond in aryl
amines[22] (see above) to develop an organocatalyzed
atroposelective C(sp2)� H alkylation of functionalized naph-
thoquinone 33 via an addition/elimination process with
nitromethane to access enantioenriched aryl ethers 34 under
phase-transfer catalysis with C8 (Scheme 9).[33] Although
this approach is limited in terms of substrate scope and
enantioselectivity, this example stands alone as the only one
not involving a desymmetrization reaction.

Apart from the previous still unique example, enantio-
merically pure aryl ethers are typically produced through
desymmetrization of prochiral substrates.

In this field, Clayden and Turner described the first
catalytic atroposelective synthesis of axially chiral diaryl
ethers 36 (Scheme 10). The enzyme-catalyzed desymmetri-
zation of prochiral diaryl ether dicarboxaldehydes 35 occurs
either via reduction with a ketroreductase (KRED) or
through oxidation of prochiral diol 37 with a galactose
oxidase (GOase).[34] This process allowed to reach very high
enantiomeric excesses (up to 94% ee). Despite a limited
substrate scope, this example has paved the way for other
desymmetrization approaches of various o,o’-difunctional-
ized diaryl ethers including alkynes or amines (see below).

Scheme 7. Brønsted acids catalyzed enantioselective umpolung reac-
tion of iminoquinones.

Scheme 8. Atroposelective synthesis of diaryl amines via organocata-
lyzed electrophilic amination.

Scheme 9. Atroposelective C(sp2)-H alkylation of prostereogenic aryl
ethers.

Scheme 10. Biocatalyzed desymmetrization.
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Recently, and independently, five different groups have
reported the use of N-heterocyclic carbene (NHC) organo-
catalysts for the desymmetrization of pro-axially chiral
dialdehydes.[35] Activation of the carbonyl group thanks to
the NHC pre-catalyst C9 was first reported by Biju in
2023[35a] and followed this year by four closely related
complementary contributions[35b–e] using structurally close
NHC leading to the efficient desymmetrization of axially
prochiral dialdehydes 38 (Scheme 11). From a mechanistic
point of view, the reaction with pre-catalyst C9 could
generate the atropisomerically enriched Breslow acylazo-
lium intermediates 40 under oxidative conditions using
bisquinone (DQ) followed by a nucleophilic substitution
with various (hetero)aromatic alcohols (ArOH). Preliminary
studies aimed at explaining the origin of enantioselectivity,
tend to suggest a preference for simple desymmetrization
over background kinetic resolution. The authors have
obtained a series of C� O axially chiral diaryl ethers 39 with
good yields and excellent enantioselectivities. This reaction
features a broad scope under mild conditions. Given that a
major drawback in the development of C� O axially chiral
ethers is the low rotational barrier of the C� O bonds,
thermal racemization studies have been conducted and
indicate that the isolated products possess high configura-

tional stability. This offers a versatile platform, enabling
access to structural diversity.

Other organocatalysts have been involved in the atropo-
selective synthesis of axially chiral diaryl ethers, with several
studies demonstrating the utilization of CPAs. Zhong and
Zeng reported an elegant Dynamic Kinetic Resolution
(DKR) approach involving a CPA-C6-catalyzed Atropose-
lective Transfer Hydrogenation (ATH) with Hantzsch ester
42 starting from dialdehydes 41 and simple anilines (ArNH2)
(Scheme 12).[36] A plausible mechanism suggests that one of
the two enantiomers of the in situ formed imine intermedi-
ates 43, undergo faster ATH allowing a DKR process based
on the reversible formation of the imine. This approach
features good functional group tolerance, scale-up synthesis,
and broad substrate scope (up to 79% yield and 95% ee).
The synthetic value was further highlighted by late-stage
functionalization, as for example a two-step olefination/1,2-
hydrophosphination sequence for the access to stereocon-
trolled axially chiral phosphine 45.

In a complementary organometallic approach, the group
of Li and Yu developed a cobalt-catalyzed photoreductive
desymmetrization of pro-axially chiral dialdehydes 46 for
the expedient synthesis of axially and centrally chiral more
challenging diaryl ethers 47.[37] This unique example of dual
stereocontrol involves the reductive coupling with disubsti-
tuted alkynes in the presence of (S,S)� BDPP chiral
diphosphine ligand L1, commercially available carbazolyl
isophthalonitrile photocatalyst 4CzlPN and Hantzsch ester
42 as reducing agent gave the best results under blue LED
irradiation. The reaction is triggered by a favorable π-π
interaction in 48 between the bis-aldehyde 46 and the chiral
phosphine ligand leading to a key cobaltacycle intermediate
49 by an oxidative cyclization considered to be both the
enantio- and diastereo-determining step (Scheme 13). Inter-
estingly, the resulting bulky secondary allylic alcohol frag-
ment increase the configurational stability of the products.

In complement to the desymmetrization of dialdehydes,
the group of Yang reported a CPA-catalyzed enantioselec-

Scheme 11. NHC-catalyzed desymmetrization.
Scheme 12. CPA-catalyzed atroposelective ATH desymmetrization of
dialdehydes.
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tive electrophilic aromatic amination of symmetrical 1,3-
benzenediamines 50 with C11 to give diaryl ether atropisom-
ers 51 in excellent yields and enantioselectivities
(Scheme 14).[38] Gram-scale synthesis and several post-trans-
formations demonstrated the synthetic utility of this process,
as for example the easy conversion of the product 52 to
benzoimidazolone derivative 53, demonstrating the synthetic
usefulness of the electrophilic amination process.

From related prochiral 1,3-benzenediamines 54, Zheng
and Li described an atroposelective acylation reaction using
azlactones 55 as acylating reagents catalyzed by chiral
phosphoric acid ent-C4 (Scheme 15).[39] Benzamide atro-
pisomers 56 were obtained in moderate to excellent yields
and high enantioselectivities. Kinetic of racemization experi-

ments have allowed to determine barriers to enantiomeriza-
tion of three benzamides ranging between 127.1 and
133.8 kJ.mol� 1, depending on the nature of the ortho
substituent on the phenyl moiety.

In the competitive field of atroposelective synthesis of
axially chiral diaryl ethers, Gao and Yao,[40] on one hand,
and Lu,[41] on the other, have successively reported ap-
proaches starting from dialkynes 58 using the Copper
Alkyne-Azide click Cycloaddition (CuAAC) strategy with
simple azides in the presence of chiral oxazoline ligands L2
or L3 (Scheme 16).[42] Mechanistically and in both cases, this
reaction involves a sequential enantioselective desymmetri-
zation-kinetic resolution leading to axially chiral triazolo-
diaryl ethers 59 in excellent yields and enantioselectivities
when at least one ortho-substituent (R3) is a bulky tert-butyl
or tert-pentyl group, while adamantyl or isopropyl gave
much lower enantioselectivity and a racemic compound is

Scheme 13. Cobalt-mediated photoreductive desymmetrization.

Scheme 14. CPA-catalyzed atroposelective electrophilic aromatic amina-
tion of prochiral 1,3-benzenediamines.

Scheme 15. CPA-catalyzed atroposelective acylation of prochiral 1,3-
benzenediamines.

Scheme 16. Copper Alkyne-Azide click Cycloaddition (CuAAC) strategy.
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obtained with an ethyl. The success of this transformation
lies on the formation of the bis-triazole adduct 60 from the
minor enantiomer, after the desymmetrization step. Exper-
imental determination of the barrier to rotation indicates
good configurational stability around the two C� O axes
(ΔG‡

enant=150 kJ.mol� 1 for R1=Me, R2=H, R3=tBu, R4=Bn),
allowing diverse functionalization of products.

4. Aryl Sulfones

The stereogenic C� S bond is more challenging to obtain due
to its longer length compared to C� O and C� N bonds
(C� O=1.43 Å; C� N=1.48 Å; C� S=1.8 Å),[43] and nowa-
days, no atroposelective synthesis of diaryl sulfides is
known[44] only two approaches have been reported to date
dealing with sulfones and sulfoxides. In 2009, the Clayden
group described one single example of atroposelective
control of a C� SO2 bond, leading to the formation of diaryl
disulfone 64 with satisfactory yield and enantioselectivity
(Scheme 17).[45] Despite the low barrier to rotation, poten-
tially related to the length of the C� S bond, a dynamic
thermodynamic resolution could be observed by oxidizing
the corresponding sulfinyl sulfone 63 obtained by oxidation
of dimethyldisulfide 61 with oxaziridine 62. A good to
excellent diastereomeric ratio was observed, attributed to a
dipole interaction between sulfone and sulfoxide, as well as
steric repulsion between methyl and 2-iPr-6-(2-meth-
oxypropan-2-yl)phenyl substituents.

More recently, Sparr’s group reported a stereoselective
synthesis of threefold stereogenic triptycyl aryl sulfones
67,[46] governing C� S axis stereogenicity through a catalytic
oxidative sequence of triptycyl thioethers 65 (Scheme 18).
The (S)-sulfoxides 66 were obtained by CPA-C12-catalyzed
sulfoxidation of thioethers 65 in good to excellent enantiose-
lectivity. Subsequently, a second oxidation of the enantioen-
riched sulfoxides 66 with cumene hydroperoxide in the
presence of vanadyl acetylacetonate provided a series of
configurationally stable sulfone atropisomers (� sc)-67 via a
central-to-axial chirality conversion with remarkable enan-
tiospecificity and diastereoselectivity, achieving stereoiso-
meric ratios of (� sc) : (+ sc) : (ap)=93 :7:<1.

5. Conclusion

The atroposelective synthesis of heteroatom-linked non
biaryl atropisomers stands as a remarkable achievement in
organic chemistry. Through innovative strategies and metic-
ulous optimization, chemists have succeeded in controlling
the atroposelectivity of these reactions, paving the way for
the synthesis of complex molecular architectures with
tailored properties and functionalities.

The synthesis of compounds featuring two contiguous
atropisomeric C� N axes poses a distinct set of obstacles
owing to their inherent flexibility. However, researchers
have adeptly navigated this complexity. One notable
approach entails the formation of intramolecular hydrogen
bonds, crucial for maintaining stable axial chirality and
stabilizing one of the planar axial conformations. The field
of aryl amine atroposelective synthesis has undergone a
notable evolution over a short and prolific period. Strategies
predominantly relied on electrophilic functionalization start-
ing from a prostereogenic C� N bond, where chiral
phosphoric acid (CPA) has emerged as a catalyst of choice.

The atroposelective synthesis of aryl ethers, with the
exception of a single example, largely relies on the
desymmetrization approach, starting from a preformed pro-

Scheme 17. First atroposelective synthesis of a diaryl sulfone by
dynamic thermodynamic resolution.

Scheme 18. Stereoselective synthesis of triptycyl aryl sulfone atropisom-
ers.
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chiral C� O axis. Consequently, a significant challenge
remains to be addressed: developing an approach capable of
forging one of the C� O axis atroposelectively.

Methods for the stereocontrol of axially chiral aryl
sulfides have yet to be discovered and atropisomeric aryl
sulfones are the only ones currently synthetically available
probably because of higher challenge to reach high enough
barriers to rotation around the C� S bond. The elegant
solutions disclosed until now in a very short period of time
underscore the innovative strategies employed to advance
atroposelective synthesis, ultimately contributing to the
development of complex molecular architectures with prom-
ising properties and functionalities.

The construction of an axially chiral aryl phosphorous
compounds has never been reported. One example of low
C� P barrier to diastereomerization (ΔG‡

diast.=60 kJ.mol� 1)
in a chiral phosphine oxide, was described by Gasparrini
and co-workers,[47] which makes this goal highly challenging
but nevertheless achievable.

Finally, the atroposelectivity around a C� B[48] bond has
been tackled very recently[49] and compiled in a recent
article,[50] but unlike the different approaches detailed in the
present review, the boron atom is included in a cycle and the
enantiomerization of these compounds necessitates the
rotation around on single C� B bond.

The progress made in atroposelective synthesis not only
expands our synthetic toolbox but also enhances our under-
standing of molecular chirality and its role in shaping
chemical reactivity and biological activity. Successfully
tackling of the many remaining challenges could lead to
groundbreaking advancements in atroposelective synthesis,
offering new avenues for the creation of complex molecular
architectures with precise control over stereochemistry.

Acknowledgements

Financial support from Aix-Marseille Université, the Centre
National de la Recherche Scientifique (CNRS), Centrale
Marseille and the French government under the France 2030
investment plan, as part of the Initiative d’Excellence d’Aix-
Marseille Université A*MIDEX (AMX-22-RE-AB-119) is
gratefully acknowledged.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

Data sharing is not applicable to this article as no new data
were created or analyzed in this study.

Keywords: Atropisomerism · Enantioselective catalysis ·
Non-biaryl atropisomers · Chiral phosphoric acids

[1] a) M. H. McCormick, W. M. Stark, G. E. Pittenger, R. C.
Pittenger, J. M. McGuire, Antibiot. Annu. 1955, 3, 606; b) G.
Bringmann, D. Menche, Acc. Chem. Res. 2001, 34, 615; c) C. C.
Hughes, C. A. Kauffman, P. R. Jensen, W. Fenical, J. Org.
Chem. 2010, 75, 3240; d) N. Tajudeen, D. Feineis, H. Ihmels,
G. Bringmann, Acc. Chem. Res. 2022, 55, 2370.

[2] a) S. T. Toenjes, J. L. Gustafson, Future Med. Chem. 2018, 10,
409; b) J. Clayden, W. J. Moran, P. J. Edwards, S. R. LaPlante,
Angew. Chem. Int. Ed. 2009, 48, 6398; c) A. Zask, J. Murphy,
G. A. Ellestad, Chirality 2013, 25, 265; d) S. T. Toenjes, M.
Basilaia, J. L. Gustafson, Future Med. Chem. 2021, 13, 443;
e) M. Basilaia, M. H. Chen, J. Secka, J. L. Gustafson, Acc.
Chem. Res. 2022, 55, 2904.

[3] a) L. Pu, Chem. Rev. 1998, 98, 2405; b) L. Pu, Acc. Chem. Res.
2012, 45, 150; c) K. Wen, S. Yu, Z. Huang, L. Chen, M. Xiao,
X. Yu, L. Pu, J. Am. Chem. Soc. 2015, 137, 4517; d) K.
Takaishi, M. Yasui, T. Ema, J. Am. Chem. Soc. 2018, 140, 5334;
e) M. Sapotta, P. Spenst, C. R. Saha Möller, F. Würthner, Org.
Chem. Front. 2019, 6, 892; f) B. S. L. Collins, J. C. M. Kiste-
maker, E. Otten, B. L. Feringa, Nat. Chem. 2016, 8, 860.

[4] a) A. Miyashita, A. Yasuda, H. Takaya, K. Toriumi, T. Ito, T.
Souchi, R. Noyori, J. Am. Chem. Soc. 1980, 102, 7932; b) W.
Tang, X. Zhang, Chem. Rev. 2003, 103, 3029.

[5] a) D. Parmar, E. Sugiono, S. Raja, M. Rueping, Chem. Rev.
2014, 114, 9047; b) T. Akiyama, Chem. Rev. 2007, 107, 5744;
c) T. Akiyama, K. Mori, Chem. Rev. 2015, 115, 9277; d) B.
Michelet, A. Martin-Mingot, J. Rodriguez, S. Thibaudeau, D.
Bonne, Chem. Eur. J. 2023, 29, e202300440.

[6] a) J. K. Cheng, S.-H. Xiang, S. Li, L. Ye, B. Tan, Chem. Rev.
2021, 121, 4805; b) H.-H. Zhang, T.-Z. Li, S.-J. Liu, F. Shi,
Angew. Chem. Int. Ed. 2024, 63, e202311053; c) H.-H. Zhang,
F. Shi, Acc. Chem. Res. 2022, 55, 2562.

[7] a) E. Kumarasamy, R. Raghunathan, M. P. Sibi, J. Sivaguru,
Chem. Rev. 2015, 115, 11239; b) J. Clayden, Angew. Chem. Int.
Ed. 1997, 36, 949; c) G.-J. Mei, W. L. Koay, C.-Y. Guan, Y. Lu,
Chem 2022, 8, 1855; d) Asymmetric Synthesis of Nonbiaryl
Atropisomers. M. A. Saputra, M. Cardenas, J. L. Gustafson, in
Axially Chiral Compounds. B. Tan, Ed. 2021, Wiley-VCH, 109;
e) A. D. G. Campbell, R. J. Armstrong, Synthesis 2023, 55,
2427; f) J. Feng, Z. Gu, SynOpen 2021, 5, 68.

[8] a) H. Iwamura, K. Mislow, Acc. Chem. Res. 1988, 21, 175; b) J.
Clayden, J. H. Pink, Angew. Chem. Int. Ed. 1998, 37, 1937;
c) R. A. Bragg, J. Clayden, Org. Lett. 2000, 2, 3351; d) R. A.
Bragg, J. Clayden, G. A. Morris, J. H. Pink, Chem. Eur. J.
2002, 8, 1279.

[9] F. Fuji, T. Oka, T. Kawabata, T. Kinoshita, Tetrahedron Lett.
1998, 39, 1373.

[10] a) M. S. Betson, J. Clayden, C. P. Worrall, S. Peace, Angew.
Chem. Int. Ed. 2006, 45, 5803; b) R. Costil, A. J. Sterling, F.
Duarte, J. Clayden, Angew. Chem. Int. Ed. 2020, 59, 18670.

[11] M. Oki, Topics in Stereochemistry Vol. 1 Atropisomerism,
Wiley Interscience, 1983.

[12] S. R. LaPLante, P. J. Edwards, L. D. Fader, A. Jakalian, O.
Hucke, ChemMedChem 2011, 6, 505.

[13] a) K. C. Nicolaou, H. J. Mitchell, N. F. Jain, N. Winssinger, R.
Hughes, T. Bando, Angew. Chem. Int. Ed. 1999, 38, 2096;
b) K. C. Nicolaou, C. N. C. Boddy, S. Bräse, N. Winssinger,
Angew. Chem. Int. Ed. 1999, 38, 2230.

[14] E. A. Couladouros, E. N. Pitsinos, V. I. Moutsos, G. Sarakinos,
Chem. Eur. J. 2004, 11, 406.

[15] Y. D. Yang, B.-B. Yang, L. Li, Chirality 2022, 34, 1355.
[16] J. E. Cortes, D.-W. Kim, H. M. Kantarjian, T. H. Brümmen-

dorf, I. Dyagil, L. Griskevicius, H. Malhotra, C. Powell, K.
Gogat, A. M. Countouriotis, C. Gambacorti-Passerini, J. Clin.
Oncol. 2012, 30, 3486.

Angewandte
ChemieMinireview

Angew. Chem. Int. Ed. 2024, 63, e202407767 (10 of 11) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2024, 30, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202407767 by Shandong U

niversity L
ibrary, W

iley O
nline L

ibrary on [30/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1021/ar000106z
https://doi.org/10.1021/jo1002054
https://doi.org/10.1021/jo1002054
https://doi.org/10.4155/fmc-2017-0152
https://doi.org/10.4155/fmc-2017-0152
https://doi.org/10.1002/anie.200901719
https://doi.org/10.1002/chir.22145
https://doi.org/10.4155/fmc-2020-0348
https://doi.org/10.1021/acs.accounts.2c00500
https://doi.org/10.1021/acs.accounts.2c00500
https://doi.org/10.1021/cr970463w
https://doi.org/10.1021/ar200048d
https://doi.org/10.1021/ar200048d
https://doi.org/10.1021/jacs.5b01049
https://doi.org/10.1021/jacs.8b01860
https://doi.org/10.1039/C9QO00172G
https://doi.org/10.1039/C9QO00172G
https://doi.org/10.1038/nchem.2543
https://doi.org/10.1021/ja00547a020
https://doi.org/10.1021/cr020049i
https://doi.org/10.1021/cr5001496
https://doi.org/10.1021/cr5001496
https://doi.org/10.1021/cr068374j
https://doi.org/10.1021/acs.chemrev.5b00041
https://doi.org/10.1021/acs.chemrev.0c01306
https://doi.org/10.1021/acs.chemrev.0c01306
https://doi.org/10.1021/acs.accounts.2c00465
https://doi.org/10.1021/acs.chemrev.5b00136
https://doi.org/10.1002/anie.199709491
https://doi.org/10.1002/anie.199709491
https://doi.org/10.1016/j.chempr.2022.04.011
https://doi.org/10.1021/ar00148a007
https://doi.org/10.1002/(SICI)1521-3773(19980803)37:13/14%3C1937::AID-ANIE1937%3E3.0.CO;2-4
https://doi.org/10.1021/ol0064462
https://doi.org/10.1002/1521-3765(20020315)8:6%3C1279::AID-CHEM1279%3E3.0.CO;2-7
https://doi.org/10.1002/1521-3765(20020315)8:6%3C1279::AID-CHEM1279%3E3.0.CO;2-7
https://doi.org/10.1016/S0040-4039(97)10848-6
https://doi.org/10.1016/S0040-4039(97)10848-6
https://doi.org/10.1002/anie.200601866
https://doi.org/10.1002/anie.200601866
https://doi.org/10.1002/anie.202007595
https://doi.org/10.1002/cmdc.201000485
https://doi.org/10.1002/(SICI)1521-3773(19990802)38:15%3C2096::AID-ANIE2096%3E3.0.CO;2-F
https://doi.org/10.1002/chir.23497
https://doi.org/10.1200/JCO.2011.38.7522
https://doi.org/10.1200/JCO.2011.38.7522


[17] S. A. Wells, J. E. Gosnell, R. F. Gagel, J. Moley, D. Pfister,
J. A. Sosa, M. Skinner, A. Krebs, J. Vasselli, M. Schlumberger,
J. Clin. Oncol. 2010, 28, 767.

[18] G. P. Brennan, I. Fairweather, A. Trudgett, E. Hoey, McCoy,
M. McConville, M. Meaney, M. Robinson, N. McFerran, L.
Ryan, C. Lanusse, L. Mottier, L. Alvarez, H. Solana, G. Virkel,
P. M. Brophy, Exp. Mol. Path. 2007, 82, 104.

[19] B. A. Lanman, A. T. Parsons, S. G. Zech, Acc. Chem. Res.
2022, 55, 2892.

[20] R. B. Raffa, J. V. Pergolizzi, R. Taylor, Pharmacology &
Pharmacy 2020, 11, 1.

[21] a) N. M. Levinson, S. G. Boxer, PLoS One 2012, 7, e29828;
b) P. Koelblinger, J. Dornbierer, R. Dummer, Future Oncol.
2017, 13, 1755; c) Q. Liu, Y. Sabnis, Z. Zhao, T. Zhang, S. J.
Buhrlage, L. H. Jones, N. S. Gray, Chem. Biol. 2013, 20, 146;
d) S. Han, Y. Sang, Y. Wu, Y. Tao, C. Pannecouque, E.
De Clercq, C. Zhuang, F.-E. Chen, ACS Infect. Dis. 2020, 6,
787.

[22] a) S. D. Vaidya, S. T. Toenjes, N. Yamamoto, S. M. Maddox,
J. L. Gustafson, J. Am. Chem. Soc. 2020, 142, 2198; b) S. D.
Vaidya, B. S. Heydari, S. T. Toenjes, J. L. Gustafson, J. Org.
Chem. 2022, 87, 6760.

[23] T. Kawabata, C. Jiang, K. Hayashi, K. Tsubaki, T. Yoshimura,
S. Majumdar, T. Sasamori, N. Tokitoh, J. Am. Chem. Soc.
2009, 131, 54.

[24] W. Lin, Y.-B. Shao, Z. Hao, Z. Huang, Z. Ren, L. Chen, X. Li,
ACS Catal. 2024, 14, 1183.

[25] D. Zhu, L. Yu, H.-Y. Luo, X.-S. Xue, Z.-M. Chen, Angew.
Chem. Int. Ed. 2022, 61, e202211782.

[26] C.-Q. Guo, C.-J. Lu, L.-W. Zhan, P. Zhang, Q. Xu, J. Feng, R.-
R. Liu, Angew. Chem. Int. Ed. 2022, 61, e202212846.

[27] a) C. Lemaitre, S. Perulli, O. Quinonero, C. Bressy, J.
Rodriguez, T. Constantieux, O. García Mancheño, X. Bugaut,
Molecules 2023, 28, 3142; b) H. Yang, J. Chen, L. Zhou, Chem.
Asian J. 2020, 15, 2939.

[28] J. Qin, T. Zhou, T.-P. Zhou, L. Tang, H. Zuo, H. Yu, G. Wu,
Y. Wu, R.-Z. Liao, F. Zhong, Angew. Chem. Int. Ed. 2022, 61,
e202205159.

[29] Y.-H. Chen, M. Duan, S.-L. Lin, Y.-W. Liu, J. K. Cheng, S.-H.
Xiang, P. Yu, K. N. Houk, B. Tan, Nat. Chem. 2024, 408.

[30] Z. Ye, W. Xie, D. Wang, H. Liu, X. Yang, ACS Catal. 2024, 14,
4958.

[31] a) Y. Chen, S. Yekta, A. K. Yudin, Chem. Rev. 2003, 103, 3155;
b) T. Akiyama, Chem. Rev. 2007, 107, 5744.

[32] G. A. Hembury, V. V. Borovkov, Y. Inoue, Chem. Rev. 2008,
108, 1.

[33] N. Dinh, R. R. Noorbehesht, S. T. Toenjes, A. C. Jackson,
M. A. Saputra, S. M. Maddox, J. L. Gustafson, Synlett 2018, 29,
2155.

[34] B. Yuan, A. Page, C. P. Worall, F. Escalettes, S. C. Willies,
J. J. W. McDouall, N. J. Turner, J. Clayden, Angew. Chem. Int.
Ed. 2010, 49, 7010.

[35] a) S. Shee, S. S. Ranganathappa, M. S. Gadhave, R. Gogoi,
A. T. Biju, Angew. Chem. Int. Ed. 2023, 62, e202311709; b) Y.
Wu, X. Guan, H. Zhao, M. Li, T. Liang, J. Sun, G. Zheng, Q.
Zhang, Chem. Sci. 2024, 15, 4564; c) B.-A. Zhou, C.-L. Zhang,
Z.-W. Wang, S. Ye, Angew. Chem. Int. Ed. 2024, 64,
e202314228; d) L. Li, W. Ti, T. Miao, J. Ma, A. Lin, Q. Chu, S.
Gao, J. Org. Chem. 2024, 89, 4067; e) Y. Liu, L. Yuan, L. Dai,
Q. Zhu, G. Zhong, X. Zeng, J. Org. Chem. 2024, DOI: 10.1021/
acs.joc.4c00330.

[36] L. Dai, Y. Liu, Q. Xu, M. Wang, Q. Zhu, P. Yu, G. Zhong, X.
Zeng, Angew. Chem. Int. Ed. 2023, 62, e202216534.

[37] Y. Wang, R. Mi, S. Yu, X. Li, ACS Catal. 2024, 14, 4638.
[38] H. Bao, Y. Chen, X. Yang, Angew. Chem. Int. Ed. 2023, 62,

e202300481.
[39] J. Xu, W. Lin, H. Zheng, X. Li, ACS Catal. 2024, 14, 6667.
[40] X. Han, L. Chen, Y. Yan, Y. Zhao, A. Lin, S. Gao, H. Yao,

ACS Catal. 2024, 14, 3475.
[41] L. Dai, X. Zhou, J. Guo, Q. Huang, Y. Lu, Chem. Sci. 2024,

DOI: 10.1039/d4sc01074d.
[42] For a review, see: C.-Q. Qin, C. Zhao, G.-S. Chen, Y.-L. Liu,

ACS Catal. 2023, 13, 6301.
[43] For pioneer studies, see: H. Kessler, A. Rieker, W. Rundel,

Chem. Commun. 1968, 475.
[44] F. Abedinifar, S. Bahadorikhalili, B. Larijani, M. Mahdavi, F.

Verpoort, Appl. Organomet. Chem. 2022, 36, e6482.
[45] J. C. Clayden, J. Senior, M. Helliwell, Angew. Chem. Int. Ed.

2009, 48, 6270.
[46] T. A. Schmidt, S. Schuman, A. Ostertag, C. Sparr, Angew.

Chem. Int. Ed. 2023, 62, e202302084.
[47] F. Gasparrini, L. Lunazzi, A. Mazzanati, M. Pierini, K. M.

Pietrtusiewicz, C. Villani, J. Am. Chem. Soc. 2000, 122, 4776.
[48] For pioneer non atroposelective approach, see: M. Birepinte,

F. Robert, S. Pinet, L. Chabaud, M. Pucheault, Org. Biomol.
Chem. 2020, 18, 3007.

[49] a) H. Wang, B. Qiao, J. Zhu, S.-J. Li, Y. Lan, Q. Song, Chem
2024, 10, 317; b) J. Xu, W. Qiu, X. Zhang, Z. Wu, Z. Zhang, K.
Yang, Q. Song, Angew. Chem. Int. Ed. 2023, 62, e202313388.

[50] For a recent review, see: A. M. Faisca Phillips, A. J. L.
Pombeiro, Symmetry 2024, 16, 11.

Manuscript received: April 24, 2024
Accepted manuscript online: May 15, 2024
Version of record online: June 14, 2024

Angewandte
ChemieMinireview

Angew. Chem. Int. Ed. 2024, 63, e202407767 (11 of 11) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2024, 30, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202407767 by Shandong U

niversity L
ibrary, W

iley O
nline L

ibrary on [30/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1200/JCO.2009.23.6604
https://doi.org/10.1016/j.yexmp.2007.01.009
https://doi.org/10.1021/acs.accounts.2c00479
https://doi.org/10.1021/acs.accounts.2c00479
https://doi.org/10.1371/journal.pone.0029828
https://doi.org/10.2217/fon-2017-0170
https://doi.org/10.2217/fon-2017-0170
https://doi.org/10.1016/j.chembiol.2012.12.006
https://doi.org/10.1021/acsinfecdis.9b00229
https://doi.org/10.1021/acsinfecdis.9b00229
https://doi.org/10.1021/jacs.9b12994
https://doi.org/10.1021/acs.joc.2c00451
https://doi.org/10.1021/acs.joc.2c00451
https://doi.org/10.1021/ja808213r
https://doi.org/10.1021/ja808213r
https://doi.org/10.1021/acscatal.3c04775
https://doi.org/10.3390/molecules28073142
https://doi.org/10.1002/asia.202000681
https://doi.org/10.1002/asia.202000681
https://doi.org/10.1021/acscatal.4c00414
https://doi.org/10.1021/acscatal.4c00414
https://doi.org/10.1021/cr020025b
https://doi.org/10.1021/cr068374j
https://doi.org/10.1021/cr050005k
https://doi.org/10.1021/cr050005k
https://doi.org/10.1002/anie.201002580
https://doi.org/10.1002/anie.201002580
https://doi.org/10.1039/D3SC06444A
https://doi.org/10.1021/acs.joc.3c02912
https://doi.org/10.1021/acs.joc.4c00330
https://doi.org/10.1021/acs.joc.4c00330
https://doi.org/10.1021/acscatal.4c00001
https://doi.org/10.1021/acscatal.4c01489
https://doi.org/10.1021/acscatal.3c06148
https://doi.org/10.1039/d4sc01074d
https://doi.org/10.1021/acscatal.3c00911
https://doi.org/10.1002/anie.200901718
https://doi.org/10.1002/anie.200901718
https://doi.org/10.1021/ja9941779
https://doi.org/10.1039/D0OB00421A
https://doi.org/10.1039/D0OB00421A
https://doi.org/10.1016/j.chempr.2023.09.017
https://doi.org/10.1016/j.chempr.2023.09.017

	Enantioselective Synthesis of Heteroatom-Linked Non-Biaryl Atropisomers
	1. Introduction
	2. Aryl Amines
	2.1. Configurational Stabilization by Hydrogen-Bonding
	2.2. Configurational Stabilization by Steric Repulsion

	3. Aryl Ethers
	4. Aryl Sulfones
	5. Conclusion
	Acknowledgements
	Conflict of Interest
	Data Availability Statement


