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ABSTRACT: Although Suzuki-Miyaura cross-coupling is one of the most convenient and well-developed cross-coupling reactions,
its applications to the asymmetric version to deliver highly functionalized atropisomers or non-racemic coupling products have been
less explored. Besides some excellent work reported intermittently, the asymmetric Suzuki-Miyaura reaction remains a significant
challenge, particularly for preparing highly functionalized heterocyclic atropisomers. A concise but critical knowledge on this topic
may further inspire researchers across various subdisciplines to develop innovative and practical solutions to tackle this problem.
Therefore, this concise review aims to summarize the pioneering work on asymmetric Suzuki-Miyaura cross-couplings and cover the
implementations via homogeneous or heterogeneous catalysis reported during recent years. Most notably, the use of transition-metals

other than palladium is also described.

Introduction

Palladium-catalyzed Suzuki-Miyaura (SM) cross-coupling is
one of the most useful C—C bond-forming reactions to construct
biaryl compounds. Since its seminal discovery by Miyaura and
Suzuki in 1979, this transformation has gone through many ad-
vancements that led to numerous robust and environmentally
friendly modern catalytic methods.' The use of stable and
highly- to mildly-reactive aryl (pseudo)halides and organobo-
ron coupling partners made this reaction more appealing. Most
of the time, air and water do not affect the reactions outcome,
and therefore, reaction handling is not an issue at any scale. Alt-
hough the SM cross-coupling has been well-practiced, its asym-
metric version is yet not fully established. The palladium (Pd)-
catalyzed asymmetric SM reaction is mostly useful for con-
structing C(sp?)-C(sp?) bond to form atropisomers.

Atropisomers are the form of axially chiral compounds that are
formed due to hindered rotation between a single bond. In atro-
pisomers, the steric strain or other contributors, such as ortho
substituents, create a high rotational barrier, allowing the isola-
tion of individual conformers. Notably, axial chirality is a criti-
cal element in many natural products, biologically-active com-
pounds (Ancistrotectoriline A,* Gossypol® or Steganacin®),
privileged chiral ligands (BINAP and BINOL derivatives), and
many compounds for the area of material science (Scheme
1A).7!! To prepare atropisomers, several strategies have been
documented in the literature, including the construction of aro-
matic rings by cycloaddition or chirality transfer, cross-cou-
pling between two aryl units to build a stereogenic axis, and
functionalization of prochiral or racemic biaryls (Scheme
1B).!>"'* Enzymatic, organo-, or transition-metal catalysts have

been employed to accomplish this goal.!* 2! Among these meth-
ods, transition-metal catalyzed cross-couplings of two aryl
units, particularly the asymmetric SM coupling, represents a
straightforward synthetic strategy (Scheme 1C).

The general mechanism involves the oxidative addition of aryl
(pseudo)halides to the ligated Pd(0), forming the aryl-Pd(II) in-
termediate, that further undergoes transmetalation by boron nu-
cleophile leading to the desired coupling product after the re-
ductive elimination step. Under the influence of non-racemic
ligand, the preferential formation of one of the two atropisomers
can be afforded after the reductive elimination (Scheme 1D).
The Buchwald and Cammidge groups have independently re-
ported the first two examples of Pd-catalyzed asymmetric SM
cross-couplings. Both groups described the preparation of biar-
ylic scaffolds under different conditions using the phosphine-
amine ligands L1 and L2 (Scheme 2).22% Since then, numerous
catalytic systems, substrates design, and specific conditions
have been specifically elaborated. The main strategies include
designing spatially well-defined ligands and temporary or per-
manent installation of directing groups (DG) in substrates.

Notably, a few reviews appeared in the literature covering the
advancements until 2016,22¢ as well as a book chapter in
2019.7 Therefore, this review only includes critical analysis,
general update, summary of the previous and the newly de-
signed catalysts for homogeneous and heterogeneous catalysis,
and non Pd-based metal catalysts until January 2022.



Scheme 1. Asymmetric SM cross-couplings. (A) Examples of axially chiral natural products and ligands. (B) Strategies for
atroposelective formation of biaryls. (C) Reaction outline. (D) General mechanism
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Scheme 2. First examples of asymmetric SM coupling
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Homogeneous Pd-catalyzed asymmetric SM cross-
couplings
Diastereoselective SM cross-coupling

Since the pioneering reports of Cammidge and Buchwald, sig-
nificant efforts have been made to improve asymmetric SM
couplings, especially with a focus on either the catalyst or sub-
strates design. Although most of the reported work is related to
enantioselective SM couplings, a few groups have described the
diastereoselective couplings using a chiral directing group on
the aryl halide coupling partner. Uemura?®* and Nelson®® have
described the diastereoselective SM coupling using planar chro-
mium complexes. Afterward, Nicolaou,*! Lipshutz,*? and Bau-
doin®* applied the same approach for the total synthesis of the
Vancomycin, Korupensamine A, and Steganacin derivatives.

Researchers have also developed several specific chiral direct-
ing groups to achieve this diastereoselective couplings. Colo-
bert’s group demonstrated the use of sulfoxide moiety as the



chiral directing unit using an achiral Pd-catalyst to deliver biar-
yls with moderate-to-excellent diastereoselectivity.>* Instead of
para-tolylsulfinyl group, the utilization of tert-butylsulfinyl di-
recting group facilitates the formation of the desired products
with better diastereomeric ratio, whereas the catalyst loading
remains high for both conditions. In addition, the substrate
scope is limited in terms of aryl halides—the conditions were
only effective for aryl iodides (Scheme 3A).

A few years later, Yang’s group reported the use of chiral phos-
phinate auxiliary to achieve the formation of axially chiral biar-
yls with excellent diastereoselectivities and good yields.>>*
Likewise, the scope is also limited to bromoarylphosphinate
electrophile with the demonstration on only two examples
(Scheme 3B). Recently, Cheon and co-workers reported the use
of a chiral amine directing group to achieve the formation of
several alkaloids, including Ancistrotanzanine B, Ancistrotec-
toriline A, and various of their derivatives.* These diastereose-
lective SM reactions allow the delivery of biarylic compounds
with good diastereoselectivities. However, this methodology re-
quires the addition of the auxiliary and then its removal. For
those reasons, the enantioselective catalytic approach repre-
sents a more straightforward and exciting way to prepare atro-
pisomeric scaffolds.

Scheme 3. Diastereoselective SM coupling with chiral di-
recting groups
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Enantioselective SM cross-couplings

The use of non-racemic phosphine ligands and their de-
rivatives

Phosphine ligands have predominantly contributed to the field
of general asymmetric catalysis as well as asymmetric SM re-
actions, as shown by the pioneering work of Cammidge and
Buchwald in their early reports. Various fine-tuned ligands have
been explored for this transformation.

One of the major drawbacks of the catalytic asymmetric SM re-
action is generally the limited substrate diversity. Indeed, to en-
sure high enantioselectivities, an achiral bulky directing group
on aryl halide is mainly required to generate secondary interac-
tions in the transition state, favoring one atropisomer. The phos-
phonates ester or phosphine oxide groups have been usually the
most common directing groups that serve this purpose. After the
seminal work, Buchwald’s group has extensively worked to
broaden the scope of this reaction.’” High enantioselectivities
have been achieved using chloro-, bromo- or iodo- aryls bearing

an amide moiety. The authors have also performed the reaction
on diverse scaffolds, including pyridine and sterically hindered
electrophiles. However, the enantioselectivity was moderate
(Scheme 4A).

Scheme 4. Non-racemic monophosphines ligand for asym-
metric SM reaction. (A) The use of coupling partners con-
taining amide directing group. (B) Stabilization of transi-
tion state by hydrogen bonding
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Furthermore, the authors conducted mechanistic investigations
to understand the origin of enantioselectivity during the reaction
with phosphonates as directing group and KenPhos (L1) as a
ligand on the Pd. The DFT calculations were performed to de-
termine the more stable transition state for the reductive elimi-
nation, that showed the importance of the secondary interac-
tions (i.e., H-bonding between the oxygen from the phospho-
nate with hydrogens from the ligand and the aryl boronic unit)
to favor one atropisomer over another (Scheme 4B). In addition
to an optimized ligand, these secondary interactions are often
primordial to achieve a high level of selectivity.

Later, Qiu and coworkers also developed several axially chiral
ligands to achieve the cross-couplings of aryl bromides bearing
phosphonate esters (Scheme 5).3%% In this work reported in
2012 and 2013, the authors explored axially chiral bridged bi-
phenyl monophosphines to afford the desired products in good-
to-excellent enantioselectivities. Notably, the ligand L3 affords
better enantioselectivities compared to L4 (Scheme 5A, B).
Nevertheless, in this second report, authors also demonstrated
that the phosphonate directing group in the substrate can be
modified without affecting the enantioselectivity. One year
later, the same group described the asymmetric SM reaction
with Cy-MOP ligand (L5) to afford biarylic scaffolds with ex-
cellent enantioselectivities. The ortho-substituted formyl bo-
ronic acid has been used to obtain desired products with high
levels of enantioselectivity. To further expand the substrate
scope, authors have explored the triflate electrophile, i.e., naph-
thyl triflate containing an ortho-nitro substituent yielding di-
functionalized biaryls in high enantioselectivities (Scheme
5C). %0

The same authors also described the formation of axially chiral
scaffolds in high optical purities using phosphine oxide as di-
recting group on the aryl halide coupling partners. Moreover,
authors performed the computational investigations to deter-
mine the more stable transition state for the reductive



elimination in the reaction intermediate containing Pd-Cy-MOP
complex. The high enantioselectivity arises from the octahe-
dron configuration with the interaction between the Pd and the
hydrogen of the formyl group as well as the oxygen atom of the
phosphonate. Nonetheless, when the boronic acid was ortho-
substituted with an ether residue, the ligand had to be optimized.
The fine-tuned bridged biaryl ligand L6 allows the formation of
the desired biaryls in good-to-excellent atroposelectivity
(Scheme 5D).*!



Scheme 5. Asymmetric SM coupling with phosphonate or phosphine oxide aryl bromide and phosphine ligand
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The asymmetric SM cross-coupling of more hindered biaryls
with similar ligands have been also documented.*?

Recently, the SM coupling of aryl bromides with phosphine ox-
ide substituent could be accomplished by Wu and Zhang yield-
ing atropisomeric biaryls phosphines oxides. The authors were
able to obtain the expected products in high-to-excellent enan-
tioselectivities. The methodology was also utilized for a large
scale (350 mmol) reaction using a phosphine-sulfinamide lig-
and L7. These phosphine oxides can be easily reduced to obtain
chiral phosphines ligands which have been mostly applied for
the hydrosilylation of olefins.* The major drawback of this
methodology was related to the ligand L7 synthesis, i.e., mod-
erate yield and low diastereoselectivity (Scheme SE).

Although the atroposelective SM reaction can proceed without
directing group on aryl halides, the enantioselectivity is gener-
ally low or only excellent for limited substrates.* In 2018, Patel
and co-workers computationally investigated each steps of the
SM coupling to predict the stereoselectivity using fine-tuned
ligands.® Interestingly, authors revealed that the selectivity is
affected during every step of the reaction (i.e. oxidative addi-
tion, transmetalation and reductive elimination). Their compu-
tationally optimized complex bearing a P-stereogenic ligand
could allow the formation of extremely hindered tetra-substi-
tuted binaphthyls in high enantioselectivity. However, the sub-
strate scope was limited.

As demonstrated by the groups of Qiu and Buchwald, the sec-
ondary interactions between the directing group and the catalyst
allow an enhancement of the enantiomeric excess. Likewise,
Tang’s group has significantly contributed to the field of asym-
metric SM reaction during the past years using the BI-DIME-
type P-stereogenic ligands and derivatives. In 2012, this team
of researchers first reported the usage of carbonyl-benzooxazol-
idinone, which can be further derivatized as directing group to
form various biaryl scaffolds in very good atroposelectivities.*®
By DFT calculations, authors also demonstrated that the n- in-
teraction between the oxygen of the directing group and the
naphthyl unit of the boronic acid are involved in the

stabilization of the transition state during reductive elimination,
likely enhancing the stereoselectivity (Scheme 6A).

Scheme 6. Enantioselective SM coupling using P-stereo-
genic ligands and varied directing group on aryl halide cou-
pling partners
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Two years later, the same group also reported the enantioselec-
tive SM coupling using the BOP (bis(2-oxo-3-oxazoli-
dinyl)phosphinyl) directing group and BI-DIME-type ligand
L8.*” Even if the scope was not extensive, the products were
obtained mostly in excellent enantioselectivities. In the same
report, the authors have demonstrated the total synthesis of
michellamine B and korupensamines A and B using the same
cross-coupling chemistry. Once again, polar n-n interactions be-
tween the oxygen of the directing group and the naphthyl group
of the boronic acid are reported to be responsible for the more
stable transition state (Scheme 6B). Based on the same princi-
ple, the authors also used the triflates as directing group to de-
liver biarylic atropisomers with moderate-to-good enantioselec-
tivities, which mainly depend on the structure of boronic acid
nucleophile (Scheme 6C).*



Scheme 7. Palladium-catalyzed asymmetric SM reaction
with (S,5)-BaryPhos ligand
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One of the main challenges in asymmetric SM reactions is to
find an efficient ligand, enabling the reaction in excellent enan-
tioselectivity, simultaneously allowing the formation of diverse
heterobiarylic compounds. Very recently, Tang and coworkers
achieved this goal with a tailored ligand BaryPhos (L10), yield-
ing a diverse array of biaryl products bearing electron-rich or
electron-deficient substituents in excellent enantioselectivities
and with a low catalyst loading (Scheme 7).° The authors have
also evaluated their methodology on the total synthesis of (-)-
gossypol. Likewise, some other groups have developed inter-
esting phosphorus ligands for asymmetric SM reactions. How-
ever, those ligands are not as effective as Tang’s ligands.**>

Non-phosphorus-based ligands for the enantioselective
SM reaction

Although most of the Pd complexes utilized in asymmetric SM
couplings contain phosphorus-based ligands, researchers have
also developed other types of ligands for this reaction. One of
the earliest examples was the successful application of C2-sym-
metric bis-hydrazones ligand L11 that was used to prepare un-
functionalized biaryls (Scheme 8).>! Using this chiral Pd com-
plex, the products were obtained in excellent optical purities.
However, in many cases, one week reaction was required to
achieve high yields at room temperature (Scheme 8A). Later,
the authors have also explored this reaction using a phosphino-
hydrazone ligand to accomplish the transformations in slightly
lower enantiomeric ratios.>

Among other ligand families, Lin’s group described the first
asymmetric Pd-catalyzed SM couplings using a chiral diene lig-
and.** Remarkably, the addition of free diene ligand L12 to the
pre-prepared Pd complex allows the enhancement of enantio-
meric excess and reaction yields to achieve the desired biaryls
(Scheme 8B).

Monodentate chiral N-Heterocyclic Carbenes (NHC) ligands
have also been utilized in asymmetric SM cross-couplings. Alt-
hough in the first reports, moderate enantioselectivities were
achieved,* the Shi’s group very recently described an outstand-
ing catalytic Pd system bearing a chiral monodentate NHC

ligand L.13.% Several steps are required to obtain the pure lig-
and or Pd-complex, however, its efficiency for this reaction al-
lows the formation of the expected products under mild condi-
tions and in excellent enantioselectivities. Furthermore, the re-
action tolerates various functional groups on the aryl halides.
The reaction also works with aryl chloride, bromide, and triflate
electrophiles. Likewise, the catalytic system also enables effi-
cient cross-couplings with different nucleophiles, such as
B(OH)2, Bpin, Bneo, and BF;K. Numerous heteroaryl sub-
strates, including quinoline, pyridine, indole, and thiazole are
well tolerated, yielding the heterobiarylic scaffolds in excellent
enantioselectivities. Finally, it was also possible to achieve the
formation of more hindered, tetra-substituted biaryls, again in
excellent atroposelectivities (Scheme 8C). This catalytic system
has proven to be one of the most efficient and functional group
tolerant for the formation of a wide variety of biaryl compounds
via asymmetric SM reaction. Other uncommon catalytic sys-
tems, such as Pd-PEPPSI complex bearing a chiral triazolyli-
dene ligand or chiral CNN pincer Pd complex have also been
employed for the enantioselective SM cross-coupling with rel-
atively lower chiral induction.*®’

Asymmetric SM cross-couplings for the preparation of
heterocyclic and other type of atropisomers

Another challenge in the enantioselective Suzuki-Miyaura cou-
pling is to find an efficient catalytic system capable of diversi-
fying the scope for heterocyclic compounds in excellent enan-
tioselectivities. The heterocyclic scaffolds are ubiquitous in nat-
ural products and biologically active compounds. These scaf-
folds generally bind strongly with Pd and deactivates the cata-
lyst or adversely affect the selectivity. Nonetheless, the meth-
odology has been disclosed by Czarnocki’s and co-workers in
2016, accomplishing the asymmetric SM reaction of 3-pyri-
dines to enable catalytic formation of heterobiaryl atropisomers.
However moderate enantioselectivities were obtained with a
very limited substrate scope (Scheme 9A).5

In the same year, Haddad and co-workers also achieved the di-
astereoselective SM  couplings of 4-chloroquinolines under
mild conditions using a P-stereogenic ligand L.15 derived from
BI-DIME.* Although the desired scaffolds are obtained in very
good diastereomeric ratio, the scope remained limited. None-
theless, this catalytic methodology was applied to the total syn-
thesis of an HIV integrase inhibitor (Scheme 9B).

Using a bridged monophosphine ligand L.16 and Pd, the cross-
couplings of 8-bromoquinolines bearing a phosphonate direct-
ing group has also been disclosed by Qiu’s group.*’ The axially
chiral heterocycles are afforded in good yields and excellent at-
roposelectivies (Scheme 9C). Applying a similar procedure and
with another bridged biaryl monophosphine ligand L17, Qiu
and coworkers reported the enantioselective Suzuki-Miyaura
couplings of 3-bromopyridines containing an amide as a direct-
ing group.®! The products are formed in moderate-to-very good
enantioselectivities. The methodology was showcased on a
wide range of substrates (Scheme 9D)



Scheme 8. Enantioselective SM couplings using non-phosphine ligands. (A) C2-symmetric bis-hydrazone ligand. (B) Diene

ligand. (C) N-Heterocyclic Carbene ligand
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Scheme 9. Preparation of heteroaromatic atropisomers via enantioselective SM cross-couplings
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Additionally, the preparation of different atropisomers has been
disclosed by Gu and co-workers using iodo-cyclohexenones.®?
Authors have achieved the cross-couplings using a phosphine-
aminophosphine ligand L18 and Pd(acac). to afford very unu-
sual atropisomers in moderate-to-high enantioselectivities un-
der mild conditions. However, chlorinated solvent was required

to achieve the transformation. Interestingly, these atropisomers
can be further functionalized and rearomatized without loss of
enantioselectivity to afford chiral biaryls (Scheme 10).

Scheme 10. Enantioselective SM reaction using iodo-cyclo-
hexenones as electrophiles
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Miscellaneous applications of Pd-catalyzed asymmetric
SM reactions

The kinetic resolution (KR) is a powerful tool to transform a
racemic substrate into one enantiomer. Using a Pd-catalyzed
SM reaction, Fernandez and Lasaletta reported the dynamic ki-
netic asymmetric transformation (DYKAT) of racemic hetero-
biaryls using arylboroxines as coupling partners and a TAD-
DOL-derived phosphoramidite ligand 1.19.% The desired atro-
pisomers were obtained in excellent yields and enantioselectiv-
ities. According to published report, the reactions occurred via
a dynamic kinetic asymmetric transformation (Scheme 11).

Scheme 11. Dynamic-kinetic Suzuki-Miyaura cross-cou-
plings
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Another straightforward method to get an enantiopure product
is the desymmetrization of a prochiral molecule. Very recently,
Zhu’s group described an original desymmetrization of chloro-
fluorenes and xanthenes.* The design of a specific chiral biaryl
ligand L20 creating ionic interaction with the distal acidic moi-
ety of the aryl chloride, allows the enantioenrichment on a re-
mote quaternary carbon. The products could be delivered in
moderate-to-good yields due to the difunctionalized side-prod-
ucts. However, good-to-excellent enantioselectivities are gener-
ally obtained (Scheme 12).

Instead of racemic starting material, alternative approaches
have been established employing prochiral compounds. A sem-
inal work has been disclosed by Willis and coworkers with the
desymmetrization of ditriflates compounds to achieve the SM
coupling to deliver the new stereogenic C(sp’)-center in good
enantioselectivities.® Later, Morken and coworkers contributed
to these advancements by achieving the desymmetrization of
enantiotopic (bis)boronates.®® Non-racemic boronate esters
could be obtained by asymmetric SM arylation of (bis)boro-
nates starting material using 5 mol% catalyst possessing a TAD-
DOL-derived phosphoramidite ligand L21. The products were

obtained in 68-92% enantioselectivities under mild conditions
(Scheme 13A). In same year, authors have also reported allylic
SM couplings to build new chiral allylic boronates in good en-
antioselectivities using a diphosphine ferrocenyl ligand L22/Pd
with a low catalyst loading, i.e., I mol% (Scheme 13B).” No-
tably, toxic 1,4-dioxane solvent was utilized for this transfor-
mation. A sequential cross-coupling approach allowed the ob-
tention of quaternary stereocenters via the formation of the al-
lylic boronates.®® This strategy has been utilized in the total syn-
thesis of arenolide.” This reaction has also been studied in
depth by Hall’s group using a similar phosphoramidite ligand to
gain insights on the reaction pathway leading to selectivity.”

Scheme 12. Desymmetrizing Pd-catalyzed SM reaction
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Furthermore, the asymmetric SM reaction has also been ex-
ploited for three components reactions as asymmetric Catellani-
type reactions. This has been used to demonstrate cooperative
catalysis by Pd and norbornene. The first example of asymmet-
ric SM reaction in Catellani-type reaction for the construction
of atropisomers has been reported by Gu’s group. The reaction
was achieved by mixing aryl iodide, boronic acid, and chloro-
methylbenzoate.”! This domino reaction, first involving the nor-
bornene catalysis and then the SM cross-coupling, allows the



formation of biaryls in good-to-excellent optical purities using
a P-stereogenic-amine binaphthyl ligand L.23. It is worth noting
that the formyl group on the arylboronic acid was essential to
promote the formation of the desired compounds. (Scheme 14).

Recently, Zhou and co-workers have also described the prepa-
ration of atropoenriched biaryls through asymmetric Catellani
and SM reaction.”>” The authors have cleverly used a chiral
norbornene in catalytic amount and avoided the employment of
another external ligand, yielding the biarylic scaffolds in excel-
lent enantioselectivities.

Biocatalytic approach in stereoselective SM reactions

Process chemists often recognize the impact of both environ-
mental and economic metrics when developing new methodol-
ogies for chemical manufacturing.”* Beyond stoichiometric use
of coupling partners or reagents, catalysis offers significant ben-
efits, and today, increasing emphasis is being placed on biocat-
alyst-mediated chemical reactions, more generally termed as

biocatalysis. Although the enormous advances that have been
made in biocatalysis in the past decade, the utilization of bio-
catalysts for the synthesis of atropisomers is still limited.” In
2008, Ueno and coworkers first attempted to anchor a Pd on a
ferritin container to yield an artificial Suzukiase. Although this
artificial Suzukiase has high reactivity (TOF = 3500 h'), the
authors did not observe the enantioselectivity for the reaction.”®
In 2016, Ward and coworkers developed an enantioselective ar-
tificial Suzukiase based on the biotin—streptavidin technology.”’
Their hypothesis is based on the presence of well-defined sec-
ond coordination sphere of artificial metalloenzymes (ArMs),
which offer a favorable environment to engineer an asymmetric
Suzukiase. Authors have incorporated an electron-rich phos-
phino-Pd moiety within streptavidin, affording an artificial Su-
zukiase to obtain enantioenriched binaphthyls via SM cross-
coupling (up to 90% ee and 50 TONs for 2-methoxy-binaph-
thyl) under mild reactions conditions (Scheme 15). Although
this artificial asymmetric Suzukiase worked under very mild re-
action conditions, the substrate scope was limited along with
moderate enantioselectivity.

Scheme 14. Catellani-type reaction including SM reaction for the formation of atropisomeric biaryls
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Heterogeneous Pd-catalyzed asymmetric SM cross-
couplings

Since asymmetric SM cross-coupling is one of the most em-
ployed methodologies for the non-racemic biaryls preparations,
different approaches other than ligand design have been imple-
mented to improve this reaction and to make it environmentally
friendly. One of the ecological challenges is to accomplish the
reaction only in water, thereby avoiding organic solvents. This
goal has been accomplished by Uozumi’s group using a recy-
clable catalyst supported on an amphiphilic polystyrene—
poly(ethyleneglycol) copolymer (PS-PEG) resin.”® Initially, the
authors demonstrated that their chiral phosphine ligand bearing
a tetrahydro-1H-imidazo[1,5-a]indol-1-one backbone is effi-
cient for the asymmetric SM in organic solvent, and later, they
prepared the corresponding supported-ligand to enable chemis-
try in water. Using this chiral supported-ligand with 10 mol%
of Pd loading in water, the authors have showcased the catalytic
synthesis of biarylic scaffolds with excellent enantioselectivi-
ties starting from aryl chlorides, bromide, and iodides. The cat-
alyst was recycled for four times without observing any erosion
of the chiral induction. Nevertheless, five equivalents of bo-
ronic acid were necessary to achieve the reactions in higher
yields (Scheme 16). Later, the same group described in details
the preparation of the non-immobilized and immobilized chiral
phosphine ligands and showcased the reaction efficiency.”

Scheme 16. Atroposelective SM reaction using a chiral Pd
catalyst supported on resin
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In terms of heterogeneous catalysis, Pd nanoparticles ligated
with nonracemic BINAP ligand have also been synthesized,
characterized, and employed on asymmetric SM couplings to
construct biaryls in moderate enantioselectivities.5%!

Scheme 17. Asymmetric SM reaction with chiral PQXphos
polymer ligand
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A pioneering work on the helically chiral phosphine-based pol-
ymeric ligand by Suginome and co-workers has been docu-
mented for asymmetric SM couplings. After showing the poten-
tial of high-molecular-weight polymeric ligands for the hydros-
ilylation of styrenes and its reusability, the authors have further
applied these copolymers for asymmetric SM cross-couplings.
By mixing an achiral biaryl phosphine and the chiral spacer
monomer, authors were able to form pure right-handed (P) hel-
ical structure of PQXphos L25.%? The combination of the chiral
polymer and Pd allows the asymmetric SM couplings between
aryl bromide substituted with phosphonates and boronic acids
in good-to-excellent atroposelectivities. The direction of helix
in the polymer, which induced the chirality in the biaryl phos-
phine axis, could also be switched to obtain the pure left-handed
(M) structure by heating the polymer in a 1,1,2-trichloro-
ethane: THF solution. The catalytic asymmetric cross-coupling
reaction could also be performed with the pure left-handed
PQXphos to deliver the opposite enantiomer with excellent at-
roposelectivities (Scheme 17A).83 Using a PQXphos ligand,
the same group also developed the atroposelective SM coupling
of 1-bromo-2-naphtoates to provide biaryls in high enantiose-
lectivities (Scheme 17B).% Further investigations revealed the
impact of ether solvents on the handedness of the chirality of
the polymer.®® In MTBE, the polymer is purely right-handed
(P). In contrast, it is left-handed (M) in 1,2-DME solvent. Both
binaphthyl enantiomers scaffolds could then be furnished with
high enantiopurities by asymmetric SM reaction with this chiral
helical polymer just by switching the solvent.

Scheme 18. Asymmetric SM coupling with achiral polymer
phosphine ligand PQXphos
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More recently, the same group described the asymmetric SM
cross-coupling by using an achiral ligand PQXphos (i.e., re-
moving the chirality on the chain of the spacer) and an additive
as a source of chirality.?” First, they showed that the use of (R)-or
(S)-limonene as chiral solvent could allow the formation of
biaryl phosphonates in a high level of chiral induction by favor-
ing the screw-sense of the helical polymer (Scheme 18A). In
another distinctive work, they employed chiral protected amino
acids to induce the screw-sense of the macromolecular catalyst
bearing achiral PQXphos ligand 1.26.%® Using this additive, the
asymmetric SM reaction could be performed in water to afford
binaphthyl phosphonates in high enantioselectivities (Scheme
18B). This work on macromolecular catalyst showed a great po-
tential in terms of catalyst recycling and very mild reaction con-
ditions.

Based on aforementioned results, the asymmetric SM reaction
can be accomplished with very high level of stereoinduction in
the presence of chirality on the spacer, inducing the sense of the
helical polymer ligand. The recent advances also showcased the
potential of the PQXphos ligand where the chirality of the heli-
cal macromolecular catalyst can be induced by an additive or
solvent.

Asymmetric SM cross-couplings catalyzed by tran-
sition-metals other than Pd

Enantioselective SM reactions catalyzed by nickel

No doubt, the Pd-catalyzed asymmetric SM reaction is a pow-
erful tool to build new atroposelective C(sp?)-C(sp?) bonds.
However, the asymmetric formation of C(sp?)-C(sp®) or C(sp®)-
C(sp®) bonds has been scarcely reported. Unfortunately, these
Pd-catalyzed reactions are not efficient enough. For example, a
modified approach for intramolecular couplings has been re-
ported by Morken and co-workers to construct carbocyclic
products but in modest-to-good level of enantioinduction, and
it is very substrate-dependant.®’

The nickel (Ni)-catalyzed asymmetric SM reactions of alkyls
halides and organoboron compounds have emerged as an ap-
pealing solution to enable asymmetric C(sp*)-C(sp*) bonds for-
mation. Compared to Pd, Ni is abundant and cheaper.”®’! The
pioneering work on Ni-catalyzed asymmetric SM reactions has
been mainly reported by Fu’s group, showcasing alkyl-alkyl
cross-coupling using accessible chiral diamine ligands. After
the seminal work on achiral Ni-catalyzed Suzuki-Miyaura
cross-coupling of secondary halides with alkylborons,’> Fu and
coworkers described the first enantioselective SM cross-cou-
pling of secondary racemic bromides with alkyl-9-borabicy-
clo[3.3.1]nonane (alkyl-(9-BBN)) for the preparation of new al-
kyl-alkyl bonds.”® With an affordable chiral diamine ligand and
a catalyst loading of 10 mol%, the authors achieved the first Ni-
catalyzed asymmetric SM reaction catalyzed by Ni with quite
good enantioselectivities (Scheme 19A).

After demonstrating the potential of Ni-catalyzed radical asym-
metric SM reactions, the same group demonstrated that the sec-
ondary bromohydrins bearing carbamate protecting group can
participated in the asymmetric SM reaction, yielding the cou-
pling products in excellent enantioselectivities (Scheme 19B).%*
Interestingly, a-chloroamides could also undergo Ni-catalyzed
asymmetric SM reactions to form chiral amides in good enanti-
oselectivities (Scheme 19C).% Besides, the asymmetric SM re-
actions of secondary alkyl chlorides bearing proximal amine
moiety has been accomplished to form chiral amines in good
optical purities (Scheme 19D).%

Such catalytic method has also been developed using directing
groups (such as amides) on the secondary alkyl bromide or
chloride,” carbamates, sulfonamides, and sulfones, enabling
the coupling product formation in good-to-excellent enantiose-
lectivities (Scheme 19E, F).”® Furthermore, the authors pro-
posed a catalytic cycle starting with transmetalation by the bo-
ronic species on Ni(I) salt, followed by oxidative addition, con-
trary to the classical Pd-catalyzed SM reaction. The reductive
elimination on the Ni(IIl) intermediate delivers the desired
product. These Ni systems demonstrated a promising efficiency
for the C(sp®)-C(sp*) and C(sp?)-C(sp?) cross-couplings of sec-
ondary bromide or chloride electrophiles with 9-BBN boron nu-
cleophiles for alkylation or arylation, tolerating various direct-
ing groups. The products were generally obtained in good en-
antioselectivities under mild conditions.



Scheme 19: Ni-catalyzed asymmetric SM reactions of secondary alkyl halides
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The catalyst loading is sometimes relatively high, which could
be compensated by the easy availability of the chiral ligand.

Based on these achievements, a few other groups also accom-
plished the Ni-catalyzed enantioselective SM couplings of sec-
ondary halides. Gandelman’s and co-workers developed a
methodology for the generation of chiral fluoroalkanes contain-
ing a variety of functional groups, such as ketone, sulfonamide,
benzylic moieties.”!?° These functional groups also serve as the
directing groups, assisting in the cross-coupling chemistry. This
allows the delivery of a broad scope of fluoroalkanes in good-
to-excellent enantioselectivities (Scheme 20A). Shen’s group
described the enantioselective SM cross-coupling of benzyl
bromides bearing trifluoromethoxy substituent, allowing the
construction of newly trifluoromethoxy-substituted stereogenic

alkyl
'Ar

D. 2011, Fu
X: Br, Cl

NiBroxdiglyme (10 mol%), L29 (12 mol%) Arl alkyl

N
alkyl' alky!"

e

MeHN  'NHMe
L29

tBuOK (1.2 eq.), n-hexanol (2 eq.), iPrp0, rt
13 examples

yield: 52-86%

ee: 71-96%

o]
alkyl
alkyl Ph,N Y
aryl/alkyl'
aryl/alkyl' Y v
LaNi)X Transmetalation
[B]—R'
L,Nih—=R1

R
R. X

centers.!’! Employing pinacol borate lithium salts, arylation of
benzyl bromides was achieved smoothly in good enantioselec-
tivities; however, the catalyst loading is high (Scheme 20B).

A more recent application has been recently disclosed by
Zhang, Feng, and coworkers to achieve the Ni-catalyzed aryla-
tion of 3-bromo-phthalides with boronic acid, under mild con-
ditions and in good enantioselectivities.'%?



Scheme 20. Ni-catalyzed asymmetric SM couplings of alkyl
or benzyl bromides to build new fluoro or trifluoromethoxy
substituted stereogenic centers
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Other first-row transition-metal based catalysts for
asymmetric SM reactions

Scheme 21. Fe-catalyzed Asymmetric SM reaction of a-bro-
mopropionates
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Among the diverse transition-metal catalyzed asymmetric SM
reactions, other first-row transition-metals, such as copper (Cu)
and iron (Fe) have recently been reported for radical asymmet-
ric SM reactions. Nakamura and coworkers reported the Fe-cat-
alyzed enantioselective SM couplings of racemic alkyl bro-
mides through a Fe-bound P-stereogenic chiral ligand L.32.'%
Unfortunately, the arylation of these a-bromopropionates oc-
curred with moderate enantioselectivities, although the authors
demonstrated the potential of this methodology to prepare sev-
eral pharmaceutically relevant compounds. Nevertheless, this
Fe-catalyzed technology could be a promising alternative. The
catalytic cycle potentially starts with Fe(I) salt being the active
species (Scheme 21). First, halogen abstraction generates an al-
kyl radical and a di-halogenated Fe(II) intermediate. Subse-
quently, the transmetalation and the addition of the alkyl radical
allows the formation of an Fe(IIl) species, which undergoes

reductive elimination to afford the product and regenerate the
catalyst.

Scheme 22. Cu-catalyzed asymmetric SM coupling of sec-
ondary bromides
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Li, Liu and co-workers reported the first example of Cu-cata-
lyzed enantioselective Suzuki-Miyaura cross-couplings.'® The
enantioconvergent C(sp*)-C(sp?) coupling of aryl- or het-
eroarylboronates with secondary alkyl halides delivers a broad
range of new chiral scaffolds with high enantioselectivities. Cu
ligated with the cinchona alkaloid derived ligand L33 was used
as the catalyst. In contrast to the most of the enantioselective
SM couplings discussed above, this method is amenable to het-
eroaromatics either on the electrophile or the boron nucleophile.
Arylbenzyl alkynes can also be built by this radical asymmetric
SM reaction using the corresponding halide source. The cata-
lytic cycle potentially starts with the transmetalation of the
Cu(I). The halogen abstraction facilitated by Cu(I) generates an
alkyl radical and the Cu(II). The reaction between Cu(II)-con-
taining aryl group reacts with the alkyl radical, forms the de-
sired product and regenerates the Cu(I) to be used for the next
catalytic cycle (Scheme 22).

To conclude on the use of first-row transition metals for the
asymmetric SM reaction, the development of earth-abundant
and inexpensive metals-based catalysts opens new doorways
for future sustainable asymmetric SM cross-couplings, antici-
pating a goal of high efficiency, functional group tolerance, and
enantioselectivity.

Enantioconvergent Rh-catalyzed cross-couplings

Rhodium (Rh)-catalyzed asymmetric SM couplings have re-
cently emerged as a novel opportunity to build new chiral com-
ponents starting from racemic allylic halides. At the first glance,
this reaction could also be considered as an allylic functionali-
zation. Fletcher group, a pioneer in this field, first described this
coupling for the formation of unexplored building blocks. In the



seminal work described by Fletcher in 2015, the Rh-catalyzed
enantioselective arylation of cyclic allylic halides is accom-
plished using a P-Phos ligand L34.!% The carbocyclic com-
pounds are obtained in almost perfect enantioselectivities under
mild conditions through a dynamic-kinetic asymmetric trans-
formation (DYKAT) process. Unfortunately, the scope was lim-
ited to electron-rich boron nucleophiles, and no examples of
heterocyclic scaffolds were reported (Scheme 23A).

A few years later, the aforementioned limitations were over-
come by the same group by using non-heterocyclic ligand. The
methodology was showcased by a broad substrate scope in

terms of the nature of nucleophile and electrophile along with
excellent level of stereoinduction.!!1%7 Milder reaction condi-
tions and BINAP or L35 ligand was used (Scheme 23B). Later,
the same group extended this methodology to the enantio- and
diastereoselective SM couplings of racemic bicycles using a
standard diphosphine nonracemic SEGPHOS ligand L36.!%
The versatile carbocyclic scaffolds were obtained with high lev-
els of diastereoselectivity and enantioselectivity (Scheme 23C).
This original approach has been further highlighted by the total
synthesis of Tafluprost, a prostaglandin analog.'%

Scheme 23. Rh-catalyzed asymmetric SM reaction of cyclic allylic halides
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Recent mechanistic studies have been conducted by the groups
of Fletcher''® and Sunoj'!! to gain more mechanistic insights,
which involves a dynamic-kinetic asymmetric transformation
(DYKAT), allowing the access to a single enantiomer starting
from a racemic substrate. First, the Rh(I) undergoes transmeta-
lation, followed by solvent coordination and oxidative addition
of the allyl chloride to generate a Rh-allyl intermediate, which
upon reductive elimination, delivers the enantioenriched prod-
uct. This recent Rh-catalyzed variant of asymmetric SM reac-
tions allows and tolerates the formation of unexplored skeletons
and permits to densify the portfolio of molecules accessible via
this transformation in general.

Conclusion

In summary, the ligand, metal, and solvent play a critical role in
asymmetric SM coupling reactions. Besides significant devel-
opments, the asymmetric SM couplings remain challenging to
date. Many studies on the design of novel chiral ligands have
been reported to help understand the underlying factors govern-
ing enantioselectivity. Since most of the protocols have em-
ployed toxic chiral phosphorus (phosphine) ligands and phos-
phorus-containing hybrid ligands, novel axially chiral benign
ligands are still desirable. Although chiral NHC ligands have
been widely used in metal-catalyzed asymmetric reactions to
achieve many satisfactory results,'? their use in asymmetric SM
couplings is still rare.**> Compared to the modifications in
other chiral ligands, there is a better opportunity for fine-tuning
the steric bulk in NHC backbones to achieve optimal chiral in-
duction in the catalytic cycle.

So far, Pd catalysts are mainly used in asymmetric SM coupling
reactions. However, the first-row transition metals, such as Ni
and Cu, have not been well explored for this transformation,
although Fu has pioneered the nickel-catalyzed asymmetric al-
kyl-aryl and alkyl-alkyl coupling reactions.??” Therefore, we
envision that the near future will witness a stream of new chiral
NHC ligands for efficient Pd- or Ni-catalyzed asymmetric SM
coupling to access atropisomers. Moreover, new methodologies
implying radical asymmetric SM reactions with first-row tran-
sition-metals, including Ni, Cu, and Fe, have recently emerged
for opening new perspectives of the SM cross-coupling of race-
mic sp>-hybridized carbon. Combined with their abundance and
their low toxicity, the use of these metals could also become an
appealing solution to substitute the Pd.

Although SM and other cross-couplings in water (a most sus-
tainable solvent) are well-established, the asymmetric SM cou-
pling in water is still rare. Therefore, adopting more environ-
mentally responsible processes, e.g., recycling procedures, use
of green solvents, and designing ligands that are not tedious to
synthesize, is highly desirable. Since myriads of axially chiral
natural products contain multiple heterocyclic residues, we be-
lieve that efficient catalyst systems are still needed to achieve
cross-couplings of numerous heterocycles-containing sub-
strates in excellent yields and enantioselectivities.
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