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Abstract

Axially chiral biaryl structures are unique systems encountered in various synthetic compounds
such as BINAP and BINOL, polymers, but also in natural products presenting a pharmaceutical
interest such as Vancomycin, Steganacin or Korupensamine. The axial chirality of these
products, so-called atropisomerism, is induced by the restricted rotation around the aryl-aryl
bond. This review will summarize the different strategies imagined by chemists to control such
chirality, focusing on asymmetric catalytic processes with transition metals. Only transition
metal complexes bearing chiral ligands will be considered and the core of this review will

consist of the enantioselective coupling of two achiral substrates.
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1 - Introduction

In the world of chemical synthesis, asymmetric catalysis is probably one of the most
challenging synthetic tool, one of the most demanding in terms of ligand and catalyst design,
understanding of mechanism, and optimization of reaction conditions. Mainly boosted by the
growing demand of pharmaceutical, agrochemical and perfume industries, asymmetric catalysis
has attracted increasing interest during the last decades.

As reported in chemistry textbooks, a molecule is chiral if it is not superimposable with its
mirror image. Such a property can be acquired by the presence of central chirality, planar
chirality or axial chirality in molecules, the latter of which being encountered in substituted
allenes, ortho-substituted biaryls or even rotationally hindered aryl amides.

The axial chirality of the biaryl products is induced by the restricted rotation around the
aryl-aryl bond, so-called atropisomerism. To exhibit such chirality, there must be at least three
ortho substituents about the biaryl axis. Atropisomerism is encountered in various synthetic
compounds such as BINAP and BINOL, but also in natural products presenting a
pharmaceutical interest such as Vancomycin, Steganacin or Korupensamine A (Figure 1.1),
underlining the need to develop efficient strategies toward their synthesis in optically pure form.

The atroposelective synthesis of axially chiral biaryl compounds has been highlighted in a
few recent reviews [1,2,3], but contrarily to those, ours will focus exclusively on the generation
of axially chiral biaryl structures by means of asymmetric catalytic reactions with transition
metals. The present review is meant to give a comprehensive contribution to the field as it
includes, to our knowledge, all the references that appeared in the relevant areas from the first
report up to the end of 2014. Only transition metal complexes bearing chiral ligands will be
considered, therefore the core of this review will consist of the enantioselective coupling of two

achiral substrates. Less numerous examples of diastereoselective coupling will also be reported.
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This review will be divided into seven parts, each focusing on a different type of coupling
reaction with its characteristic features and limitations, and with an emphasis on the different

types of chiral ligands described in the literature.
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2 - Kumada-Tamao-Corriu cross-coupling reaction

The availability and ease of synthesis of organomagnesium halides made them attractive
reagents for cross-coupling reactions with organohalides and the first transition metal-catalyzed
C-C coupling reaction involving a Grignard reagent was described in 1971 by Kochi and
Tamura with iron(l11) salts [4], followed independently in 1972 by Kumada and Tamao and by
Corriu and Masse for nickel [5,6]. Since then, both nickel and palladium catalysts have been
used, however the greater reactivity and lower cost of nickel made it the metal of choice for this
reaction [7]. In 1975, Tamao and Kumada used a chiral phosphine ligand with nickel to couple
ortho-substituted aryl Grignard reagents with aryl halides and thus reported the first synthesis
of axially chiral binaphthyls by a TM-catalyzed asymmetric cross-coupling reaction between
1-bromo-2-methylnaphthalene and 2-methyl-1-naphthylmagnesium bromide (Scheme 2.1) [8].
In the achiral version of the reaction, they already noted that chlorobenzene reacted very
sluggishly compared to its bromide analogue and that yields were much better when the bulky
substituents were borne by the Grignard reagent rather than the aryl halide. Finally, a
triphenylphosphine ligand appeared more efficient than bidentate diphosphines. In the first
asymmetric version of the reaction, 1 mol% of a nickel complex bearing the optically pure
bidentate diphosphine (R,R)-(-)-diop (1) (Figure 2.1) was used. The reaction proceeded at room
temperature and allowed the synthesis of enantioenriched 2,2’-dimethyl-1,1’-binaphthyl in 32%
yield, however with very low enantioselectivity (1.9% ee reported). The use of ferrocenyl
bidentate ligand (S)-(pR)-BPPFA (3), described by Hayashi and Kumada the previous year [9],
allowed to get the product with a slightly improved enantioselectivity (4.6% ee) [8]. In 1977,
the use of axially chiral diphosphine (S)-(-)-NAPHOS-(1,1) (5) under similar conditions
furnished 2,2'-dimethyl-1,1'-binaphthyl with 12.5% ee [10].

The first efficient catalytic system, however, was only reported in 1988 by Hayashi and

Ito with the use of optically pure ferrocenyl ligand (S)-(pR)-PPFOMe (4a) (Scheme 2.2) [11].
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Thus several binaphthyls were obtained with up to 95% ee and 69% yield (for 2,2'-dimethyl-
1,1'-binaphthyl) using 5 mol% of chiral nickel catalyst. Again, nickel complexes bearing
monodentate phosphines revealed themselves more active than those with bidentate
diphosphines (BINAP, 6) or phosphine-amines ((S)-(pR)-PPFA, 2) and more than palladium
complexes. The substitution pattern on both substrates proved important since the coupling
product was obtained in 84% yield and 80% ee, in 16 h at -10°C and 2 mol% catalyst, when the
methyl group was situated on the Grignard reagent, whereas only 25% yield and 16% ee were
reached in 98 h with the methyl group placed on the naphthyl bromide, under otherwise
identical conditions. The authors put forward the coordination of the oxygen atom of the
ferrocenyl ligand to the magnesium in the Grignard reagent at the transmetalation step to
explain the high enantioselectivity levels. The production of racemic 2-methyl-1,1-binaphthyl
with the use of ligand 4c, that lacks the methoxy group on ferrocene, goes in favor of this
argument.

The use of chiral bidentate ligands was further explored by Frejd et al., with the new
axially chiral diphosphine BIPHEMP (7, Figure 2.1), and its efficiency was compared to that
of BINAP (6) in the palladium-catalyzed cross-coupling of aryl halides with aryl Grignard
reagents [12]. BIPHEMP, associated to a palladium salt (1 mol%), proved to be more active
than BINAP which gave the binaphthyl product with a maximum of 13% yield and 13% ee.
However on the whole, low to moderate ees (up to 45%) and yields (29-52%) were obtained
bearing bidentate BIPHEMP, whatever the substrate and solvent used, confirming the idea that
bidentate diphosphine ligands are not the most adapted ligands for this reaction. The use of
NiCl. instead of Pd(acac). with BIPHEMP gave even worse results, with only 7% yield and 6%
ee of 2,2' -dimethyl-1,1'-binaphthyl.

Very recently, Dorta et al. reported for the first time the use of a chiral, monodentate N-

heterocyclic carbene ligand for the palladium-catalyzed asymmetric Kumada-Tamao-Corriu
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reaction, showing the potential of these ligands for yet another catalytic asymmetric
transformation (Scheme 2.3) [13]. The palladium complex (aS,aS)-10 (2 mol%) showed good
activity with a moderate enantioselectivity (48%) for the coupling of 1-bromonaphthalene with
2-methoxy-1-naphthalenylmagnesium bromide at room temperature in toluene, while 50°C
were required when the methoxy substituent was placed rather on the naphthyl bromide, with a
subsequent loss of activity and enantioselectivity. Aryl chlorides could be used without loss of
selectivity, albeit with a lower yield for the bulkier naphthyl substrate.

Axially chiral, enantioenriched biaryl compounds are classically prepared by the coupling
of two aryl substrates and thus creation of the new C-C bond along the chiral axis. An alternative
method, based on the selective substitution of an enantiotopic triflate leaving group in ortho
position of an achiral biaryl structure, has been developed by Hayashi et al. in the late nineties
(Scheme 2.4) [14]. This procedure presents the advantage of producing functionalizable biaryls,
which can be used as valuable chiral building blocks. However, it requires the synthesis of
achiral biaryl ditriflates, which are obtained in three steps including a classical Suzuki-Miyaura
coupling between a diortho-subsituted aryl halide and an ortho-substituted arylboronic acid.
The method allowed the successful preparation of enantioenriched biaryls with up to 95% ee
and excellent yields of the monophenylation product in the presence of a chiral palladium
catalyst and LiBr or Lil as additive. Although the role of the additive is not clearly stated, its
presence proved essential both for activity and enantioselectivity. The use of LiCl under similar
conditions was suggested, among other things, to prevent the formation of oligomeric
aggregates of the Grignard reagent [15]. Irrespective of the enantioselectivity levels, the best
catalysts in terms of activity were those bearing bidentate P,N ligands, particularly -
(dimethylamino)alkyldiphenylphosphines (13, Figure 2.1). For the latter, ligands with small
alkyl groups gave the best ees. Phosphine-oxazoline iPr-PHOX (11) and (S)-(pR)-PPFA (2)

were active but furnished the expected product in moderate yields and respectively low to no
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ees, whereas the monophosphine MeO-MOP (9) and, again, chelating diphosphines like DIOP
(1) and BINAP (6) were almost inefficient, giving very low yields of the products.

Finally, a third type of catalytic cross-coupling involving Grignard reagents has been
described by Hayashi et al. In this case, the axial chirality is generated after the cleavage of a
C-S bond in a thiophene ring. In 1979, Wenkert had reported that thiophenes could participate
in nickel-catalyzed cross-couplings [16]. Hayashi et al. developed an asymmetric version, and
thus the reaction of a Grignard reagent on a dibenzo- or a dinaphthothiophene, in the presence
of a chiral nickel catalyst, gave rise to chiral mercapto-substituted 1,1’-biaryl structures that can
be further functionalized (Scheme 2.5) [17]. Palladium complexes, however, proved unable to
perform the transformation. The presence of substituents at the 1- and 9- positions of
dibenzothiophene is necessary to prevent the rotation around the chiral axis and thus
racemization of the biaryl product. In the case of dinaphthothiophene, considered as an achiral
molecule because of the rapid flipping at room temperature, the opening of the thiophene ring
by reaction with a Grignard reagent is expected to generate a configurationally stable
binaphthyl. The reactivity of the various substrates seemed to depend on the torsion angle of
the thiophene ring: the larger it is, the more reactive the substrate. So the 1,9-dibenzothiophene
was the most reactive of this series, while dinaphthothiophene needed a smaller amount of
nickel catalyst and a lower temperature to undergo the cross-coupling reaction. The mechanism
follows the classical steps of nickel-catalyzed cross-coupling reactions, i.e. oxidative addition,
transmetalation and reductive elimination, and the enantio-determining step is believed to take
place at or after the transmetalation. Several chiral ligands were evaluated in this
transformation. Similarly to the cross-coupling reactions mentioned earlier, monophosphine
MeO-MOP (9) and diphosphine BINAP (6) furnished the expected products in reasonable to
good yields, albeit with low to very poor ees, and the ferrocenyl-based (S)-(pR)-PPFOMe (4a)

proved no better. (S)-phephos (13b), one of the best ligands for the selective substitution of an
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enantiotopic triflate leaving group [14], gave in this case active catalysts but poor results in
terms of enantioselectivity. Surprisingly, the choice for the best ligand was very substrate-
dependent: whereas the (S)-H-MOP (8a) ligand and its derivatives gave very good yields and
high levels of enantioselectivity for the transformation of dibenzothiophenes, its use for the
reaction of 4-tolylmagnesium bromide with dinaphthothiophene furnished the 1,1’-binaphthyl
product with only 14% ee. On the other hand, the use of phosphine-oxazolines proved futile for
the reaction of 4-tolylmagnesium bromide with dibenzothiophene, while they provided the best
catalysts for the transformation of dinaphthothiophene, giving the expected product with high
yields and enantioselectivities. This new route is particularly interesting in the sense that it
allows access to a wide range of functionalized axially chiral biaryls. However, a limitation
arises with the preparation of 1,9-substituted dibenzothiophenes, which requires six synthetic
steps (against two for dinaphthothiophene).

Compared to other C-C coupling reactions such as Suzuki-Miyaura, Negishi or Hiyama
reactions, the (asymmetric) Kumada-Tamao-Corriu reaction has been less investigated, despite
the interesting results obtained by Hayashi in the late 80s and the low cost of nickel compared
to palladium, and suffered from the low tolerance of the organomagnesium species to other
functional groups. However, since the pioneering works of Knochel on functionalized Grignard
reagents [18], new perspectives have emerged and the full potential of this C-C coupling

reaction remains to be exploited, especially in its asymmetric version.
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3 - Suzuki-Miyaura cross-coupling reaction

Amongst the different strategies to synthesize biaryl compounds [19,20], several
palladium-catalyzed cross-coupling reactions, such as Hiyama, Kumada-Tamado-Corriu,
Negishi or Suzuki-Miyaura have demonstrated good efficiency [21]. However, the Suzuki-
Miyaura cross-coupling of a C(sp?)-halide or C(sp?)-triflate with a C(sp2)-boronic acid or
boronic ester is probably the most powerful tool [22,23,24,25,26,27]. Indeed, since its discovery
in 1979 [28], this reaction has attracted a lot of attention. A SciFinder search with the keywords
“Suzuki-Miyaura cross coupling”, conducted in April 2015, revealed more than 1500
documents dealing with the subject. The great impact of this reaction is explained by its high
tolerance to a wide variety of functional groups, by its efficiency under mild conditions with
aryl halides in different media (solvent free conditions [29], PEGs [30], ionic liquids [31], water
[32]), by its adaptability to different processes (microwave and microtechnologies [33],
continuous flow [34,35], etc.), and by the high thermal stability of the boronic acid coupling
partners which are easy to synthesize (numerous structures are commercially available), stable
to oxygen and water, allowing their handling without special precautions. Moreover, the recent
development of new catalysts has expanded the application scope from academic areas (natural
products synthesis, materials design...) to industrial large-scale synthesis [36,37]. Several
classes of ligands, such as ferrocenyl phosphines, dialkylphosphines with a biaryl backbone and
N-heterocyclic carbenes have been developed to optimize the activity and efficiency of the
catalysts [26-37,38,39].

Three different strategies have been reported in the literature to induce axial chirality using
Suzuki-Miyaura reactions: (i) planar-to-axial induction [40,41,42], (ii) central-to-axial
induction [43,44,45,46] and (iii) chiral ligand induction (Scheme 3.1) [47]. However, the first
two strategies (diastereoselective synthesis) require a chiral substrate (planar or central

chirality) which is quite restrictive in terms of substrate availability. In the last one
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(enantioselective synthesis), the chirality is directly transferred to the product by the catalyst
bearing a chiral ligand, offering then a more general pathway.

Axial chirality has also been induced using dynamic Kinetic techniques and in this domain, two
examples were reported to date, i.e. a Suzuki-Miyaura cross-coupling [48] and a C-P coupling
[49], with interesting levels of enantioselectivity. Although the second example is not a Suzuki-
Miyaura reaction, the strategy employed is closely related and will therefore be reported in this
section.

The first diastereoselective Suzuki-Miyaura reactions involving aryl halides bearing chiral
auxiliaries were described in the mid-nineties and axially chiral biaryls were synthesized in
high yields and excellent diastereoselectivities (up to 99%) [40-46]. As an illustrative example,
in 1999, Nicolaou investigated the diastereoselective synthesis of a model system as part of the
total synthesis of Vancomycin via a palladium-catalyzed asymmetric Suzuki-Miyaura coupling

using chiral phosphines [45].

In 2000, Cammidge [50] and Buchwald [51] published almost simultaneously the first
examples of palladium-catalyzed enantioselective Suzuki-Miyaura coupling using chiral
ligands. Since these pioneering works, the enantioselective version of the reaction has received
an increasing attention, emphasized by the publication of several reviews [47,52], and various
asymmetric ligands have been developed to this aim. This section reports the works and
progress realized in this field up to the end of 2014. After a few general considerations on the
proposed catalytic cycle, we will focus on the ligand structure and chirality, comparing

activities and selectivities for the coupling of achiral substrates.

3.1 Mechanism
This reaction is commonly described in the literature by two standard catalytic cycles that
differ according to the nature of the palladium intermediate, neutral or anionic [39]. Both cycles
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involving Pd(0)/Pd(Il) complexes are commonly accepted by the scientific community and
have been widely explored in experimental [22] and computational [53,54,55] studies. They
can be described by three successive main steps: oxidative addition [56,57,58,59],
transmetalation [60,61,62,63] and reductive elimination [64,65,66] (the catalytic cycle
involving the neutral intermediate is represented in Scheme 3.2). The starting point of both
cycles is a Pd(0) species, suggesting that when a palladium(ll) precatalyst is used, its reduction
should occur first, as the oxidative addition of an aryl halide to a Pd(I1) compound is not
favored. Various palladium(Il) reduction pathways using an excess of phosphine ligand [67]
(oxidized to phosphine oxide) or alcohols (oxidized to aldehydes) [30] have been reported

[22,68,69,70].

The first step of the cycle is the oxidative addition of the 1-alkenyl, 1-alkynyl, allyl or aryl
halide (or triflate) to the palladium(0) complex giving rise to a palladium(ll) intermediate. All
of these substrates present a C(sp?)-X functionality with a relative reactivity decreasing in the
order X = | > OTf > Br >> Cl [22]. This is mainly due to thermodynamic reasons as the
exothermicity of the reaction increases along the series Cl < Br < | [56]. Considered as the
limiting step of the cycle, various ligand structures have been explored in order to increase the
efficiency of the catalysts. Among them, sterically hindered electron-rich ligands such as
ferrocenyl monophosphines, Buchwald-type biaryldialkylphosphines [71] or carbenes,
favoring monocoordination, increase the rate of this first step [52]. Maseras and coworkers
confirmed by DFT computational studies on mono and diphosphine palladium systems (PdL
and PdL>) that the oxidative addition was thermodynamically and kinetically more favorable
for the monophosphine derivative [53]. Indeed, the less saturated PdL system is more prone to
increase by 2 its coordination number than the PdL. system. This is also consistent with the fact
that bulky electron-rich ligands, favoring monocoordinated complexes (PdL), give more active

catalysts toward the oxidative addition of challenging substrates such as aryl chlorides.
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Experimental and computational contributions have shown that the oxidative addition of
aryl halides to PdL. is a concerted process leading to cis square planar PAX(Ar)L.. However,
transmetalation is usually considered to take place from the trans square planar complex,
suggesting that an isomerization should take place before the transmetalation step.
Computational studies on a PdX(Ar)L2 model (Ar = CoHs and L = PH3) have shown that even
if the direct isomerization (through an unstable tetrahedral d® complex) is energetically
consistent (around 20 kcal/mol), there is an alternative, less energetically demanding pathway
(< 6 kcal/mol) involving phosphine dissociation or other ligand coordination (such as OH-)
[53,60]. These results indicate that the isomerization step should not be a critical barrier for the
overall process. Moreover it was also shown that with this simple model, transmetalation could
occur both from cis or trans complexes. Similar computational observations were reported by

Goossen, Thiel and co-workers starting from cis-(CH3CO)Pd(OAc)(PMez)2 [54,57].

Ligand hemilability is another important point to consider in ligand design strategies as it
has been demonstrated that it presents a strong positive action on Suzuki-Miyaura reactions.
Indeed, the presence in the same ligand of a strongly coordinating atom, such as phosphorus,
and a weakly basic ether functional group, for example, promotes a facile switchable protection
and deprotection of the metal center (coordination flexibility) whatever the mechanism
involved. For example, working on ferrocenyl dicyclohexyphosphines, Hor et al. observed that
the 1,1°-ferrocenyl phosphine/ether was much more active in the Suzuki-Miyaura coupling of
aryl chlorides than the corresponding 1,1°-ferrocenyldiphosphine or the mono-
ferrocenylphosphine [72,73]. This is why ligands presenting both a phosphorus and an oxygen
atom, with a geometry allowing a bidendate P,O coordination, will be considered here as P,O

ligands instead of monophosphine ligands.

A remarkable ligand effect in the palladium-catalyzed coupling of chloroaryl triflates with

ortho-methylphenyl boronic acid was reported Fu et al. (Scheme 3.3) [74]. The nature of the
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phosphine (PtBus or PCys) allows controlling the reaction regioselectivity (oxidative addition
across the C-CI or C-triflate bond). In 2010, DFT calculations made by Schoenebeck et al.
showed that PtBus favors a monoligated PdL intermediate whereas PCys favors a bis-ligated
PdL. intermediate. Regioselectivity is controlled by the distortion energy for monoligated PdL
which reacts with the weakest bond (C-Cl). On the contrary, the selectivity is controlled by the
strongest interaction (Pd-chloroaryltriflate) in the transition state with PdL> [75]. One year later
they highlighted the role of the solvent on the selectivity of this reaction, observing that polar
solvents stabilized monoligated PdL intermediates, and so oxidative addition across the C-Cl

bond [76].

Contrary to the other steps of the catalytic cycle, the transmetalation reaction is specific to
cross-coupling reactions. Although oxidative addition and reductive elimination are well
understood, transmetalation still needs to be explored as this reaction is highly dependent on
numerous factors such as the reaction conditions, ligand nature, base nature, etc. At this step,
the aryl substituent of the boronic compound is transferred onto palladium, however this
transfer cannot occur spontaneously due to the low nucleophilicity of the organic group on the
boron atom (experimental observations showed that the reaction is favored when the aryl
substituent bound to the boron atom possesses electron donating groups) [22,39]. Two different
hypothetical pathways were proposed and studied by computational methods (Scheme 3.4),
both of them requiring the action of a RO™ base (R= H, alkyl). The first one is the substitution
by RO of the halogen on the L,Pd(X)Ar palladium intermediate, formed after the oxidative
addition of the aryl halide, giving rise to L,Pd(OR)Ar (Scheme 3.4 - pathway A). In this case,
the transfer is favored by the high boron oxophilicity (Figure 3.1). This is supported by
experimental evidence of aryl transfer from the organoboron compound to the palladium
complex bearing alkoxy ligands without any base [39]. The second hypothesis is the addition

of the base (RO") to the Ar’B(OR’)2 boron compound, inducing its quaternization (Scheme 3.4
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- pathway B). The boronate [Ar’'B(OR)(OR’)2], bearing a negative charge, may be more
inclined to transfer the Ar’ group to the palladium intermediate as experimentally observed with
trialkylboranes. Computational studies carried out by Maseras et al. indicated that the
transmetalation reaction is a multistep mechanism where the organoboronic acid, initially
activated by the base, attacks the palladium as an organoboronate anion (Scheme 3.4 - pathway

B is favored) [60,61,77].

However, Amatore and Jutand, studying the Suzuki-Miyaura mechanism by
electrochemistry, demonstrated that the role of the base was much more subtle (Scheme 3.5)
[78,79,80]. Based on kinetic experiments they observed that the base (OH") is essential and
may play at least three roles. Two of them present a positive action on the reaction, promoting
the transmetalation and reductive elimination steps whereas the last one, i.e. the formation of a
boronate anion [Ar’B(OH)z], shows a negative effect. The reaction rate increases with the base
concentration, as the addition of OH™ to LoPd(X)Ar gives rise to LoPd(OH)Ar, a more reactive
compound for the transmetalation step (pathway A — Scheme 3.4). However, at high
concentrations, the reaction slows down because of the low ArB(OH). concentration, consumed
by the formation of the poorly active Ar’'B(OH)s™ species. The base concentration may be
adjusted to find a compromise between the two base-dependent ratios LoPd(X)Ar/L.Pd(OH)Ar
and Ar’B(OH)s/Ar’B(OH).. Various bases such as sodium carbonate, potassium carbonate or
CsF are reported in the literature and in a recent paper, Amatore, Jutand et al. observed a similar
behavior with fluoride anions. Thus the addition of F~ favors the reductive elimination and
increases the reaction rate. However, fluoride ions also have a negative impact, as their addition
to boronic acids produce less reactive Ar’BFn(OH)@3-ny compounds. But interestingly, the
reaction is less sensitive to high fluoride concentrations than to high hydroxide concentrations,
probably because of the high boron oxophilicity. Finally, the base (Z° = OH F) promotes the

reductive elimination step, as its coordination to neutral Pd(Ar)(Ar’)L, produces an anionic
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palladium intermediate, [Pd(Z)(Ar)(Ar’)L2], more prone to liberate the biaryl product by

reductive elimination.

Despite the numerous papers published on the mechanism of the Suzuki-Miyaura reaction,
its full understanding remains a challenge as many experimental results point out unanswered
questions and new directions to explore [63]. Indeed, the activity and selectivity of this reaction
are very sensitive to the reaction conditions (metal precursor, solvent, base, ligand structure)
and the complexity is even higher when chirality transfer is taken into account. If it is commonly
accepted that the chirality transfer occurs at the transmetalation and reductive elimination steps,
the intimate mechanism remains obscure. However some progress in understanding has been

made in the last ten years and the results will be discussed in the following parts of this review.

3.2 An overview of chiral ligands

We present here an historical overview of the different ligands used in the asymmetric
Suzuki-Miyaura reaction. In order to facilitate the comparison between the various studies on
the subject, we will categorize ligands on the basis of their chemical nature (most of them are

phosphine ligands) and of the type of chirality (axial, planar, and central).

3.2.1 P,X Ligands with axial chirality

Since the pioneering work of Cammidge and Buchwald on the enantioselective Suzuki-
Miyaura coupling [50,51], various ligands presenting an axial chirality have been reported in
the literature. Most of them are P,P (Figures 3.2), P,N (Figures 3.3) or P,O (Figures 3.4)

bidendate ligands and present a binaphthyl backbone.

a) P,P ligands with axial chirality
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Cammidge et al. reported in 2000 the first use of a diphosphine in the synthesis of chiral
binaphthalenes (Scheme 3.6) [50,81]. A maximum of 25% ee (55% yield) was reached after 17
h with BINAP (6), Ba(OH) as base and 3 mol.% of PdCl, in DME-H.O. As observed with
other reactions involving hindered partners, the reaction competes with deboronation.
Interestingly, they observed opposite enantiomers depending on the nature of the boronate
(pinacol- versus ethylene glycol boronate esters), concluded that the reaction is operating under
kinetic control and that the transmetalation reaction may be an important step for controlling
the products symmetry.

A few months later Buchwald et al. reported a similar ee (22%) using the Pd»(dba)s
precursor (2 mol%) with BINAP (6) (2.4 mol%) and KsPOs (2 equiv.), in toluene at 70°C, for
the coupling of the o-nitrophenyl bromide with 1.5 equivalents of naphthylboronic acid bearing
a phenyl at the 2-position [51].

Studying the coupling of 2-methoxy-1-naphthylboronic acid and 1-iodo-2-
methoxynaphthalene (Scheme 3.7) in DME or dioxane with CsF as a base and BINAP (6),
Colobert et al. reported slightly higher ees (14 - 30 %) and yields (up to 94%) in only 3-6 hours,
albeit with 10-20 mol% of palladium [82]. The use of CsF in an anhydrous solvent neutralized
the deboronation reaction. In addition, using Pd(OAc)2, [(n3-allyl)PdCI]. and Pdz(dba)s they
observed that the ligand/metal ratio had a significant impact on the ee. Similar reactions were
run with BINAP analogs such as BINAP(O) (bearing one phosphine oxide moiety, 14) and tol-
BINAP (15), but both presented a lower activity than BINAP. Regarding selectivity in almost
identical conditions, similar ees were obtained in the cases of BINAP and tol-BINAP, whereas
the use of BINAP(O) resulted in much lower enantioselectivities.

Using a cationic palladium precursor, [(MeCN)4Pd][BF4]. with (S)-BINAP (6) (1:2 Pd/L*
ratio), Mikami et al. managed to reach 47% ee and 97% yield in only 1 h for the coupling of 2-

methoxy-1-naphthylboronic acid with 1-bromo-2-methoxynaphthalene at 80°C in DME (Table
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3.1) [83]. They also observed that the use of a combination of the preformed cationic complex
[PAL*][SbFs]. and the corresponding ligand L* (1:1 ratio) allowed to increase the
enantioselectivity from 47% to 56% ee in only 30 minutes. However, the potential role of the
counter-anion on enantioselectivity was not discussed and cannot be completely excluded. This
reaction is similar to the one reported by the group of Colobert but with a much lower amount
of catalyst (3 mol %). Mikami et al. also investigated the influence of the phosphine substituents
of BINAP ligand analogues (Figure 3.2). Aryl phosphines bearing a methyl group in position 4
(Tol-BINAP, 15) or two methyl groups in positions 3and 5 (17) present a lower selectivity than
BINAP. The best results were obtained with cyclohexyl substituents (Cy-BINAP, 16) giving
rise to 70% ee and 92% vyield in 1 hour at 80°C in DME (Table 3.1, entry 1). The ee rose up to
84% at rt but in this case, the kinetics was much slower and the yield dropped to 17% after 6 h.
The influence on both activity and selectivity of the ortho substituent on 1-bromonaphthalene
was also studied (Table 3.1, entries 3-6). The amino group has a negative impact on the reaction
kinetics (more important in the case of Cy-BINAP than that of BINAP) compared to alkoxy
groups, probably due to its electron donating effect which does not favor the oxidative addition
step. One can also notice that the ees obtained with these substrates in the presence of BINAP
are slightly higher than the ees reported in previous works using 1-bromonaphthalene or 1-
bromo-2-methylnaphthalene, suggesting that polar alkoxy groups on the bromo halide could
play a positive role on the control of enantioselectivity.

In 2013, Donohoe et al. investigated the efficiency of BINAP-type (6, 15, 17) and
SEGPHOS-type (18, 19a, 19b) ligands in one step of the total synthesis of antitumor, antibiotic
(x)-Streptonigrin involving an asymmetric Suzuki-Miyaura coupling reaction, but the results
showed moderate yields (15-65%) and low ees (13-36%) [84].

Interestingly, the best activities and selectivities obtained with BINAP (6) were reported in

2008 by Fujihara et al. who used various bisphosphine ligands as Pd nanoparticle (Pd NPs)
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stabilizers [85]. When the asymmetric coupling of 1-bromo-2-methoxynaphthalene with
naphthylboronic acid was carried out at room temperature in a DME/water (9/1) mixture, the
reaction was remarkably influenced by the nature of the protective ligand, even though the
chiral Pd NPs had similar diameters (1.2 — 1.7 nm). Using (S)-BINAP-Pd NPs, the most
effective system, a dramatic effect of the base (Table 3.2) on both yields (42 — 96%) and
enantioselectivities (18 — 74 %) was observed. These results underline the question of the real
nature of the active species in enantioselective Suzuki-Miyaura coupling: molecular compound
or nanoparticles [39].

One year later Yamashita et al. reported the synthesis of magnetic FePd NPs and their
application in the synthesis of binaphthyl compounds by the asymmetric Suzuki-Miyaura
reaction, using the BINAP ligand (6) in a DME/H0 (9/1) mixture at 80°C for 24 hours [86].
Despite the moderate selectivities obtained (ees < 48% and yields > 99%), the interest of this
NP architecture is to combine both a chiral surface to promote asymmetric catalysis and

magnetic properties to allow an easy catalyst recycling.

b) P,N ligands with axial chirality

The first P,N ligands used in the asymmetric Suzuki-Miyaura coupling have been reported
by Buchwald et al. in 2000 [51]. When screening the influence of the architecture of different
ligands (Table 3.3), they observed that BINAP (22 % ee — reaction B) was less efficient than
the analogous P,N ligand (20 — Figure 3.3) which gave 75% and 38% ee, respectively, in
reactions A and B (entry 1 and 2). The best selectivity (87% ee) was obtained with KenPhos
ligand (21) in reaction A (entry 3— Table 3.3). Interestingly, the ee reached 92 % using a slightly
different boronic acid (2-ethylphenylboronic acid). The substitution of cyclohexyl by isopropyl
groups on the phosphine had a slightly negative effect on the reaction, however poorer results

were obtained with the tert-butyl phosphine analogue as none of the expected coupling product
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was observed in reaction B. Replacing the dimethylamino group by n-butyl (39a) or
trimethoxysilyl groups (39b) (Figure 3.11, entries 6-7) resulted in a significant decrease in
enantioselectivity, which remained however higher than the ee values obtained with BINAP.
Toluene was a better solvent than THF, as higher ees and smaller amounts of dehalogenated
compounds were observed in the former. Finally, they noted the influence of the amount of
base on the activity since the use of 3 equivalents of KzPOys instead of 2 allowed to complete
the reactions within 24 h and to use very small amounts of catalyst (down to 0.2 mol% against
4-10 mol% with 2 eq. of base) without loss of enantioselectivity.

In order to get some insight into the source of enantioselectivity in this reaction, Buchwald
et al. carried out in 2010 a series of stoichiometric, catalytic and computational experiments
[87]. As aryl halides bearing an ortho phosphonate group allowed to reach the best ees in the
presence of the Pd(KenPhos) complex (Table 3.3, entry 3, reaction A), they were used for the
synthesis of intermediates in the catalytic cycle. The complex resulting from oxidative addition
of the aryl halide was isolated and characterized by X-ray diffraction (Figure 3.5). The structure
analysis reveals a putative Pd-O interaction (Pd-O bond distance = 2.77 A) which was
speculated to be responsible for the stereoselectivity control of the reaction. Then they explored
the effect of aryl halides bearing functional groups that could interact with Pd to induce
stereocontrol of the reaction (Scheme 3.8). With an ester substituent in ortho position, the
reaction presented a good activity (90 % yield at rt) but a low enantioselectivity (40% ee). By
contrast, reactions involving phosphonates or phosphine oxides afforded the expected products
with higher ees (84-85%). Computational studies carried out on the reaction of dimethyl 1-
bromo-2-naphthylphosphonate with o-tolylboronic acid in the presence of the Pd(KenPhos)
complex identified 14 possible transition states for the selectivity-determining reductive
elimination step. According to this study, the enantioselectivity control arises from a

combination of weak hydrogen bonding interactions between the phosphonate and hydrogen
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atoms from the tolyl moiety and the ligand backbone and steric interactions between the tolyl
and naphthylphosphonate groups.

Encouraged by these results, the same authors explored the synthesis of axially chiral biaryl
amides starting from aryl bromides possessing an ortho amide group [87]. Excellent yields and
ees in the 75-82% and 75-93% ranges, respectively, were obtained (Table 3.4) with
Pd(OAc)2/KenPhos, in THF at low temperature (rt to 50°C). The selectivity increased with the
steric hindrance of the amide substituents, the best results being obtained with a cumyl
substituent (CMe2Ph). Screening the influence of the cumyl amide structure, they observed that
both electron-rich and electron-poor phenyl amides were well tolerated in reactions with
naphthylboronic acid, with yields between 80 and 92% and ees between 88 and 94% (Scheme
3.9). However, the introduction of a methyl group at the 6-position (R’ = 6-Me) induced a
significant drop in selectivity (48% ee). As the cumyl protecting group can be readily removed
(TFA at rt) to produce the corresponding primary amine, this strategy offers an easy access to
various axially chiral amide compounds. Notably, axially chiral heterocyclic biaryl compounds
could also be prepared for the first time with this methodology, with the synthesis of a pyridine
derivative (Scheme 3.10).

Baudoin et al. compared the efficiency of KenPhos (21) to that of analogous ligands (22a-
d) for the synthesis of intermediates of biologically relevant molecules (Scheme 3.11) [88]. In
this reaction, the KenPhos ligand (21) offered the best activity/selectivity compromise (56%
yield and 40% ee). Higher ees were obtained with ligands 22b and 22c in the coupling of diethyl
1-bromo-2-naphthylphosphonate with  2-methyl-1-phenylboronic acid, underlying the
influence of the reagent structure on the selectivity (Scheme 3.12). However, their activity (5-
37% yield) and selectivity (77-81% ee) still remained lower than those obtained with KenPhos

(21) (93% vyield, 87% ee).
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In 2012, Qiu et al. reported the synthesis of new atropisomeric P,N ligands (23a-c — Figure
3.3) presenting an axial chirality induced by a chiral bridge [89]. A screening of the solvent, the
base and the nature of the ligand for the coupling of 4-methoxy-1-naphthylboronic acid with
diethyl 1-bromo-2-naphthylphosphonate was first realized (Table 3.5). Ligand 23a (Cy)
presented the best activity whereas 23b (Ph) allowed to reach the higher selectivity (up to 82%
ee). However, ligand 23c, with bulkier tBu phosphine substituents, led to both low activities
and selectivities (entries 1-3). Among the different solvents, THF appeared superior to toluene,
dioxane or DME (entries 3-6). Encouraged by these results, they studied the influence of
differently substituted phenyl- or naphthylboronic acids and different 1-bromo-2-
naphthylphosphonates in THF. With ligands 23a-b, activities in the 55-98% range and good

selectivities (48-82 % ee) were obtained.

c) P,O ligands with axial chirality

The commercial MOP ligand (9) was one of the first P,O ligands applied in the
atroposelective Suzuki-Miyaura synthesis of biaryl intermediates of biologically relevant
molecules by Baudoin et al. in 2003 (Scheme 3.11) , but the selectivity remained lower (51%
yield and 7% ee) than with the P,N KenPhos ligand (21) (56% yield and 40% ee).

More recently (2011) Dai et al. prepared a series of original atropisomeric naphthylamide-
derived phosphines which possess a hemilabile character (24a—d, Figure 3.4) [90]. The
structure and absolute configuration of ligand (aR)-24d were determined by X-Ray diffraction
analysis. 24c and 24d allowed reaching chiral biaryl compounds with good yields (> 95%) and
enantioselectivities (72-84% ee) under mild conditions (Scheme 3.13).

In 2012 Qiu et al. synthesized a series of P,O chiral-bridged atropisomeric phosphines
(25a-g - Figure 3.4) which gave good results in the synthesis of diethylphosphonate-substituted

binaphthyls [91]. Under optimized conditions (Scheme 3.14), very good selectivities were
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obtained (71-88% ee), higher than with MOP (9) (46% ee) or KenPhos (21) (57%). 25d was
the most efficient ligand of this family and its use allowed reaching excellent yields (92-98%)
and ees (78-97%) with several boronic reagents at only 20°C in toluene (120 h). Various
catalysts proved efficient in the asymmetric Suzuki-Miyaura synthesis of substituted biaryl
compounds. However, the process efficiency strongly depends on the nature of the aryl group
substituents and most of them involve phosphonate, nitro, alkoxy or alkyl groups which limits
the possibilities of further transformations. In order to enlarge the scope of accessible chiral
biaryls products, Qiu et al. investigated the synthesis of multifunctionalized axially chiral
biaryls having either a phosphonate or nitro group and a formyl group (versatile functional
group in organic synthesis) or alkoxy group at the C2/C2’ positions (Schemes 3.15 and 3.16)
[92]. The ligands (25-27) and reagents were first screened to determine the best conditions in
order to explore the influence of aryl halide and aryl boronic acid substituents on both activity
and enantioselectivity. The best results were obtained in toluene at 50°C using ligand 25h or
electron-rich phosphines (26 and 27) analogous to the MOP ligand (9). Ligand 26 (CyMOP)
gave the best results with 93% yield and 96% ee for the coupling of diethyl 1-bromo-2-
naphthylphosphonate with 2-formylphenylboronic acid (Scheme 3.15). Its use allowed
accessing multifunctionalized axially chiral biaryls bearing phosphonate and formyl groups in
good yields (34-97%) and excellent ees (86-96%) (Scheme 3.16). As the best selectivities were
obtained with formyl-substituted aryl halides, DFT calculations were carried out on this type of
substrates in order to determine the origin of the enantioselectivity during the reductive
elimination step [92b]. According to these, both palladium-hydrogen bond (from the formyl
group) and palladium-oxygen bond (from the phosphoryl group) are involved in the transition

state and should control the enantioselectivity of the coupling product (Figure 3.6).

3.2.2 P,X ligands with planar chirality
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Since the pioneering work of Cammidge on the enantioselective Suzuki-Miyaura coupling,
various ligands presenting planar chirality have been reported in the literature. Most of them
are P,P (Figure 3.7), P,N (Figure 3.8), P,O (Figure 3.9) and P,aryl (Figure 3.10) bifunctional

ligands and possess a ferrocenyl backbone.

a) P,P ligands with planar chirality

Between 2000 and 2004, Cammidge et al. reported the use in asymmetric Suzuki-Miyaura
of two different diphosphines presenting planar chirality (Scheme 3.17) [50,81]. The ferrocenyl
bidentate ligand (S)-(pR)-BPPFA (3), which did not yield 2,2’-dimethyl-1,1’-binaphthyl with
high levels of enantioselectivity in the Kumada-Tamao-Corriu coupling, was not successful
either when used in the Suzuki-Miyaura reaction (3 mol% PdCl2/3mol% (3) and Ba(OH) in
refluxing DME) as only 4% ee of 2-methyl-1,1’-binaphthyl were reached. A slightly better ee
was obtained in the presence of CsF (17%) but to the detriment of yield (13%). The marked
difference with the P,N ligand PPFA (2), which showed great efficiency (see 3.2.2.b), could
come from the fact that ligand 3, despite the presence of a nitrogen atom, is a P,P ligand and
probably coordinates more strongly via the two P donor atoms. Similarly, the Josiphos ligand
28a (Figure 3.7) [93], which is very efficient in several asymmetric catalytic reactions
[94,95,96], was inefficient for the asymmetric Suzuki-Miyaura coupling [81] as a very poor
yield (6%) of the racemic binaphthyl was reached.

Using a strategy closely related to that of the dynamic kinetic Suzuki-Miyaura cross-
coupling, Stolz, Virgil et al. reported a palladium-catalyzed atroposelective C-P coupling
toward the synthesis of QUINAP [49]. Several chiral diphosphines were tested in the dynamic
kinetic resolution of an atropoisomeric bromo substrate (Scheme 3.18). The ferrocene-based
ligand 29 (Figure 3.7) was particularly efficient with a selectivity factor (k¢/ks) up to 154. The

kinetic resolution of a similar triflate substrate was also tested (Scheme 3.19). With Josiphos-
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type ligands, a dynamic kinetic asymmetric transformation occurred : the ee of the product was
different from 0% at full conversion. The best ee was obtained with ligand 28b (Figure 3.7).
Using an enantiomerically pure substrate, the ee of the product could be increased to 99% for
the matched enantiomer and the recovered substrate was still enantiomerically pure, showing
that no racemization of the substrate happens during the reaction. The dynamic phenomenon

observed can be explained by a racemization of the arylpalladium intermediate.

b) P,N ligands with planar chirality

Cammidge et al. were also the first to use P,N ligands with planar chirality in the
asymmetric Suzuki-Miyaura coupling (Figure 3.8) [50,81]. It was shown in section 3.2.2.a that
the P,P ligand 3 gave good yields (up to 73%) but low enantioselectivities (4-17% ee) of 2-
methyl-1,1°-binaphthyl. The P,N PPFA ligand 2, possessing planar and central chirality, gave
better results, in terms of enantioselectivity (up to 85%), than 3 or BINAP 6 (Scheme 3.17). To
explain these results, a possible coordination of the N atom of the ligand on the boron atom of
the boronic derivative before the transmetalation step was proposed.

With the intention of studying the impact of backbone modifications on the PPFA ligand
2, Baudoin et al. [88] reported in 2003 the synthesis and use of ligand 30 for the asymmetric
Suzuki-Miyaura synthesis of biologically relevant intermediates (see Scheme 3.11 for reaction
conditions). The substitution of the phenyl groups on the phosphine moiety by cyclohexyl
groups did not dramatically change the yield (28% versus 38%) nor the enantioselectivity (8%
versus 5%). Interestingly, both ligands gave much lower ees than atropisomer ligands 21
(KenPhos) and 22a (around 40% ee). As with KenPhos-type ligands, the coupling of diethyl 1-
bromo-2-naphthylphosphonate with 2-methyl-1-phenylboronic acid (see Scheme 3.12 for

reaction conditions) gave higher enantioselectivities, underlying the strong influence of the
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substrate structure on the selectivity. In this reaction, ligand 2 (60% yield, 44% ee) appeared to
be slightly more efficient than ligand 30 (79% vyield, 24% ee).

The PPFA ligand 2 allowed reaching good enantioselectivities, however the reaction times
required to obtain total conversion of the naphthyl halide were important (up to 6 days). Espinet
et al. tried to address this issue by proposing a micro-wave irradiation as an alternative to the
traditional oil bath heating (Table 3.6) [97]. With this method, reaction times were dramatically
improved (from 6 days to a few hours), but unfortunately where the yields were preserved,
enantioselectivities were lowered.

Espinet et al. also studied a parameter that Cammidge et al. had considered as problematic:
the use of a naphthylboronic acid with a sterically hindered naphthyl halide. Indeed, the latter
observed a non-negligible amount of deboronation product during the coupling of such naphthyl
halides and explained their choice to use boronic esters. In order to provide an alternative to the
rather sensitive boronic esters, they reported a purification procedure of naphthylboronic acids
[98] that improved dramatically the efficiency of the catalytic reactions (from traces of coupling
products before purification to up to 95% yield) under the same conditions than those reported
by Cammidge et al [50]. During this study, they also investigated the modifications of the PPFA
ligand (2) backbone on the catalytic efficiency. Thus analogues of the PPFA ligand possessing
different steric or electronic properties, ligands 31 and 32 (Figure 3.8), were evaluated in the
asymmetric coupling of naphthyl bromides with several boronic acids (Scheme 3.20). The
nature of the palladium precursor was also looked into. The tuning of the stereoelectronic
properties of the phosphine substituents or of the substituent at the o position to the amino group
did not allow reaching higher yields or enantioslectivities. However, the nature of the palladium
precursor had a non-negligible effect on the reactions. In general, whereas cationic palladium

complexes provided higher enantioselectivities, neutral palladium complexes led to better
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yields. Nevertheless, a large amount of palladium precursor (up to 10 mol%) was always

necessary to achieve these couplings in good yields and enantioselectivities.

c) P,O ligands with planar chirality

The utility of hemilabile ligands for the (asymmetric) Suzuki-Miyaura reaction has been
demonstrated by several authors, for example Hor [72,73], Dai [90] and Qiu [91,92], although
planar chiral P,O ligands have been less exploited than the corresponding P,N ligands for the
asymmetric version.

In 2000, Cammidge et al. studied the catalytic efficiency of ligand 4a (Figure 3.9) for the
first time in asymmetric Suzuki-Miyaura reactions [50]. Ligand 4a, first developed by Hayashi
[99], presents planar and central chirality, and gave high yields and enantioselectivities in the
asymmetric Kumada-Tamao-Corriu coupling reaction [100]. However, the use of 4a in
asymmetric Suzuki-Miyaura reactions gave poor ees (up to 17%) despite good activities (up to
82%). In order to explain the differences between the two catalytic reactions, a possible
interaction between the methoxy group of the ligand (4a) and the magnesium atom of the
Grignard reagent was suggested, allowing a good stereocontrol in the Kumada-Tamao-Corriu
coupling, interaction that was not present with the boronic derivative in the Suzuki-Miyaura
coupling.

Driven by Buchwald’s observations about the unique reactivity of dialkylbiarylphosphines,
Johannsen et al. evaluated the catalytic efficiency of a series of electron-rich aryl-ferrocenyl
(pseudo-biarylic) dialkylphosphines with planar chirality (Figures 3.9 and 3.10) [101].
Amongst these ligands, 33 (Figure 3.9) presents an oxygen atom in a position that may allow
its coordination to the metal center. Its use in the asymmetric Suzuki-Miyaura coupling of 1-
bromo-2-methylnaphthalene with 2-methyl-1-naphthylboronic acid in toluene at 70°C for 24 h

gave moderate results (30% yield and 46% ee).
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Shortly thereafter, Baudoin et al. [88] reported the use of the same ligand (S)-33 as an
HBF4 adduct (phosphonium salt) for the coupling of diethyl 1-bromo-2-naphthylphosphonate
and 2-methyl-1-phenylboronic acid (see Scheme 3.12 for the reaction conditions). After 44 h at
70°C in toluene, the coupling product was obtained in 52% yield and only 3% ee, which is
much lower than that obtained with KenPhos-type ligands (21, 22) or P,N ligands with planar
chirality (2 and 30).

In 2010, Schaarschmidt and Lang prepared a series of planar chiral ferrocenyl aryl ethers
that should allow the formation of 5-membered palladacycles and evaluated these ligands for
the coupling of various aryl halides with substituted phenylboronic acids [102]. They were
presented as hemilabile bidentate P,O ligands, however they used 2 equivalents of ligand per
palladium, restricting the possibility of bidentate coordination due to the stronger coordination
ability of the phosphorus atom. The ligands proved particularly active for the coupling of
chloroarenes and sterically hindered substrates. However when an enantioenriched version of
ligand 34 (37-40% ee) was engaged in the coupling of 1-bromo-2-methylnaphthalene with 2-
methoxyphenylboronic acid in the presence of Pd»(dba)s (0.5 mol% in Pd, Pd/L* = 1/2),
reasonable yields of the biaryls were obtained (54% at 50°C and 91% at 100°C) but ees were
very poor (1-4%). One obvious explanation would be the low ee of the chiral ligand, but the
enantiopure version of the latter was not described.

Recently, Deydier, Manoury et al. [103] reported a kinetic study using P,O ligands bearing
planar or planar and central chirality, 35 and 36 (Figure 3.9), with a different steric hindrance
on the oxygen atom, for the asymmetric Suzuki-Miyaura coupling of 1-bromo-2-
methylnaphthalene with naphthylboronic acid (Scheme 3.21). These preliminary results
showed that the most crowded ligand 36 (slower kinetics), presenting both planar and central
chirality, afforded the best results with 60% conversion and 37% ee at 40°C in toluene after 2

h (75% conversion after 24 h with a total selectivity in the expected product).
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d) P,aryl ligands with planar chirality

In 2003, Johannsen et al. reported the synthesis and application in the Suzuki-Miyaura
coupling of a series of electron-rich aryl-ferrocenyl dicyclohexylphosphines [101] (37, Figure
3.10, Scheme 3.22) considered as pseudo-dialkylbiarylphosphines such as those developed by
the group of Buchwald. A preliminary study on the non-enantioselective version of the Suzuki-
Miyaura coupling of several activated or non-activated chlorobenzenes with phenylboronic
acids gave high yields (up to 96%) with a moderate catalyst loading (2 to 5 mol%). This study
also showed the influence of the L/Pd ratio on the catalytic activity and put forward a possible
interaction between the aryl group of the ligand and the palladium center that could stabilize
and activate Pd(0) intermediates during the catalytic cycle. Those ligands were used in the
asymmetric Suzuki-Miyaura coupling of 1-bromo-2-methylnaphthalene and 2-methyl-1-
naphthylboronic acid in toluene at 70°C during 24 h (Scheme 3.22). The best results of 65%
yield and 54% ee were obtained when ligand 37b was involved.

A new sterically bulky ferrocenyl phosphine (S)-38 has been recently designed by Lang et
al. (Figure 3.10, Scheme 3.23) [104]. This ligand presents a phosphorus atom and an alkene
functionality that could both coordinate to the metal, thus giving it a hemilabile character.
However the addition of two equivalents of ligand on PdCl> gave a complex presenting only P
coordination, as confirmed by NMR and X-ray diffraction analysis. A similar coordination
mode should occur during the catalytic reaction as the same metal/ligand ratio (1:2) is
maintained. The use of ligand (S)-38 in the synthesis of various congested biaryls allowed
reaching good yields (52-99%) under relatively mild conditions (50-70°C) with low catalyst
loadings (0.1-0.5 mol% in Pd) albeit with poor to moderate ees (0-36%) (Scheme 3.23). When
the reaction was carried out in the presence of mercury as test reagent for the presence of

nanoparticles, the yield dropped from quantitative to 60% after 1 h. As no change was observed
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in the presence of poly(4-vinylpyridine), the reaction could be solely made by the molecular
complex. However, the presence of nanoparticles cannot be completely excluded since
Pd>(dba)s was used as precursor and Ananikov et al. showed that this compound always

presents a mixture of molecular complex and nanoparticles [105].

3.2.3 P ligands with other types of chirality

a) Monophosphorus ligands

Even if polydendate ligands are most frequently used in asymmetric synthesis, some
efficient monophosphine ligands, presenting good to excellent enantioselectivities, have been
reported in the literature.

In their first paper dealing with the asymmetric Suzuki-Miyaura reaction [51], Buchwald
et al. studied the activity and selectivity of two axially chiral monophophorus ligands (39,
Figure 3.11). Both ligands presented higher activities but lower selectivities (23-62 % ee) than
analogous P,N bidendate ligands (Table 3.3 entries 6-7).

Baudoin et al. reported the synthesis of new aryldialkylphosphine ligands (phosphetane
ligands) presenting two chiral centers (40, Figure 3.11) [88]. Their use in the synthesis of
biologically relevant molecule intermediates (Scheme 3.11) or in the coupling of diethyl-(1-
bromo-2-naphthyl)phosphonate with 2-methyl-1-phenylboronic acid gave again low
selectivities (0-40% ee) compared to KenPhos (21) or analogous P,N ligands (22).

A few months later, Cammidge et al. explored the efficiency of a series of new
monophosphine ligands (49 — Figure 3.12), presenting both a biaryl substituent and chirality at
phosphorus, for the coupling of 1-iodonaphthalene with 2-methyl-1-naphthylboronic acid in the
presence of 3 mol% PdClI, and 6 mol% ligand in a refluxing DME/H20 mixture [81]. After 17
h, good yields (40-83 %) and poor enantioselectivities were obtained (4-24 %). As the

selectivity remained lower than with ferrocenyl P,N ligand 2 (Figure 3.8), with which 43 %
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yield and 63 % ee were obtained under the same conditions (Scheme 3.17), the authors
speculated that the amine nitrogen could serve to deliver the boronate via a N-B interaction and
that transmetalation may be the key step of the reaction.

In 2009 Uozumi et al. published the synthesis and catalytic applications of new
imidazoindole-phosphine ligands (41, Figure 3.11, Scheme 3.24) [106]. They gave excellent
stereoselectivities (72-94% ee) in the coupling of 1-iodo-2-methylnaphthalene or 1-chloro-2-
methylnaphthalene with 2-methyl-1-naphthaleneboronic acid in toluene at 100°C with 10 mol%
Pd(OAc)2 and a 1:1 Pd/L* ratio after 5 h. Interestingly, the immobilization of ligand 41c on a
polystyrene-poly(ethyleneglycol) copolymer (PS-PEG) resin allowed performing the reaction
in water with excellent enantioselectivities (88-94% ee) and to recycle the catalyst four times
without loss of selectivity.

The highly enantioselective synthesis of axially chiral biarylphosphonates by Suginome et
al., using helically chiral polyquinoxaline-based phosphines (PQXphos), showed the potential
of macromolecular ligands for this catalysis (Scheme 3.25) [107]. They prepared 20 mer-based
block copolymers by living block copolymerization of a chiral spacer monomer and a
phosphorus-containing monomer in a presence of a chiral initiator (42). 1000 mer-based high
molecular weight block copolymers (43) were also prepared by living random
copolymeristation of the chiral and the phosphorus-containing monomers in a 950/50 ratio
using an achiral organonickel initiator. Their use in asymmetric Suzuki-Miyaura coupling
showed a 10% ee increase when the reaction temperature decreased from 80°C to 40°C, and
macroligands 43 gave excellent enantioselectivities, slightly higher than analogues 42 (around
+5%). All ligands possessed a pure right-handed (P) helical structure with an (R) phosphine.
However, the helical direction of the high molecular weight PQXphos (P)-(R)-43 ligand is
easily switchable to the left-handed (M) helical structure giving rise to the PQXphos (M)-(R)-

43 ligand by heating a solution of PQXphos (P)-(R)-43 ligand in 1,1,2-trichloroethane/THF.
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Interestingly the use of these two ligands, (P)-(R)-43 and (M)-(R)-43, produced the opposite
(S)- and (R)-biaryl products with similar ees (98 and 90% ee).

In 2011, luliano et al. reported the application of some biaryl phosphites derived from
deoxycholic acid (44) in asymmetric Suzuki-Miyaura cross-coupling [108]. The ees observed
were moderate (< 55%) but they observed, like in previously reported studies, that the choice
of the base and its amount, among the different reaction parameters, were crucial as variations
up to 19% ee were measured for the synthesis of 2-methyl-2’-methoxy-1,1’-binaphthyl in a
given solvent.

Iwasawa et al. also investigated sterically very hindered phosphonites possessing axially
chiral substituents (45, Figure 3.11, Scheme 3.26) [109]. Remarkably, very good yields
(average yield > 85% after 3-7 hours) and ees up to 78% were observed in the coupling of less
reactive aryl chlorides with various boronic acids at rather low temperatures (< 90°C) with only
0.25 mol% of palladium.

More recently (2013), Claver et al. described the synthesis of a series of new chiral
monodentate phosphorus ligands (46-48 — Figure 3.11). However, their application in
asymmetric Suzuki-Miyaura gave only moderate ees (< 35%) [110].

Interestingly, new monophosphine ligands bearing a chiral phosphorus atom and
presenting very good activities and excellent selectivities (up to 99% ee) were reported recently
by Tang et al. (50-51 — Figure 3.12, Scheme 3.27) [111,112]. Enantioselectivity (72% to 94%)
increased sharply upon varying the R substituent of the aryl bromide from R=P(O)Ph; to
R=BOP, and this suggested a significant polar-= interaction between the highly polarized BOP
group and the extended 7 system of the boronic acid partner during the reductive elimination
step.

Lassaletta, Fernandez et al. used phosphoramidate 52 in an interesting example of dynamic

kinetic Suzuki cross-coupling reaction (Figure 3.12, Scheme 3.28) [48]. The triflate used for

Page 33



the reaction is configurationally stable and was used as racemic mixture. The substrate could
be fully converted into the expected product with up to 92% enantiomeric excess. The ee’s of
the product were far from 0%, value which should be obtained if each enantiomer of the
substrate was transformed independently, showing some equilibration during the reaction,

probably between the two arylpalladium intermediates.

b) Bidendate P,X ligands

In 2004, Cammidge et al. investigated the use of diphosphine ligands (53a-b - Figure 3.13)
bearing two chiral phosphorus atoms for the coupling of 1-iodonaphthalene with 2-methyl-1-
naphthylboronic acid with 3 mol% PdCI, and 6 mol% ligand in a refluxing DME/H20 mixture
[81]. However they gave poor yields (7-10 %) and optical purities (4-11 %) compared to
monophosphines 49a-c (Figure 3.12) and P,N ferrocenyl ligand 2 (Figure 3.8) also assessed in
this study under the same conditions.

Lassaletta et al. synthesized a series of phosphino-hydrazone ligands derived from a C»-
symmetric hydrazine (54a-h, Figure 3.13) that exhibit excellent activities and good
enantioselectivities at room temperature in toluene (Scheme 3.29) [113]. A similar ligand
presenting an oxazoline group (55) was also prepared but no ee was observed. Ligands 54a and
54c afforded the best enantioselectivities (up to 80% ee) and were assessed in the coupling of
various aryl halides and aryl boronic acids. 54a was also used by Donohoe et al. for the synthesis
of a tetracyclic streptonigrin intermediate by asymmetric Suzuki-Miyaura coupling [84].
Moderate enantioselectivities were obtained, 42% and 29% ee at 40°C and 60°C, respectively,
but these values were slightly higher than the selectivities obtained with BINAP and KenPhos-
type ligands. Phosphino-hydrazone ligand 54a was also used in a dynamic kinetic Suzuki cross-

coupling reaction (see Scheme 3.28) [48]. After 3h of reaction, the substrate was fully converted
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into the expected product but with a moderate ee (34%), much lower than those reported with
phosphoramidate ligand 52.

More recently, Claver et al. compared the efficiency of various new bidendate P,P ligands
based on a carbohydrate structure (56-58) to that of known ligands 1 and 59 for the coupling of
iodonaphtalene with an ortho-substituted naphthylboronic acid [110]. The use of the iodide
reagent allowed reaching excellent activities, however enantioselectivities remained moderate
(less than 37% ee).

The DIOP ligand 1 was also evaluated by Fujihara et al. using palladium nanoparticles (Pd
NPs) but this system gave lower activities and enantioselectivities than BINAP-type or
SEGPHOS ligands used under the same conditions (10% ee compared to 58% and 32% ee,

respectively) [85].

3.2.4 N,N ligands

Phosphorus-based ligands are undoubtedly privileged ligands for the asymmetric Suzuki-
Miyaura reaction, thanks to their rich coordination chemistry with palladium and the important
number of chiral representatives. The use of phosphorus-free ligands in the palladium-catalyzed
asymmetric Suzuki-Miyaura reaction is still relatively uncommon and few papers report highly
enantioselective processes. In this category, N,N ligands were among the first to be evaluated
in the asymmetric version of the Suzuki-Miyaura reaction.

Axially chiral diamine ligand (R)-(+)-BINAM 60 (Figure 3.14) was used as early as 2000
by Cammidge et al. (3 mol% 60/PdClIy>) in the presence of Ba(OH)2 in DME/H0 at reflux, but
proved inefficient as the expected 2-methyl-1,1’-binaphthyl was obtained as a racemic mixture
in a very low 9% yield, while Co-symmetric (1R, 2R)-DIAMCY 61 did not furnish the product

at all in the same conditions [50,81].
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Co-symmetric Phebox ligands had been used successfully by Nishiyama in a wide variety
of catalytic reactions such as allylation [114], hetero Diels-Alder [115], Michael reactions
[116], etc, therefore lwasa et al. decided to evaluate the (SS,SS)-(sBu-phebox) ligand (Figure
3.14) in the asymmetric Suzuki-Miyaura reaction [117]. Various naphthyl iodides and two
naphthylboronic acids were used in the presence of 5 mol% catalyst 62 and K>COs in 1,2-
dichloroethane. Moderate to good yields were generally obtained and a better yield was reached
when the substituent was borne by the naphtyl iodide rather than the boronic acid. Lowering
the temperature from 80 to 50°C did not bring any real improvement to enantioselectivity and
the best ee obtained was 49%. With this pincer ligand the mechanism is suspected to proceed
via a Pd(I1)-Pd(IV) cycle rather than the usual Pd(0)-Pd(ll) cycle.

An important improvement was brought by Lassaletta et al. in 2008 with the synthesis of
a series of Co-symmetric bis-hydrazones (Scheme 3.30) [118]. The reaction conditions (5 mol%
catalyst 63-65, Cs2COs in toluene) were applied to a variety of substrates and allowed reaching
very high enantioselectivies, particularly with complex 64. The reactions could even be carried
out at room temperature to improve the ees, albeit with extended times and generally lower
yields. The choice of the reagent in excess also proved important since better yields were
obtained with an excess of aryl halide, while higher enantioselectivities were observed with an
excess of arylboronic acid. The high efficiency of these systems was attributed to the intrinsic
features of the ligands, i.e. C> symmetry, a limited flexibility about the N-N bonds, an important
steric crowding that helps stabilize the intermediate Pd(0) species and finally a high electron
density that is usually beneficial to the oxidative addition step. Interestingly, due to the high
stability of the complexes, the presence of water and oxygen was not detrimental to the catalysis
in most cases.

Finally, a series of non-Cz-symmetric N-heterocyclic pyridylmethylamines was described

by Prim et al. in 2011 and the corresponding palladium complexes were evaluated in the
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asymmetric Suzuki-Miyaura reaction (Scheme 3.31) [119]. Only chiral complexes bearing two
stereocenters were used. Classical reaction conditions were applied (5 mol% catalyst 66a-e,
Cs2C0s, 80°C in a ternary mixture of solvents) and conversions were good to excellent.
However, a non-negligible amount of dehydrohalogenation product was observed whatever the
catalyst used, even becoming the major product in the case of complex 66e. In the latter case,
the presence of the dangling —OH functionality on the ligand was put forward to explain the
poor results. Low to moderate ees were obtained (8-40%) and a match-mismatch effect was
observed with most pairs of diastereomeric complexes. This effect was attributed to the pseudo-
benzylic stereocenter the configuration of which seems to play a role in the enantio-

discriminating step.

3.2.5 NHC ligands

Considering the growing importance of N-heterocyclic carbene (NHC) ligands in catalysis
in the last fifteen years and their extreme efficiency in the Suzuki-Miyaura reaction [120], it
was only logical to see the emergence of chiral NHCs for its asymmetric version [121].

Less common than NHCs, partly due to a more challenging synthesis, acyclic
diaminocarbenes (ADCs) have interested several groups as they are generally more strongly
donating and sterically demanding ligands [122]. Hong et al. took advantage of these specific
properties and prepared a series of ADC-Pd complexes for the Suzuki-Miyaura reaction, which
usually benefits from catalysts bearing bulky, strongly donating monodentate ligands (Scheme
3.32) [123]. Unfortunately, the catalysts were not as active as expected, requiring 3 mol% at
65°C to efficiently couple hindered substrates in 20 h. Chiral representatives 67-69 were
evaluated in the model reaction of 1-bromo-2-methoxynaphthalene with napthylboronic acid

but none gave more than 4% e.e.
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The first example of a chiral NHC used in asymmetric Suzuki-Miyaura was reported in
2010 by Labande et al., followed by an extended study in 2014, and consisted of planar chiral,
bidentate NHC-phosphine ligands where the chirality was brought by ferrocene (Figure 3.15)
[124]. Either neutral or cationic palladium complexes 70-72 were evaluated in the asymmetric
Suzuki-Miyaura reaction and the substituents around the NHC were changed in order to
measure the effect of stereoelectronic parameters on activity and enantioselectivity. Among the
advantages of these complexes are their stability toward air and moisture and the low catalyst
loadings (0.1-0.5 mol%) that allowed getting the expected binaphthyls with good to excellent
yields at moderate temperatures (40-70°C). The enantioselectivities, however, did not exceed
46% whatever the structure of the ligand and the complexes were not active with naphthyl
chlorides. The naphthyl bromide bearing a phosphonate substituent at the 2-position, widely
used in asymmetric Suzuki-Miyaura reactions, did not lead to the expected product but gave
instead a non-negligible amount of the dehalogenated product. This side-reaction has already
been observed under the conditions of the Suzuki-Miyaura coupling with BINAP (6) and could
indicate that the oxidative addition takes place but the subsequent transmetalation step does not
occur [51]. Qiu et al. also observed that BINAP was totally ineffective for the coupling of
diethyl 1-bromo-2-naphthylphosphonate with 2-formyl phenylboronic acid, although they did
not specify whether the naphthyl bromide was consumed or simply did not react under these
conditions [92].

Other examples were described shortly after this first report. In 2012, Zhang et al. prepared
a palladium complex bearing a chiral bis-NHC based on the Cz-symmetrical 1,2-
cyclohexanediamine structure (Figure 3.15) [125]. Moderate to excellent yields of 2-methyl- or
2-methoxy-1,1’-bipnaphthyl were obtained with 2 mol% palladium complex 73a in the
presence of Cs,COz in DMA and reasonable levels of enantioselectivities (up to 61%) were

reached at 80°C. Lowering the temperature to 25°C increased the selectivity (70% ee), albeit
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with a very long reaction time (7 days) and low yield (19%). In 2014, a series of similar ligands
73-75 were synthesized and the influence of sterics on the enantioselectivity was evaluated for
the reaction of 1-bromo-2-methoxynaphthalene with naphthylboronic acid [126]. Both neutral
and cationic palladium complexes were used but the nature of the co-ligand had little influence
on the yields (conditions: Cs2COz, THF, 65°C), except with 75b which afforded the expected
binaphthyl with a lower yield. Catalyst 73i did not furnish any binaphthyl: this was explained
by the presence of two free hydroxyl groups on the ligand, which can be deprotonated in the
presence of Cs,COs3 to give a tetracoordinated palladium complex bearing a L2X> ligand,
probably inactive in the Suzuki-Miyaura reaction. Finally, CsF/THF was chosen as the
base/solvent couple yielding the best compromise between activity and enantioselectivity for
most catalysts, although carbonate bases gave the bipnaphthyl with often better ees. Depending
on the R substituent on the dangling oxygen atom of the ligand, ees varied from 11 to 45%: the
existence of noncovalent interactions between aromatic rings in the ligand could be responsible
of the different levels of enantioselectivity observed. These conditions were then applied to
other substrates with catalyst 73e. As observed in other reports, increasing the steric bulk on
the boronic acid partner became problematic since the reaction of 1-bromo-2-
methoxynaphthalene with a naphthylboronic acid bearing a methyl substituent failed to produce
the expected binaphthyl. It is interesting to note that this catalyst proved active for the coupling
of less activated 1-chloro-2-methoxynaphthalene, giving the binaphthyl with the highest
enantioselectivity (64%) in a moderate yield (55%).

The first chiral monodentate NHC ligands used in asymmetric Suzuki-Miyaura cross-
coupling were reported in 2012 by Cao, Shi et al (Figure 3.16) [127]. Their structure is based
on that of commercially available L-phenylalanine and the chiral center is situated on the
skeleton of the heterocycle. Palladium complex 76 was thus evaluated for the coupling of 1-

bromonaphthalene with naphthaleneboronic acid. Complex 76 showed a very good activity for
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this reaction since the expected binaphthyl was obtained in quasi-quantitative yield with a low
catalytic charge (0.5 mol%, in the presence of 3 eq. KOH in dioxane at 100°C), however a
disappointing 5% ee was observed. One reason for this low enantioselectivity may be the
remote position of the chiral center from the palladium.

In 2013, Dorta et al. used monodentate chiral NHCs bearing bulky naphthyl wingtips
substituted with cyclooctyl or 4-heptyl groups (Figure 3.17) [13]. The former had previously
given interesting results in palladium-catalyzed asymmetric intramolecular o-arylation
reactions [128]. All the palladium complexes evaluated in the asymmetric Suzuki-Miyaura
reaction were diastereomerically pure. Among the four complexes tested in the model reaction
between 1-bromo-2-methoxynaphthalene and naphthylboronic acid, only one of the three
diastereomers ((aS,aS)-10) showed a promising 60% ee. After optimization of the reaction
conditions with 1-bromo-2-methylnaphthalene, the use of other substrates did not improve this
value and raising the catalytic charge from 2 to 5 mol% had a negative effect on the selectivity.
Complex (aS,aS)-10, however, showed good activities with naphthyl chlorides and substituted
naphthylboronic acids.

Sterically bulky monodentate chiral NHCs have also been designed recently by Kiindig et
al. and the catalytic activity of the resulting air and moisture-stable chiral PEPPSI complexes
78-80 (Figure 3.17) was studied in asymmetric Suzuki-Miyaura (Scheme 3.33) [129].
Compared to the systems developed by Dorta et al., the introduction of a methylene bridge on
the wingtip substituents may give some flexibility while keeping the steric bulk and the chiral
centers are positioned closer to palladium. Both unsaturated and more synthetically challenging
saturated Pd-NHC complexes were developed. After optimization of the reaction conditions,
the best results were obtained with 5 mol% complex 80i in the presence of KOH in 1:1
dioxane/water. Surprisingly, the saturated analogue of 80i, 80s, was completely inactive under

the same conditions. A screening of substrates was then performed with 80i. It is noteworthy
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that most substrates — even less reactive naphthyl chlorides and 3-bromo-4-methylthiophene -
could be coupled in good yields at room temperature, while the amount of excess boronic acid
had some influence on activity but not on selectivity. Unfortunately, the use of substituted
naphthylboronic acids did not furnish any of the expected product (substituted phenylboronic
acids were more reactive). Moderate to good enantioselectivities were achieved, with up to 80%
ee for 2-methyl-1,1’-binaphthyl, which represents the best enantioselectivity so far with a

palladium catalyst bearing a chiral NHC.

3.2.6 Other ligands

The use of chiral dienes has been so far limited in asymmetric catalysis with palladium due
to the relatively weak coordination of olefins to palladium compared to rhodium or iridium.
Nonetheless in 2010, Lin et al. managed to synthesize a series of air-stable palladium(Il)
complexes bearing chiral diene ligands (81a-h) and evaluated their activity for the asymmetric
Suzuki-Miyaura reaction (Scheme 3.34) [130]. After an optimization study with model
substrates, i.e. 1-bromo-2-methylnaphthalene and naphthylboronic acid, the best results were
obtained with 5 mol% palladium catalyst 81d in the presence of Cs,COs at 80°C in toluene.
Reaction times were very short, since 0.5 h were generally necessary to obtain the expected
product in reasonable yields whereas most systems require 24 h. A fast ligand exchange was
observed on palladium and therefore the addition of 5 to 25% free ligand allowed reaching
higher yields and enantioselectivities. Finally, the reaction could be carried out at room
temperature with extended reaction times and allowed reaching a high enantioselectivity with
catalyst 81d (90% ee, 78% yield). The substrate scope was also studied with functionalizable
aryl bromides or even aryl triflate and relatively bulky boronic acids. Therefore moderate to
high ees were obtained at room temperature and in relatively short reaction times compared to

most systems, additionally with good to excellent yields. The presence of an ortho formyl group
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on the halide may be beneficial to the reaction and the justification is the existence of a weak
interaction between the palladium center and the oxygen atom, supported by spectroscopic

studies and similar observations by Buchwald [51] and Qiu [92b].

3.3 Conclusion

Since the pioneering work of Cammidge and Buchwald on the enantioselective Suzuki-
Miyaura coupling, many studies on the design of chiral ligands have been reported. In spite of
some successful examples reported here, a good stereocontrol in the asymmetric Suzuki-
Miyaura coupling remains difficult because of the high sensitivity of the reaction to the medium
(nature of the base, base concentration, metal precursor, solvent, temperature) and to the nature
of the substrates (steric crowding, polarity of substituents). Furthermore, no ligand really
emerges as universal and the catalytic charge is, more often than not, elevated (1-5 mol %). A
better understanding of the parameters that rule enantioselection is necessary and coupled
experimental, structural and theoretical studies would bring valuable information to address the
remaining challenges.

Despite the high steric hindrance of both substrates and reagents, the use of sterically
hindered ligands, mainly phosphines such as binaphthyl phosphines, ferrocenyl phosphines...
or more recently NHCs have increased the catalytic activity, allowing running reactions under
relatively mild conditions. However the use of less expensive and more available aryl chlorides
remains limited to a few examples. Hence, the design of new ligands remains a major challenge.
Compared to other ligands, the few recently used N-heterocyclic carbenes (NHC) have given
promising results and offer a wide synthetic space to explore.

As previously mentioned, the best ees are generally obtained with reagents and substrates
bearing polar moieties such as phosphonates, amides or aldehydes in the ortho position to the

reactive groups (halide or boronic acid). This limitation restricts the possible application field
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of the reaction. However, the problem can be partially overcome if we are able to synthesize
enantioenriched biaryl atropisomers presenting three different ortho substituents allowing
further selective modification via specific reactions to reach the expected compounds.
However, this strategy is highly time consuming as it increases the number of synthetic steps.
The role of the substituents in the enantioselectivity control remains difficult to anticipate and
theoretical studies tend to demonstrate that weak interactions involving those substituents are
important for controlling the correct orientation.

For industrial applications, the possibility to confine the catalyst in liquid (biphasic
synthesis) or solid phases (heterogeneized homogeneous reaction), allowing an easy catalyst
recovery and recycling, would be extremely valuable. To our knowledge, only two
heterogeneous reactions have been reported to date. Uozumi et al. supported a chiral
monophosphine on an amphiphilic resin (PS-PEG) and reported good ee (88%) with a slight
decrease of the yield from 90 to 86 % after four recycling runs. Fujihara et al. used various
diphosphine ligands with Pd nanoparticles (Pd NPs). The best results obtained with BINAP (42
—96% yield and 18 — 72 % ee) were even higher than with palladium complexes with BINAP.
These results also underline the question of the real nature of the active species in
enantioselective Suzuki-Miyaura coupling: molecular compound or nanoparticles. Some
systematic kinetics studies and catalyst leaching measurements would be valuable for potential
batch or continuous flow industrial applications.

Finally, the emergence in the last ten years of the C-H activation (or C-H functionalization)
of substituted aryls (instead of aryl halides) enlarges the scope of potential substrates, opening
interesting routes for the synthesis of chiral biaryl compounds. If the comments above
highlighted the complexity of the reaction they also underline the remaining challenges for the

near future.
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4 - Negishi cross-coupling reaction

The nickel- or palladium-catalyzed cross-coupling of alkyl electrophiles using organozinc
reagents has been well studied, particularly by Fu who developed the first asymmetric version
in 2005 [131]. However, the asymmetric coupling of sterically hindered aryl partners using
organozinc species has seldom been explored with only two examples reported by Espinet et
al. (Scheme 4.1) [97,132]. They presented the Negishi coupling of naphthyl derivatives as an
interesting alternative to the more common Stille and Suzuki cross coupling reactions, arguing
that, in the latter, side-reactions such as deboronation were important in the case of very
hindered substrates. Thus various 1-bromonaphthalenes and functionalized naphthylzinc
reagents were coupled in the presence of a palladium precursor and planar chiral ligand 2 [132].

Other chiral ligands were tested but none proved as efficient as 2. The reactions were
conducted at moderate temperatures with relatively high catalyst loadings (5 mol% Pd, 20
mol% ligand). On the whole, very good yields and moderate to high enantioselectivities were
obtained in reasonable reaction times. In terms of yields, these results compared favorably with
those obtained with analogous compounds under Suzuki-Miyaura conditions, which shows that
the Suzuki-Miyaura cross-coupling reaction may be more sensitive to sterics. However, no
improvement of enantioselectivities was observed in most cases.

In a subsequent paper, Espinet et al. showed that the use of microwave allowed to reduce
drastically the reaction times from several days to 45 min while maintaining the yields [97]. On
the other hand, enantioselectivities were somewhat lower, maybe due to the use of higher
temperatures (100°C against 50-60°C under “classical” conditions).

The limited number of reports may come from the fact that the asymmetric Negishi

coupling requires anhydrous conditions and the naphthylzinc species needs to be prepared in
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two steps from the corresponding substituted naphthalene through a lithiated species, which

could hamper the applicability of this reaction to other functionalized substrates.

5 - Direct C-H functionalization

In parallel to the development of ever more efficient catalytic systems for the traditional
cross-coupling reactions, the direct C-H functionalization of aryl compounds has emerged in
the last decade as a powerful new synthetic strategy [133]. Indeed, this step-economic reaction
circumvents the need for functionalized aryl halides and thus broadens the substrate scope.
Mostly palladium and rhodium complexes have been used to this aim and their efficiency has
been highlighted in several reviews [134]. Among the main drawbacks are the low reactivity of
the C-H bond and the lack of selectivity between competing C-H bonds. The presence of a
directing heteroatom on the substrate is therefore often required to allow the reaction to proceed.
Even more challenging is the direct coupling of two hindered aryl substrates and to date, only
three groups have investigated the generation of optically enriched biaryl structures by direct
C-H functionalization [135,136,137].

The first example was reported in 2000 by the group of Murai [135]. He proposed to
increase the rotational restriction between two rapidly interconverting atropisomers by metal-
catalyzed C-H bond activation of the achiral biaryl substrate and subsequent alkylation. Thus
the reaction of naphthyl pyridines and naphthyl quinolines with olefins was investigated in the
presence of a rhodium complex (Scheme 5.1). After optimization of the reaction conditions
with achiral complexes, [RhCl(coe)z]. was associated to the planar chiral ligand (S)-(pR)-
PPFOMe (4a), developed by Hayashi and already successfully applied in other asymmetric C-
C coupling reactions, for the asymmetric version. The reaction of 2-(1-naphthyl)-3-
methylpyridine with ethylene, in the presence of 5 mol% [RhCl(coe).]> and 30 mol% 4a in

toluene at 120°C, gave the expected coupling product in 37% yield after 20 h, with 49% ee.
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Lowering the temperature to 60°C was not successful since only traces of the product were
observed, and the use of ruthenium salt Ru(cod)(cot) instead of rhodium gave disappointing
results (15% vyield, 15% ee). The use of diphosphine (R)-BINAP (6) with [RhCl(coe)z2]> was
ineffective, whereas the mixed P,O ligand (R)-MeO-MOP (9) gave a moderate yield of 49%,
although with no asymmetric induction. The use of 1-(1-naphthyl)isoquinoline did not improve
the selectivity since only 33% yield and 22% ee were reached with ligand 4a.

Yamaguchi, Itami et al, disclosed the next report only in 2012. They screened several
ligands in the presence of Pd(OAc). and found that bisoxazolines were suitable for the coupling
of hindered substrates, namely 2,3-dimethyl thiophene and 2-methyl-1-naphthylboronic acid
(Scheme 5.2) [136a]. After optimization of the reaction conditions, they showed that the use of
10 mol% Pd(OACc)2 and chiral ligand 82 in the presence of 4 equivalents of TEMPO, in nPrOH
at 70°C in air, furnished the expected coupling product with 41% ee and 63% yield and an
excellent regioselectivity, thus reporting the first example of enantioselective C-H
functionalization to generate biaryls. The ee was raised to 72% using a bulkier substituent on
the boronic acid partner, to the detriment of yield. The reaction was optimized a year later as
the authors found that the use of iron phthalocyanine as co-catalyst (5 mol%) allowed avoiding
the use of stoichiometric TEMPO or any other chemical oxidant (Scheme 5.2) [136b]. The
influence of the chiral ligand was also further investigated and a mixed sulfoxide-oxazoline
palladium complex 83 proved to be the best choice, giving the expected coupling product in
61% yield and 61% ee, in DMACc at 70°C in air, although with a lower regioselectivity.

The strategy previously developed by Murai was investigated again in 2014 by the group
of You [137]. The reaction was catalyzed by a chiral Rh(l11) complex, successfully developed
by Cramer for C—H allylations of benzamides [138]. The coupling of 1-(naphthalene-1-
yl)benzo[hlisoquinoline with 2-vinylnaphthalene was chosen as model reaction, in the presence

of 84a-f/(BzO)2 (5 mol%) and Cu(OAc)2 (2eq.) as oxidant, in MeOH at 80°C (Scheme 5.3).
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Complexes 84a and 84c gave the best results (99% yield and 72% ee) and the use of 20 mol%
Cu(OAc)2 and 1 eq. Ag2COs allowed increasing the enantiomeric excess to 80% with 84a. The
substrate scope was then investigated under the optimized reaction conditions. The ees reached
86%, while using very hindered substituents on the naphthalene ring of the
benzo[h]isoquinoline or on the olefin decreased the yield (24% and 45%, respectively). A few
of the enantioenriched biaryls thus generated were successfully used as ligands for the rhodium-
catalyzed conjugate addition of phenylboronic acid to cyclohexenone.

The asymmetric C-H functionalization reaction to produce enantioenriched axially chiral
compounds is still in its infancy and one of the main challenges associated with it is the

development of adapted chiral ligands.

6 - Oxidative couplings

The oxidative coupling of phenols is a direct method to obtain biphenols but selectivity
issues do not make it very attractive except for 2-naphthols, which are almost completely
selectively coupled at the 1 position [139]. For instance, phenols can yield coupling products
at the ortho but also para position, as well as peroxides and ethers. Even para-substituted
phenols could yield Pummerer ketones as by-products [136]. For this reason, the
enantioselective version of this coupling reaction is almost exclusively realized with 2-
naphthols to yield 1,1°-bis-2,2’-binaphthols [140] or polymers [141] according to the nature of
the substrate. The first part of this section will be devoted to the coupling reactions yielding
1,1°-bis-2,2’-binaphthols and the second part will concern polymerization reactions. Each part

will be divided in two parts according to the metal used as catalyst.

6.1 Enantioselective synthesis of 1,1°-bis-2,2’-binaphthols.

6.1.1 Copper-based reactions
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The first asymmetric oxidative coupling of 2-naphthol was described by Feringa and
Wynberg using a stoichiometric amount of Cu(NOs3)..3H20/(S)-1-phenyl-ethylamine [142].
Binaphthol could be obtained with a 63% vyield and an enantiomeric excess of 2.5%. Using
other chiral amines and substituted 2-naphthols, a maximum ee of 16% could be obtained with
amine 85 (Figure 6.1, Scheme 6.1).

After continuous efforts to improve stoichiometric reactions, yielding in some cases high
enantiomeric excesses because the coupling step was followed by selective precipitation of the
chiral copper(Il) amine-binaphthol complex with simultaneous racemization of the binaphthol
[143,144,145,146], the first catalytic oxidative coupling was described by Smrcina, Kocovsky
et al. [146]. Using (-)-sparteine 86 and silver chloride to reoxidize Cu' to Cu'", they were able
to obtain good yields of binaphthols by coupling sodium salts of naphthol (Figure 6.1, Scheme
6.2).

Further improvements involved the use of dioxygen as oxidant by Nakajima et al. (Figure
6.1, Scheme 6.3) [147,148]. They first used (—)-sparteine 86 as chiral ligand for copper and
could obtain ees in the 10-47% range depending on the binaphthol substituents. The best results
were obtained using chiral diamines 87 derived from proline. The enantioselectivity of the
reaction was very low when R!# H but could reach interesting levels for R* = H especially with
aniline-based ligands (85% vyield, 78% ee with 87j and X = CO2Me). More recently, Breuning
et al. extended this study to 29 additional ligands 87 (Figure 6.1, Scheme 6.4) [149]. In
particular, they were able to synthesize enantiomerically pure ligands 87 bearing substituents
at the 5 position of the pyrrolidine ring. The substituent at the 5-position has a strong influence
on the enantioselectivity, the best results being obtained with a phenyl group. A methyl
substituent on the pyrrolidine nitrogen was optimal and any other substituent (H or bigger alkyl

group) led to lower enantioselectivity. The best enantioselectivities were obtained for ligand
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87t with ees up to 75% (87% if the reaction was carried out at 0°C) when the substrate bearing
R=tBu was used.

A new breakthrough was achieved when Kozlowski et al. introduced chiral 1,5-diaza-cis-
decalins 88 as ligands for copper in the aerobic coupling of naphthols (Figure 6.1, Scheme 6.5)
[150,151]. High yields of binaphthols and high enantioselectivities could be obtained in the
coupling of naphthols bearing a substituent at the 3 position such as an ester, a ketone, a
phosphine oxide, a phosphonate, a phosphoramide, etc. (X = COOR, C(O)R, P(O)R), which
could also possibly bind the copper atom. The amount of copper could be limited to 2.5 mol%
using Cul as metal source, however the chiral ligand/metal ratio should be limited to 1. Greater
ligand amounts decreased the catalytic activities without increasing the enantioselectivity.
Catalysis could even be completely inhibited with more than 2 equivalents of chiral ligand per
copper atom: copper(I11) complexes bearing two 1,5-diaza-cis-decalins ligands (Cu''L,?") were
isolated and proved stable but completely inactive, suggesting that the catalytically active
species bears only one L per copper [152,153]. Various ligands with different R substituents on
the nitrogen atoms were tested but the best enantioselectivities were obtained for ligand 88a
(Scheme 6.5). The catalytic activities could be further increased by using molecular sieves in
order to trap the water produced during the reaction [150,154].

The chiral 1,5-diaza-cis-decalin-based catalytic system was tested for more functionalized
substrates in order to open new synthetic pathways for more complex molecules. In particular,
when Kozlowski et al. carried out the oxidative coupling of naphthol B under the same
conditions as naphthol A, the corresponding binaphthol was obtained with good yields but very
low ees (Figure 6.2). The presence of three methoxy groups on B may explain the drop in
enantioselectivity, which reduces the naphthalene oxidation potential and strongly stabilizes the

intermediate radical. The reaction is therefore much faster for B but with a lower
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enantioselectivity. By decreasing the substrate electron density, good enantioselectivities
resulted for highly substituted naphthols, like C-E.

Kozlowski et al. applied their chiral 1,5-diaza-cis-decalin-based catalytic systems to the
total synthesis of various chiral natural products like nigerone [155,156], perylenequinones
[152,157] such as hypocrellin A [158,159], cercosporin [160], pleichrome [161,162] or (S)-
bisoranjidol [163,164] (Figure 6.3).

Palmisano, Sisti et al. used a new chiral diamine (89, Figure 6.1) obtained from camphor
for the aerobic oxidative coupling under conditions close to those optimized by Kozlowski et
al. (Scheme 6.6) [165]. Once again, the best yields and enantioselectivities were obtained with
binaphthols bearing an ester group at the 3 position (for R = H: 65% vyield, 6% ee; for
R=COOMe: 90% vyield, 65% ee).

In 2003, Gao and coworkers used a family of dicopper complexes (90 and 91, Figure 6.4)
as catalysts for the oxidative coupling of naphthols (Scheme 6.7) [166]. These complexes were
synthesized from macrocyles containing two adjacent salen moieties obtained from (1R,2R)-
1,2-diaminocyclohexane or (1R,2R)-1,2-diphenylethylenediamine and diformylphenol, or
derivatives of the corresponding bis-salan ligands obtained by reduction of the salen imine
function. The dicopper complexes 90 and 91 were tested in the aerobic oxidation of 2-naphthol.
Good yields of binaphthol and good enantioselectivities were obtained with both complexes 90
and 91, although complexes 91 were always slightly more efficient and more enantioselective
than 90 with the same R, R! and R? substituents. The enantiomeric excesses of binaphthol
obtained by using dicopper complexes 90 and 91 in the oxidative coupling of unsubstituted 2-
naphthol were the highest described so far (up to 88% ee with 91d).

Derivatives of 1,1’-binaphtyl-2,2’-diamine or BINAM (92, Figure 6.4) were tested as
ligands for copper in the oxidative coupling of 3-hydroxy-2-naphthoate methyl ester (Scheme

6.8) [167]. Low yields and enantioselectivities were obtained with disubstituted BINAM but
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better results were obtained with monosubstituted BINAM (up to 94% ee with 92h). Using
BINAM ligand 92a (Figure 6.4), Sekar et al. could obtain excellent enantioselectivities in the
aerobic coupling of methyl 3-hydroxy-2-naphthanoate in the presence of CuCl in toluene at
90°C but the reaction was very slow (Scheme 6.9) [168]. The reaction could be largely sped up
by adding a catalytic amount of TEMPO to the reaction mixture but the enantioselectivities in
these conditions were significantly lower. However, by a careful optimization of solvent,
temperature, copper/ligand ratio, they could reach high yields and enantiomeric excesses. The
optimized conditions were successfully applied to the asymmetric aerobic cross-coupling of
various esters of 3-hydroxy-2-naphthanoic acid.

Habaue et al. studied the cross-coupling between 2-naphthol and 3-hydroxy-2-naphthoate
esters or amide (Scheme 6.10) [169,170,171]. Indeed, for cross-coupling reactions, the first
issue is the selectivity towards cross-coupling compounds versus the two possible
homocoupling products. Various diamines were evaluated as ligands for copper in this reaction,
like 1-(2-pyrrolidinyl)pyrrolidine, sparteine or bis(oxazolines). In particular, good yields and
good enantioselectivities were obtained using (S)-Phbox 93 (Figure 6.5) or (—)-sparteine 86
[170,171].

Recently, a family of copper complexes bearing O,N,O tridentate ligands (94, Figure 6.5)
obtained from aminoacids were tested in the oxidative coupling of 2-naphthol [172]. The main
issue with these ligands was the selectivity in binaphthol which was often lower than 50%. The
best yields were found for ligands 94a (up to 33% yield and 42% ee), 94b (up to 34% yield and

30% ee) or 94c¢ (up to 32% yield and 43 % ee).

6.1.2 Reactions with other metals
After the early attempts of naphthol enantioselective oxidative coupling with Co(acac)s in

the presence of chiral Ru(ll) complexes as photosensitizers [173] or by electrocatalytic coupling
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on a TEMPO-modified graphite felt electrode [174], the first successful use of complexes with
metals other than copper in this reaction was described by Katsuki and coworkers using a chiral
ruthenium salen complex (95) (Scheme 6.11) [175]. Good yields (up to 93%) and
enantioselectivities (up to 69% ee) of various disubstituted 1,1’-bis-2,2’-binaphthols were
obtained.

Vanadium complexes bearing chiral tridentate Schiff bases were also evaluated. These
tridentate ligands were obtained from different salicylaldehydes and various aminoacids (96-
104, Figure 6.6) [176]. Thanks to the high tunability of the ligands, the structure of the complex
was optimized for the oxidative coupling of 2-naphthol (Scheme 6.12). Good yields and
enantioselectivities were obtained with the optimized vanadium complex 103d (84% yield and
62% ee). However, the product ees were usually lower for substituted 2-naphthols, except when
R%2=R3=H and R!= OBn (68% ee). Using the same family of ligands, the oxidative coupling
of 2-naphthols could be carried out at room temperature with only 2 mol% of complex in the
presence of 2 mol% of trimethylsilylchloride as promoter, leading to good yields and moderate
enantioselectivities (82% yield and 51% ee for 2-naphthol; 91% yield and 51% ee for 7-
methoxy-2-naphthol) [177].

Uang et al. developed a new family of ligands based on the same structure by introducing
a naphthol substituent and therefore an additional (axial) element of chirality (105-106, Figure
6.6, Scheme 6.13) [178]. All ligands were synthesized from (S)-formyl-1,1’-bi-2-naphthol and
various aminoacids with different R groups or absolute configuration of the carbon bearing the
R group. The relative configuration of the two chirality elements has a strong influence on
enantioselectivities: for R = Bn, the oxidative coupling of 2-naphthol yielded binaphthol with
52% ee for the matched diasteroisomer (105a) but only 8% ee for the mismatched

diastereoisomer (106) under the same conditions [178]. The best enantioselectivities were
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obtained with the complex possessing R = Bn (105a) or tBu (105b) and (R) configuration on
the carbon.

A series of vanadium complexes obtained from other O,N,O ligands derived from
aminoacids and ketopinic acid (107, Figure 6.6, Scheme 6.14) were investigated [179]. The best
results were obtained with ligand 107e. Working at 45°C, the amount of vanadium complex
could be limited to 3 mol% while excellent yields and very high ees were obtained (for R = R?
= R3=H: 99% vyield, 84% ee; for R>= R®= H and R! = OMe, 99% yield and 88% ee).

Ligands bearing both axial and central chiralities were reported by Gong et al. [180]. These
ligands were obtained from (R) or (S)-3,3’-diformyl-2,2-dihydroxy-1,1’-bi-2-naphthol and
various chiral aminoacids with different R groups (Figure 6.7, Scheme 6.15). Using 10 mol%
of vanadium dimers 108-109, excellent yields (up to 99%) and enantioselectivities were
obtained (up to 98% ee with 109¢ and R! = R®= H, R?= Br). They also synthesized complexes
110, analogues of complexes 109 made from achiral 3,3’-diformyl-2,2-dihydroxy-1,1’-
biphenol instead of enantiomerically pure 3,3’-diformyl-2,2-dihydroxy-1,1’-bi-2-naphthol
[181,182], which is tedious to synthesize, or analogue 111 synthesized from partially
hydrogenated 3,3’-diformyl-2,2-dihydroxy-1,1’-bi-2-naphthol (Figure 6.7) [182]. Up to 98%
ee were reached using ligands 110 and up to 97% ee using ligand 111 [181,182]. Using ligand
110f with R = sec-Bu, a few chiral binaphthol syntheses could be optimized with great
efficiency, leading to the expected compounds with greater than 98% ee and excellent yields
(Scheme 6.16) [182,183].

With the same ligands, Sasai et al. synthesized the vanadium complexes 112-115 (Figure
6.7), which proved efficient in the aerobic oxidation of 2-naphthols (up to 97% ee for 115) but
gave binaphthols with the opposite axial chirality [184,185,186,187]. Finally, they compared
the catalytic activities of complex 112 and of the corresponding mononuclear version 116

(Figure 6.7). For instance, for R = tBu, under the same experimental conditions, the 2-naphthol

Page 53



coupling was 43 times faster with 5 mol% 112a than with 10 mol% 116, proving the synergic
role of the two vanadium centers in complex 112a [184]. Complex 114 was used in the total
synthesis of (S)-2,2’-1,1’-binaphtyl-5,5,6,6’-tetraol [188], the structure of which had been
wrongly proposed for a metabolite isolated from a Indonesian sponge (Scheme 6.17) [189].

The first heterogeneous catalysts for the asymmetric coupling of naphthols were described
by lwasawa et al. These catalysts were obtained by grafting of chiral vanadium complexes of
O,N,O ligands, derived from aminoacids (117, Scheme 6.18), on a silica surface [190,191,192].
The vanadium complexes grafted on silica self-dimerize, probably by H-bonding between the
free hydroxyl groups and the carbonyl oxygen atoms of the neighboring complex, with a
distance between two vanadium atoms of 0.4 nm. These catalysts were successfully used in the
aerobic oxidative coupling of 2-naphthol with good vyields (up to 99%), excellent
chemioselectivities (up to 100%) and excellent enantioselectivities (up to 91% ee) for all tested
R groups, except for tBu, which is probably too bulky. If the enantioselectivities did not change
much as a function of the R group, they were however very sensitive to the vanadium loading
on silica, the best results being obtained with the highest loadings corresponding to a full
coverage of the silica surface. For instance, with complexes obtained from L-leucine, the ee of
binaphthol was 32% at 0.3% loading and 90% at 3.4% loading. Finally, the heterogeneous
complexes could be reused several times without loss of catalytic performances.

Chiral salan iron dimer 118 was successfully used in the aerobic oxidative coupling of
substituted 2-naphthols [193], as good yields and enantioselectivities were reached, in particular
for 3-substituted 2-naphthols (up to 97% ee, Scheme 6.19). A large range of electron-rich 2-
naphthols and electron-poor 2-naphthols were also coupled in the presence of dimer 118. If the
difference in electronic richness of the two cross-coupling partners was important enough, the

homocoupling of the less electron-rich 2-naphthols could be completely suppressed and the
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cross-coupling product obtained with high selectivity and enantioselectivity, as exemplified in

Scheme 6.20 [194].

6.2 Enantioselective polymerization of naphthols

6.2.1 Copper-based reactions

The first synthesis of chiral binaphtyl polymers [195] by asymmetric oxidative coupling of
2-naphthol substrates was performed using 1,5-diaza-cis-decalin (88a)-copper complexes
[Cu(88a)(OH)]X (Scheme 6.21) [196,197]. The best catalysts in terms of activities and
enantioselectivities were those with iodide or tetrafuoroborate anions but the tetrafluoroborate
salt was preferred because iodine-containing by-products were observed when the iodide salt
was used. In order to determine the stereoselectivity of each biaryl coupling, the polymerization
was stopped at low conversion. Dimers and trimers were isolated and their analysis showed that
each coupling proceeded independently with a 92.5/7.5 conformation ratio. In the same papers,
Kozlowski et al. also described the synthesis of chiral binaphtyl polymers via a tandem reaction
(oxidative coupling / Glaser reaction) (Scheme 6.22). The Glaser reaction can be carried out
first using an achiral catalyst (CuClI(OH)(TMEDA)) followed by the asymmetric oxidative
coupling of the dimer with the chiral catalyst [Cu(88a)(OH)]BF4, but both reactions can be
carried out “one-pot” using the monomeric alkyne-naphthol in the presence of
[Cu(88a)(OH)]BF4. Both ways led to the same polymer and no cross-coupling reaction products
were observed. The conformation ratio of each asymmetric oxidative coupling was determined
as 86.5/13.5.

In 2003, bis(oxazoline) ligands 93 or 119 (Scheme 6.23) were used in an efficient copper-
based asymmetric oxidative polymerization of 2,3-dihydroxynaphthalene [198]. If high yields
of polymers of high molecular weights could be obtained, the control of axial chiralities was

low (the R/S ratio was estimated to be 44/56 at best). In order to obtain polymers with higher
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specific rotations, chiral enantiomerically pure binaphthols had to be oxidatively coupled
(Scheme 6.24) using chiral or achiral catalysts [199,200,201]. The specific rotations obtained
with achiral catalysts could only be slightly increased in some cases with chiral catalysts.
Bis(oxazoline) 93-119a/CuCl complexes were also successfully used in the asymmetric
oxidative coupling of an achiral binaphthol bearing an amide functional group (Scheme 6.25)
[171]. Although the rotatory power of the polymers was high, the stereoselectivities were not

reported.

6.2.1 Polymerizations with other metals

After testing several chiral vanadium complexes, Habaue and coworkers found that the
vanadium complexes of bis(oxazolines) 93 or 119 were efficient catalysts for the asymmetric
oxidative polymerization of 2,3-dihydroxynaphthalene (Scheme 6.26) [202]. The best results
in terms of specific rotations and polydispersities of the polymers were obtained with ligand
93. By limiting the reaction time to 24h at rt, 58% yield of polymer could be obtained with
Mw=2700 g.mol* and a polydispersity index Mw/Mn of 2.3. The specific rotation [a]o of this
polymer was -147° (in CHCIs), higher than that obtained using copper complexes with
bis(oxazoline) ligands [198]. The enantioselectivity of the first coupling reaction was estimated
to be 90/10 in favor of the (S) conformation.

Polymers with even higher specific rotations ([a]o = +172° in CHCI3) could be obtained
using a cobalt salen complex 120 (Scheme 6.27) at low conversion [203]. For higher
conversions, the polymer vyield increased significantly but the specific rotation decreased
dramatically (from +172 after 0.5 h to +9 after 24 h) and the polydispersity index increased (up
to 3.1 after 24 h).

A mixture of VO(stearate), and a tartaric acid salt 121 also proved an efficient catalyst to

obtain polymers with high specific rotations (Scheme 6.28). The Li salt 121a was slightly more
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selective but less active. For the first coupling reaction, the enantiomeric excess of the product
was determined as 88% with the sodium salt 121b and 89% for the lithium salt 121a [204].
6.3 Conclusion

If asymmetric oxidative coupling reactions of arenes to obtain enantiomerically enriched
chiral biaryl compounds is essentially limited to the homocoupling of 2-naphthols, it is certainly
the method of choice to obtain scalemic 1,1°-bis-2,2’-binaphthols with various substituents. In
particular, asymmetric oxidative coupling reactions provided the necessary chiral intermediates
for the synthesis of complex structures, especially natural products (Figure 6.3).
In addition, asymmetric oxidative coupling is an efficient way to obtain enantiomerically

enriched polymers based on 1,1°-bis-2,2’-binaphthol units.

7 - [2+2+2] Cycloadditions

The rapid construction of polycyclic compounds bearing functional groups has been
elegantly developed by the means of transition metal-catalyzed [2+2+2] cycloadditions and
related in an important number of reviews [205], and stands as a sound alternative to classical
C-C coupling reactions such as the Suzuki-Miyaura cross-coupling for the generation of biaryl
structures. According to the generally accepted catalytic cycle (represented in Figure 7.1 for the
rhodium-catalyzed version) [206], one of the limitations of this reaction is the chemoselectivity
control during the first metallacycle formation and the regioselectivity during the insertion of
the third alkyne. The most employed strategy to overcome this problem has been the use of
tethered 1,6-dialkynes, and fewer totally intermolecular reactions were thus developed [207].
The pioneering work of Mori [208] and Stara and Stary [209] allowed the development of an
asymmetric version using a nickel complex bearing the chiral ligand (S)-MeO-MOP 9 for the
construction of, respectively, central and helical chirality. The first reports for the creation of

axial chirality were only disclosed in 2004, almost simultaneously and independently, by three
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groups: Heller et al. used a chiral cobalt(l) complex [210], Shibata et al. developed a system
based on iridium(l) associated to a chiral diphosphine ligand [211], and Tanaka et al. worked
on a rhodium(l) complex bearing a chiral diphosphine ligand [212]. [2+2+2] cycloaddition
reactions based on these three metals have then been developed and are described in the

following subparts.

7.1 Co catalysts

When studying the Co'-catalyzed [2+2+2] cycloaddition of alkynes and nitriles to give
pyridines, Heller and Gutnov discovered that irradiation allowed the reaction to proceed under
mild conditions (room temperature, in water with a substrate/catalyst ratio of up to 10 000/1).
In 2004, they took advantage of these results to develop the first asymmetric version of
transition metal-catalyzed [2+2+2] cycloaddition to generate axially chiral biaryls (Scheme
7.1), using chiral Co' complexes under mild conditions (THF, 20°C, visible light irradiation)
(Figure 7.2) [210]. Moderate yields (traces to 81%) and ees (19-71%) were obtained, and they
observed that the enantioselectivity is solvent independent (THF, hexane, dioxane or toluene).
In the authors’ opinion, using bulkier substrates (in the presence of catalyst 125, Figure 7.2,
Scheme 7.2) led to improved enantioselectivity, with 74-88% ee and > 98% ee after
recrystallization [210]. As expected, ees increased from 82 to 93% when lowering the
temperature from 20 to -20°C (R = Ph). The origin of the enantioselectivity was attributed to
the formation of a diastereomeric cobaltacyclopentadiene intermediate 127 (Figure 7.3). In
2007, they extended the range of accessible products to axially chiral biaryls bearing
phosphorus functionalities (Scheme 7.3) [213]. Moderate to good yields and ees (12-83%:
>99% after recrystallization for those products with ee > 72%) were reported under mild
conditions (25-45°C) using the most efficient catalyst 125. Finally, in 2010 they investigated

the co-cyclotrimerization of a range of diynes and functional nitriles in order to gather
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information on the scope of the reaction [214]. Interestingly, heterocyclic nitriles bearing a
sulfur or a nitrogen atom (ortho to the nitrile group) inhibited the catalyst activity, probably

because of their chelating ability.

7.2 Ir catalysts

Shibata et al. reported in 2004 a highly enantio- and diastereoselective [2+2+2]
cycloaddition catalyzed by iridium(l) complexes (Scheme 7.4) [211]. Various substrates and
chiral ligands were used but the best ees (> 99%) were obtained with DuPhos ligands (128 -
Figure 7.4), whereas BINAP (6) and BDPP (59) (Figure 7.4) gave only 6% and 51% ee,
respectively. One year later, they applied the same strategy for the enantioselective synthesis of
helical polyaryls using polyalkyne substrates (Scheme 7.5) [215]. One can notice that these
compounds present several consecutive axial chiralities (up to 8), in an almost enantiomerically
pure form. In order to better understand the enantiomeric [2+2+2] cycloaddition of diynes with
monoalkynes (reactions similar to those described in Scheme 7.4), they screened the influence
of various parameters [216]. They observed that in most cases the temperature (rt to 100°C) and
the nature of Z, Ar or R did not dramatically affect the ee value, underlying the robustness of
the reaction. In the case of the reaction of unsymmetrical diynes with symmetrical
monoalkynes, BINAP (6) and Tol-BINAP (15) ligands complexed to iridium appeared to give
higher enantioselectivities than Me-DuPhos (128a), BDPP (59) or DIOP (1). Interestingly, they
reported in 2006 and 2008 a highly enantioselective intramolecular [2+2+2] version of the
reaction starting from triyne [217] (Scheme 7.6) and hexayne [218] substrates (Scheme 7.7),
giving rise to complex chiral polycyclic molecules. If ligand 128a allowed reaching the best
enantioselectivities for the [2+2+2] cycloaddition of triynes, BINAP-type ligands appeared to
be much more efficient than ligands 128, 59 or (S,S)-ChiraPhos 130 for the intramolecular

cycloaddition of hexaynes. The same authors also reported in 2008 an interesting way to reach
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axially chiral anthracenes via a [4+2] cycloaddition of binaphthalene with monoalkynes
presenting an ortho-substituted phenyl substituent via a proposed three-step mechanism
(Scheme 7.8) [219]. Among the different ligands studied (BINAP (6), Me-DuPhos (128a) or
Ph-BPE (129b) and Me-BPE (129a), Figure 7.4) the latter one gave the best enantioselectivity,
higher than 65% ee. The presence of an electron-withdrawing group on one side of the alkyne
and an electron-donating on the other side is also important to reach high enantioselectivities.
More recently, Takeuchi et al demonstrated that [IrCI(COD)]2/BINAP (6) was an efficient
catalyst for the [2+2+2] cycloaddition of 1,6-diynes with isocyanates under mild conditions,
giving rise to a series of 2-pyrrolidones presenting axial chirality (Scheme 7.9) with moderate
to good enantioselectivities [220]. The reaction also appeared to be regioselective with

unsymmetrical diynes and the authors highlighted both steric and electronic effects.

7.3 Rh catalysts

7.3.1 Axially chiral biaryls

Rhodium is the privileged metal for asymmetric [2+2+2] cycloadditions in that it produces
more efficient and more easily tunable catalysts. Most examples make use of cationic
rhodium(l) complexes associated to a chiral diphosphine bearing a biaryl or binaphthyl
backbone. The first example of asymmetric, rhodium-catalyzed construction of axially chiral
biaryls was disclosed by Tanaka et al. in 2004, shortly after the first reports dealing with cobalt
and iridium catalysts. In this work, they described the synthesis of axially chiral phthalides by
cross alkyne cyclotrimerization of electron-deficient 1,6 diynes and terminal monoynes
(Scheme 7.10) [212]. The reactions were efficient and highly enantioselective, with up to 87%
ee and 79% vyield. The best results were obtained in the presence of [Rh(cod)2][BF] associated
to the partially hydrogenated ligand (S)-Hs-BINAP (135). Using this catalytic system, they were

able in 2005 to produce highly substituted biaryls via a completely intermolecular pathway
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(Scheme 7.11). Differently substituted internal alkynes were used in association with dialkyl
acetylenedicarboxylates and the products were obtained with high enantioselectivities, ranging
from 84% to 96% ee, and reasonable to good yields [221]. The same rhodium salt/chiral ligand
combination allowed them to obtain synthetically challenging axially chiral, tetra-ortho-
substituted biaryl phosphorus compounds that could be of great interest as ligands in other types
of asymmetric catalyses (Scheme 7.12) [222]. Such structures could not be synthesized via
asymmetric Suzuki-Miyaura cross-coupling, the latter being limited to less sterically
challenging tri-ortho-substituted biaryl phosphonates [51]. Thus the coupling of alkynes
bearing either phosphonate or phosphine oxide substituents with symmetrical 1,6-diynes
furnished the expected sterically encumbered biaryls with very high yields (usually above 90%)
and excellent enantioselectivities (91-98%). Similar structures, bearing an alkoxycarbonyl
group in place of a phosphonate, were also synthesized in very high yields, albeit with lower
enantioselectivities, and other chiral diphosphines proved more efficient than (S)-Hs-BINAP in
this case [223].

The use of (S)- or (R)-SegPhos 18 was also more efficient than (S)-Hs-BINAP 135 or other
BINAP derivatives for the synthesis of biaryl diphosphonates and dicarboxylates (Scheme 7.13)
[224]. Thus the reaction of 1,6-diynes with a 1,3-diyne bearing two electron-withdrawing
diethylphosphonate substituents in the presence of 5 mol% [Rh(cod)2][BF4]/(R)-SegPhos, at
room temperature in dichloromethane, led to axially chiral biaryl diphosphonates in moderate
to good yields (59-81%) and excellent enantioselectivities (>99%), even when lowering the
catalytic charge to 1 mol% and could be scaled up to an 18 g batch. The synthesis of
dicarboxylates under the same conditions was also successful [224], whereas axially chiral
biaryls bearing diphosphine oxide substituents, precursors of axially chiral biaryl diphosphines,
were obtained with higher enantioselectivities when (S)-Tol-BINAP 15 was used [225].

SegPhos 18 proved its usefulness again for the preparation of Cz-symmetric, tetra-ortho-
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substituted axially chiral biaryls, either from electron-deficient 1,6-diynes and 1,3-diynes (type
1) or from ether-linked tetraynes and electron-deficient monoynes (type 2) (Scheme 7.14) [226].
Axially chiral biaryls were obtained in excellent enantioselectivities (>98%) and moderate
yields via type 1 coupling, whereas type 2 coupling led to moderate yields and more modest
enantioselectivities (52 to 98% ee) under the same conditions. The cycloaddition of chiral
tetraynes with monoynes was then examined, in the presence of achiral and chiral ligands, and
the results showed that the axial chirality was solely controlled by the nature of the monoyne
and not by the chirality of the ligand (Scheme 7.15) [227]. Finally, 1,4-teraryls bearing an
anthraquinone backbone were successfully obtained from 1,2-bis(arylpropiolyl)benzenes and
monoynes, using [Rh(cod)2][BF4] and (S)-SegPhos 18 (10 mol%) (Scheme 7.16) [228]. Other
diphosphine ligands or metal precursors ([Rh(cod)Cl]z2, [Ir(cod).][BF4]) were also evaluated but
gave poorer results in terms of activity. Thus axially chiral 1,4-teraryls were generated, with
the simultaneous creation of two chiral axes. Good yields and excellent enantioselectivities of
the major diastereomers (85-98% ee) were obtained, although the levels of diastereoselectivity
were not always satisfactory (from 8:1 to 2:1).

Finally, synthetically useful axially chiral hydroxyl carboxylic acid derivatives, accessible
via other methods (for example asymmetric Suzuki-Miyaura cross-coupling [87]), were
investigated by the group of Tanaka [223]. They found that the reaction of a 2-
methoxynaphthalene-derived alkynylester with an ether-linked 1,6-diyne proceeded smoothly
in the presence of 5 mol% of [Rh(cod)2][BF4] and a chiral diphosphine (Scheme 7.17). In this
case, the BINAP ligand 6 was selected, although other BINAP derivatives also proved very
efficient. Various 1,6-diynes, as well as one 1,7-diyne, were coupled to the alkynylester and
gave the axially chiral hydroxyl carboxylic acid derivatives in very good yields (>90%, except
71% for the 1,7-diyne) and enantioselectivities (89-97% ee). The presence of the 2-

methoxynaphthalene moiety proved essential for a high enantioselection, since the absence of

Page 62



either the naphthyl backbone or the methoxy group furnished the products with, respectively,
<5% and 26% ee.

The group of Shibata investigated the formation of chiral tetraphenylene structures by
rhodium-catalyzed [2+2+2] cycloadditions [229]. These molecules, constituted of four ortho-
annulated benzene rings, are usually achiral and possess a D2g point symmetry. However, the
introduction of substituents on the benzene rings may break this symmetry to give chiral nt-
conjugated systems that possess very high inversion barriers. Before the work of Shibata et al.,
the synthesis of optically active chiral tetraphenylenes were based on the resolution of racemic
compounds [230] or on enantioselective syntheses with the sparteine-mediate lithiation of 2,2’-
dibromobiphenyl derivatives followed by oxidative homocoupling in the presence of an excess
of CuBrz [231]. Therefore, the rhodium-catalyzed dimerization of triynes was investigated as a
more efficient way to get access to chiral tetraphenylene derivatives (Table 7.1) [229]. Several
chiral diphosphine ligands were evaluated in association with [Rh(cod)2][BF4] (5 mol%) for the
dimerization of a triyne in 1,2-dichloroethane and both Cy-BINAP 16 and QuinoxP* 138
proved the most efficient, giving the expected tetraphenylene with 84% yield and 79% ee or
65% vyield and 88% ee, respectively. The substrate scope was also investigated and differently
substituted tetraphenylene derivatives were thus prepared in good yields and high
enantioselectivities (75 to >99% ee).

Similarly to Tanaka, Doherty et al. investigated the formation of axially chiral biaryl
diphosphines via rhodium-catalyzed [2+2+2] cycloaddition (Scheme 7.18) [232]. The reaction
of a 1,6-diyne with the diphosphine oxide-substituted diyne, in the presence of [Rh{(R)-
BINAP}][PFe] (10 mol%) in 1,2-dichloroethane at 80°C, selectively furnished the
monocycloaddition product in very good yields with no trace of the expected axially chiral
biaryl product. The former then reacted with less sterically challenging terminal 1,6-diynes,

again in the presence of [Rh{(R)-BINAP}][PFe¢] (10 mol%) in 1,2-dichloroethane at 80°C, to
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give the axially chiral biaryl diphosphine oxides in very good yields (79-84%) and excellent
enantioselectivities (96-97% ee). Further reduction of the phosphine oxides furnished the
axially chiral biaryl phosphines in excellent yields with no loss of enantioselectivity.

More recently, Caminade, Pla-Quintana et al. investigated the use of dendritic ligands for
the rhodium-catalyzed [2+2+2] cycloaddition of a N-tosyl-1,6-diyne with 2-
methoxynaphthalene alkynyl derivatives (Table 7.2) [233]. The chiral ligand chosen for this
study was a monodentate phosphoramidite, which had never been used before as ligand in
[2+2+2] cycloaddition reactions. A monomeric (141-M) and a branched (141-B) ligand were
synthesized for comparison purposes and generation 1 (141-G1, 12 phosphoramidites),
generation 2 (141-G2, 24 phosphoramidites) and generation 3 (141-G3, 48 phosphoramidites)
dendritic ligands were prepared (Figure 7.6). The cycloaddition reactions were carried out in
the presence of 2.5 mol% [Rh(C2Hs).Cl]> and chiral ligand, in toluene at room temperature.
Although the monomeric and branched ligands were poorly efficient, the use of dendritic
ligands 141-G1 to 141-G3 proved very rewarding, giving the expected axially chiral biaryls in
good to excellent yields and high enantioselectivities. The reaction was more efficient in the
case of phosphonate-based substrates (>97% yield, >96% ee) compared to carboxylate-based
substrates (70-77% yield, 81-90% ee). These results showed an unprecedented enhancement of

stereoselectivity thanks to a positive dendritic effect.

7.3.2 Axially chiral heterobiaryls

Rhodium catalysts are most often employed for the generation of axially chiral
heterobiaryls by asymmetric [2+2+2] cycloadditions and the use of cationic rhodium(l)
precursors seems necessary to achieve good activities. Tanaka et al. thus investigated the
formation of several axially chiral heterobiaryls with the help of a catalytic system that proved

highly efficient for the synthesis of axially chiral biaryls, i.e. [Rh(cod)2][BF4] associated to a
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BINAP derivative. In 2005, they described the synthesis of 2-pyridones via the [2+2+2]
cycloaddition of unsymmetrical 1,6-diynes, bearing one ortho-substituted phenyl group, with
alkyl isocyanates (Scheme 7.19) [234]. The sterically bulky (R)-DTBM-SegPhos ligand 19b
was chosen for the reaction and the expected axially chiral 2-pyridones were obtained in
moderate to good yields (58-89%) and high enantioselectivities (85-92% ee), at -20°C in
dichloromethane. The presence of a halogen substituent in ortho position of the phenyl group
proved essential for the outcome of the reaction. The use of 2-substituted phenyl isocyanates as
substrates was also a valuable option for the synthesis of N-aryl-2-pyridones [235]. The
cycloaddition of the former with symmetrical 1,6-diynes in the presence of [Rh(cod)2][BF4] (5
mol%) led to the expected products and the ligand that gave the best enantioselectivities was in
this case (R)-BINAP 6. The ees obtained were however lower than that usually obtained for this
type of reaction (30-87%). In parallel to their work on the synthesis of axially chiral biaryl
phosphorus compounds, Tanaka et al. also reported the first synthesis of axially chiral
diphenylphosphinoyl-substituted 1-arylisoquinolines by asymmetric catalysis (Scheme 7.20)
[236]. These compounds could prove very useful as chiral ligands. To this aim, several BINAP
derivatives were screened as chiral ligands and most showed good activity at high catalyst
loading (20 mol%), but (R)-Hs-BINAP 135 proved the best choice when the catalytic charge
was lowered to 5 mol%. Very high enantioselectivities were obtained when a methyl substituent
was introduced at the 8 position of the isoquinoline substrate (>90% ee). Very recently, the
same authors reported efficient [2+2+2] cycloadditions with carbodiimides, using either (S)-
Hs-BINAP 135 or DTBM-SegPhos 19b as ligands, with enantioselectivities ranging from 70 to
919% [237].

The group of Hsung related the rhodium-catalyzed synthesis of chiral N,O-biaryls, with
the control of both C-C and C-N axial chirality, as chiral auxiliary-based approaches failed to

give satisfactory results in terms of diastereoselectivity [238]. The [2+2+2] cycloaddition of
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asymmetric ynamides and symmetrical 1,6-diynes was carried out in the presence of
[Rh(cod)2][BF4] and (S)-xylyl-BINAP 17 (10 mol%), at 85°C in 1,2-dichloroethane (Table 7.3).
In the case of ynamides containing 5-membered 2-oxazolidinones, the chiral N,O-biaryls were
obtained in good yields (>78%) and high enantioselectivities (82 to 99% ee), although the
diastereoisomeric ratios varied from 1:1 to 1:6.

An original approach, based on the use of chiral counteranions, was recently applied to
rhodium-catalyzed [2+2+2] cycloadditions by Aubert, Fensterbank and Ollivier for the
synthesis of axially chiral pyridones and represents the first example of atroposelective
transformation using asymmetric counteranion-directed catalysis (Table 7.4) [239]. Based on
the screening of various diphosphines and chiral silver phosphate salts 142a-e, the best
combination for the catalyzed [2+2+2] cycloaddition of a symmetrical 1,6-diyne and a 2-
substituted phenyl isocyanate was [Rh(cod)Cl]. with dppb (5 mol%) and 7.5 mol% of the chiral
silver salt 142a. Ees ranging from 4 to 82% were obtained according to the substrates used and
in some cases (with alkoxylated isocyanates) were better than those obtained via the more

“classical” approach with chiral BINAP derivatives.

7.4 Conclusion

The [2+2+2] cycloaddition reaction is an interesting strategy to assemble chiral biaryl,
heterobiaryl or polyaryl structures and allows the synthesis of challenging tetra-ortho-
substituted biaryls, which is more difficult via other reactions such as Suzuki-Miyaura cross-
coupling. However, this powerful method necessitates the design and synthesis of the alkyne
substrates beforehand. In addition, few totally intermolecular reactions have been developed
so far due to chemoselectivity and regioselectivity problems during the catalytic cycle and

research efforts will undoubtedly continue to overcome this limitation.
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8 - General conclusion

Interest in the development of efficient synthetic methods to obtain chiral enantiomerically
enriched biaryl compounds has remained strong over the last decades because of the numerous
applications in the total synthesis of biologically relevant molecules, in the development of
chiral ligands for asymmetric catalysis, in materials chemistry, etc. Among the various
strategies imagined by chemists, asymmetric catalytic reactions with transition metals have
probably opened the most promising pathways. We have presented here an overview of this
rapidly expanding area through six major reactions: the Kumada-Tamao-Corriu cross-coupling
reaction, the Suzuki-Miyaura cross-coupling reaction, the Negishi cross-coupling reaction, the
direct C-H functionalization, the oxidative coupling of functionalized arenes and the [2+2+2]
cycloaddition reactions.

The Kumada-Tamao-Corriu cross-coupling reaction suffers from the low tolerance of
organomagnesium compounds to other functional groups and water. The development of more
stable functionalized Grignard reagents in the last decade opens new perspectives for this
reaction, which remains however one of the most delicate reactions together with Negishi-type
cross-couplings, both requiring anhydrous conditions. The Suzuki-Miyaura cross-coupling
reaction, on the other hand, is very tolerant to numerous functional groups and to various
reaction conditions. Even though high activities and enantioselectivities were reported, no
ligand really emerges so far as universal and the enantioselectivity control appears to be
strongly medium- and functional group-dependent. Interestingly, the emergence of C—H
activation (or C-H functionalization) in the last ten years enlarges the scope of potential
substrates (substituted arenes instead of substituted aryl halides), opening an alternative way to
chiral biaryl products. Oxidative coupling is the method of choice to obtain enantiomerically
enriched 1,1°-2,2’-binaphthols bearing a large variety of substituents but it appears to be

essentially limited to the homocoupling or polymerization of 2-naphthols. Finally, the [2+2+2]
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cycloaddition reaction is another interesting strategy to assemble chiral biaryl or chiral polyaryl
structures and allows the synthesis of challenging tetra-ortho-substituted biaryls. However, this
powerful method necessitates the careful design and synthesis of the alkyne substrates before
running the cycloaddition step.

By a careful choice of the asymmetric catalytic reaction, many chiral biaryl compounds are
now available in high enantiomeric purity but there is still room for improvement. We can
therefore predict that research efforts to improve the catalytic access to scalemic biaryl
compounds will continue for all reactions and especially in emerging and largely unexplored

fields, such as direct C-H functionalization.
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Schemes

2 - Kumada-Corriu

Scheme 2.1 — First asymmetric aryl-aryl Kumada-Tamao-Corriu cross-coupling reactions by

Kumada et al. [8,10].

MgBr
[Ni]
+
(R,R)-(-)-diop1 : 1.9% ee
Br

S) pR ) BPPFA 3: 4.6% ee
-(-)-NAPHOS 5: 12.5% ee

Scheme 2.2 — First efficient asymmetric aryl-aryl cross-coupling by Hayashi et al. [11].

Br
R2
N [Ni] / 4a, 4b or 4c R!
Et,O/toluene 1:1 R?2

MgBr
R'=H, Me, Et 69% vyield, 95% ee
R?=H, Me (R', R? = Me; L* = 4a)

Scheme 2.3 — KTC with a chiral palladium-NHC complex by Dorta et al. [13].

- R2 (aS,aS)-10

. T (2 mol%)
H _—m
v L toluene
R' T rt or 50°C
16 h

X =Cl, Br R' = OMe, 1-bromonaphthalene:
R', RZ=H, Me, OMe 81% yield, 48% ee
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Scheme 2.4 — Substitution of an enantiotopic triflate by Hayashi et al. [14].

fo OTf  ArMgBr / LiX Ar
— =
PACI,L* (5 mol%)
Et,O/toluene 1:1
-20°C

=1, Ar = 3-MeCgHy,
L* = (S)-alaphos (13a)

90% yield, 95% ee

Scheme 2.5 — Reaction of a Grignard reagent on a dibenzo- or a dinaphthothiophene by Hayashi

etal. [17].

1. R?MgX,

Ni(cod),/L* (6 mol%)

THF, 40°C

> L* = (S)-H-MOP 8a
2. H*, H,0
R? = Me, Ph,
4- MeCGH4 Bn
= Me, Bu, Ph = Me, R? = 4-MeCgHy:

85% yield, 82% ee

1. R?MgX,
Ni(cod),/L* (3 mol%),
THF, 20°C
L* = (S)-iPr-phox 11
2. H*, H,0
R? = Me, Et, Ph, O‘
4- MeCGH4

4-MeOCgHy4 R? = 4-MeCgH,:
97% yield, 95% ee
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3 - Suzuki-Miyaura

Scheme 3.1 — Axial chirality induction via (i) planar, (ii) central or (iii) ligand chirality in

asymmetric Suzuki-Miyaura coupling.

L,Pd
(i)
C
<R0)ZB@
L,Pd D
(if)
@ L*,Pd
>~
(iii)
B

Scheme 3.2 - Simplified Suzuki-Miyaura catalytic cycle.

L,Pd°

Ar-Ar' Ar-X

Reductive Oxidative
elimination addition

/Ar /Ar
L,Pd L.Pd
" ™ mUNX

Transmetalation

XB(OR), ArB(OR),  R=H, alkyl
+ Base
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Scheme 3.3 - Ligand-dependent chemioselectivity.

OTf Cl
OTf B(OH),
[Pd], ligand O O
+ ’ +
KF (3 equiv.)
THF, rt

Yield: 95% Yield: 87%
Pdy(dba); 1.5 mol% Pd(OAc), 1.5 mol%
P(Bu); 3.0 mol% P(Cy); 3.0 mol%

Scheme 3.4 - Proposed transmetalation pathways.

/Ar
L,Pd  + ArBOR)
OR
/Ar ROe Pathway A
L, Pd

\X Ar'B(OR")
r
2 /Ar
L, pd\ + ArB(OR' Z(OR)

Pathway B

Scheme 3.5 - Suzuki-Miyaura catalytic cycle proposed by Amatore and Jutand [78-80].

PdOL,
+ I_+ -L  L=PPhs
ArAr' + Z- 0
via L, Pd—Ar Pd™L,
Reductive OXIdM
elimination addition
Ar—Pd Ar' Ar—Pd X
ransmetalation L/gand
B(OH) subst/z‘ut/o MZ
z = Na*, Cs*, K*
Ar—Pd 4 X-
Ar'B(OH), Z = OH F
\ +
uz' M\x LW
. - Ar—Pd—Z$
[Ar'B(OH)3.n Zy] |
unreactive compounds L
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Scheme 3.6 — Asymmetric Suzuki-Miyaura coupling of naphthyl halides with naphthylboronic

acids [50,81].

I B(OR')2
PdCl, (3 mol %)

R
BINAP (6) (3 mol %)
+ L.
Base (1.5-2 eq)

R
Solvent, reflux
R =H, Me R =H, -CMe,CMe,-, 10N -6days
~CH,CH,- Solvent = DME,

Yield: 17 - 55%

DME-H,0, toluene
ee: 8-25%

Scheme 3.7 — Asymmetric Suzuki-Miyaura coupling of ortho-methoxy naphthyl halides with
ortho-methoxy naphthylboronic acids varying the Pd/BINAP ratio from 0.53 to 3 [82].

Yield: 19-94%
ee: 14-30 %

X B(OH),

OMe l l

OMe Pd (10-20 mol%)
Pd/BINAP (6) (0.53-3.1)
CsF (6 eq)
DME or Dioxane
70°C
6-12 h
Pd,(dba)s (10 mol%)
Pd(OAc), (10 mol%)
(n3-allylPdCl), (20 mol%)

OMe

OMe

Scheme 3.8 — Synthesis of chiral biaryl compounds containing esters, phosphonates and
phosphine oxides [87].

Br ﬁ B(OH),
Co Pd(OAc),
OO OMe (S)-KenPhos (21) o
+ St A
K3POy4 (3 eq) 102
THF, rt NR'R
Yield: 90%
ee: 40%
Br Cﬁ B(OH),
P(OPh), Pd(OAc),
OO . (S)-KenPhos (21) N
B —————
I}
K3PO, (3 eq) P(OPh),
THF, 70°C
Yield: 90%
ee: 84%
Cl |o| B(OH)
P(Pr), Pd(OAc),
OO . (S)-KenPhos (21) o
—_—_—
I .
K3PO4 (3 eq) P('Pr),
THF, 100°C
Yield: 76%
ee: 85%
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Scheme 3.9 — Synthesis of axially chiral biaryl amides [87].

B(OH),
R Pd(OAc), (5 mol %)
NH(CMe,Ph) (S)-KenPhos (21) (6 mol %)
+ 1.5-2 >
K3POy4 (3 eq)
THF NH(CMe,Ph)
R'=H, 4-F, 4-Me, 4-NO,, R = Me, OEt Yield: 80-92%

5-OMe, 5-CF3, 5-F ee: 88-94%
Scheme 3.10 - Synthesis of an axially chiral biaryl pyridine derivative [87].

Br ﬁ B(OH),
Pd(OAc);, (5 mol %)

C\
| \ NH(CMe,Ph) 150 (S)-KenPhos (21) (6 mol %
+ 15-
N A K3POy4 (3 eq)

THF, 80°C H(CMe,Ph)

N
= Yield: 85%
ee: 70%

Scheme 3.11 - Ligand screening for the synthesis of an axially chiral biaryl as intermediate of

a biologically relevant molecule [88].

O(MOM)
OR NH, Pd,(dba);.CHCI3 (2.5 mol %)
21, 22a or 22b (6 mol %)
+ 1.5
| v Ba(OH), (2 eq)
dioxane/water (9/1)
R = MOM Y = B(pin), B(OH), 80°C,1h
Yield: 8 - 56%
ee:3-41%

Scheme 3.12 - Application of ligands 22b-c for the synthesis of an axially chiral biaryl [88].
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Br B(OH),
PO(OEt), Pd,(dba); (2.5 mol %)
21, 22b-c (6 mol %)
+ 1.5 >
K3POy4 (3 eq) PO(OEt),
Nal (3 eq)
Toluene, 70°C

17-43 h

Yield: 5-93%
ee: 77-87%

Scheme 3.13 — Application of ligands 24c-d for the synthesis of axially chiral biaryls [90].

l OTIPS B(OH), OO
@) “/ Pd,(dba)s (2 mol %)
. 2 OO 24c¢ (8 mol %) -
to(l:useFm(: fg")C OTIPS
144 h Yield: 95%
ee: 84%
Br  OTIPS B(OH), O
©/ Pd;(dba); (2 mol %)
. 2 24d (8 mol %)
OO CsF (3 eq) OTIPS
toluene, 40°C
120 h OO Yield: 98%
ee: 72%

Scheme 3.14 — Application of ligands 25a-g for the synthesis of an axially chiral biaryl [91].

Br B(OH)2
Pd,(dba)s (2 mol %)

PO(OEt); , 25a-g (4.8 mol %)
. >
K3POy4 (3 eq)
toluene, 40°C

40 h

PO(OEt),

Conversion: 62-90%
ee: 71-88%

Scheme 3.15 - MOP-type ligands screening [92].
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Br o B(OH)2

I Pd,(dba)s (2 mol % O
P(OEt), cHo P fi.s rr)13c>|(%) ) CHO
+ 2 > Q
K3POy4 (3 eq) P(OEt),
toluene, 50°C
72 h

26, 27b, 27c: Yield = 65-93%
ee = 93-96%

9, 27d, 27e: Yield = 30-70%
ee = 68-81%

Scheme 3.16 — Synthesis of multifunctionalized axially chiral biaryls with ligand 26 [92].

R = OMe, OEt,
OPh, OiPr, 4-F, 4-CF3, 4-Cl, 5-Me, 5-F,
Ph, 4-tolyl, 5-Cl, 3-F, 4,5-methylenedioxy Yield: 34-97%
3,5-xylyl ee: 86-96%

S

R——
Pd,(dba)s (2 mol %)
25h,26 (4.8 mol %)

h
-

K4PO (3 eq) PR,
toluene, 50°C
R' = H, 4-Me, 4-OMe, 4-OBhn, 48-72h

ZcHo

Scheme 3.17 - Asymmetric Suzuki-Miyaura coupling of naphthyl halides with naphthylboronic

acids with ligands 2 and 3 [50,81]

I B(OR'),
R PdCl, (3 mol %)
L* (3 mol %)
+ _————
Base (1.5-2 eq.) R
Solvent, reflux
R =H, Me R' = H, -CH,CHy- 19h-6days

Scheme 3.18 — Kinetic resolution by C-P coupling using ligand 29 [49].

Base: Ba(OH), or CsF

Solvent: DME or L*= 3: yield: 13-73%
DME-H,0 or ee: 4-17%
toluene/EtOH/H;0 284 yield: 6%, ee: 0%

L*= 2: yield: 44-60%
ee: 52-85%
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racemic

Pd,[P(o-tolyl)s] | ~ | N
(0.5 mol%) / N N
29 (0.75 mol%) Z Z

h

+
DIPEA, PAr, Br
nBU4NHSO4Y
dioxane, 70°C,
14-48 h

recovered substrate

Ar=Ph: kiks= 154, yield: 45%, ee: 95%,
yield (recovered substrate): 47%, ee: 96%

Ar=p-tolyl: ki/ks= 94, yield: 46%, ee: 92%,
yield (recovered substrate): 44%, ee: 96%

Scheme 3.19 - Dynamic kinetic asymmetric transformation by C-P coupling using ligand 28b

[49].
X
A
+ PhyPH
o9
racemic

Pd,[P(o-tolyl)s]; | N
(5 mol%) / N
28b (10 mol%) Z

h
’ o

DMAP (4 eq), PAr,
dioxane, 80°C,
15h

Yield: 45%, ee: 60%
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Scheme 3.20 — Asymmetric biaryl coupling with ligands 2, 31 and 32 [98].

[Pdy(dba)s].CHCI3

(2.5-5 mol%)
[Pd(MeCN)4].(BF4)2

or Pd(OAc),

(3-10mol%) M
2, 31-32 (12-20 mol%)

e

Me
CsF (3 eq)
THF or DME (50-65°C)
R = Me, OBn, OMe R' = Me, OBn, OMe

48-96 h

Yield: 45-95%
e.e: 33-90%

Scheme 3.21 - Asymmetric biaryl coupling with ligands 35 and 36 [102].

Br B(OH),
Pd,(dba)z (0.5 mol %)
35-36 (1.2 mol %)
+ 1.2 >
OO OO Cs,CO03 (2 eq) O O

toluene, 40-60°C
2h

Conversion: 75-100%
ee: 10-37%

Scheme 3.22 - Asymmetric biaryl coupling with ligands 37b-c [101].

[Pd] (2 mol %) OO
37b,c (5 mol %)
K3PO4 Hy0 (8 equiv.) OO

toluene or THF
60-75°C, 4-24 h

Yield: 32-65%
ee: 45-54%

Scheme 3.23 - Asymmetric biaryl coupling with ligand 38 [103].
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Br B(OH),

R' R - Ry

. f-'
+ 15 i
S v
R

Naphthyl bromide: Ry =H, Me, iPr, OMe
R = Me, OMe, Ph, NMe,
R"=H

Phenyl bromide:
R = CHO, CH(OCH,CH,CH,0), NO,
R'=R"=Me

Pd,(dba)s
(0.05-0.25 mol %)

38 (0.2-1 mol%)

K3PO4.H20 (3 eq)
toluene (50-70°C)
24 h

Yield: 52-99%
ee: 0-36%
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Scheme 3.24 — Heterogeneous asymmetric biaryl coupling in water [106].

X B(OH),
R R' Pd(OAc), (10 mol %) R
5 PS-PEG-41c (10 mol %)
+ >
nBuyNF (10 eq) R'
H,0, 80°C
X=Cl,Br, | R' = Me, OMe, OEt 24 h
R = Me, OMe, OEt,

CO,Me, P(O)(OEt),

Yield: 53-95%
ee: 88-94%

Br B(OH),
R Pd(OAC), (10 mol %)
s CO PS-PEG-41c (10 mol %)
. .

nBuyNF (10 eq)

R
H,0, 80°C
R’ 24 h
R= Me, N02

R'=H, CN, CO,Me R'

Yield: 89-96%
ee: 92-94%

Scheme 3.25 - Asymmetric biaryl coupling with high-molecular weight PQXphos (P)-(R)-43
ligands [107].

{PdClI(rn-allyl)},
(1 mol%)

~ P)-(R)-43a-d
+ —R' >
OO IR Z K3POy4 (2 eq)
THF/H,0 (10/1)
R'=H, Me, OMe, CI 40°C, 48 h

X =Br, R=Me
X=Br,R=Et
X=CIl, R=Me

Yield: 24-93%
ee: 78-98%

Scheme 3.26 - Asymmetric biaryl coupling with ligands 45a-c [109].

Pd,(dba);.CHCI,
(0.05-0.25 mol %)
45a-c (0.2-1.5 mol %)

b
’ o

THF/KF or tol/CsF
75-90°C, 3-7 h

Yield: 75-94%
ee: 37-78%
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Scheme 3.27 - Asymmetric biaryl coupling with ligands 50-51 possessing chirality at
phosphorus [111,112].

B(OH),
Pd(OAc), (1 mol %)
. 50-51 (1.2 mol%)
E + 15 Ar = s
& K3POy (3 eq) :
toluene/H,0 (5/1) SN
R = COtBu, COPh, rt,4-12 h
P(O)Phy, P(O)(OEt)z, Yield: 90-98%
BOP ee: 65-99%

ﬁ o)
BOP = P~<N)k0>
/2

Scheme 3.28 - Dynamic asymmetric Suzuki coupling with ligand 52 [48].

| ) | )
Pda(dba)s (5 mol%)
N N
% 52 (10 mol%) 7 OMe
+ (p-MeOCeH4BO)3 >
OTf Cs,C0O3 (2 eq)
OO THF, 55°C, 3 h

racemic Yield: 91%
ee: 34%

Scheme 3.29 - Asymmetric biaryl coupling with ligands 54a-h [113].

B(OH), PdCly(CH3CN),
(5 mol %)
54a-h (5 mol %)
Cs,CO3 (2 €q) OMe
toluene, rt
15-24 h O‘

Yield: 20-97%
ee: 0-80%

Scheme 3.30 — Asymmetric Suzuki-Miyaura cross-coupling reaction with ligands 63-65 [118].
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63-65 (5 mol%),
I Cs,CO3 toluene
O g S 20 or 80°C
+ i —TY >
x NG

X =H, Me, OMe

Yield: 36-99%
ee: 70- >98%

Scheme 3.31 — Asymmetric Suzuki-Miyaura cross-coupling reaction with ligands 66a-e [119].

Br 66a-e (5 mol%),
Cs,CO5 (4 eq),
OMe 80"2C, °
+92 OO toluene/EtOH/HZO‘
OMe
B(OH), OO

Yield: 25-75%
ee: 8-40%

Scheme 3.32 — Asymmetric Suzuki-Miyaura cross-coupling reaction with ADC-Pd complexes

67-69 [123].
Br
67-69 (3 mol%),
OMe CsF (2.8 eq),
OO . O THF, reflux, 20 h
OMe
B(OH),
Yield: 64-95%
ee: <4%
Ph
Ph\ Ph Ph\/ b Ph
N + N + s +
| BF, s BF, ; | BF,

N ~c” N

c
Ph3P—P|d—PPh3 Ph3P—P|d—PPh3 Ph3P—P|d—PPh3
4 4 4
67 68 69
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Scheme 3.33 — Selected examples of asymmetric S.-M. with chiral NHC-Pd complex 80i [129].

B(OH),
80i (5 mol%),
KOH (3 eq.),
. dioxane/H,0 1:1
25°C -

X = Br: yield:85%

ee: 80% (24h)
X = Cl: yield: 67%

ee: 78% (48h)

80i (5 mol%), ? \

B(OH),
KOH (3 eq.),
P \ . dioxane/H;0 1:1 N
N 25°C, 24 h

Yield: 92%
ee: 29%

Scheme 3.34 — Selected examples of asymmetric Suzuki-Miyaura with palladium complexes

81a-h bearing chiral dienes [130].
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B(OH),
81a-h (5 mol%),
L* (0-25 mol%)
O . O Cs,CO; (25 €q)
toluene,
80°C/0.5hor
Br rt/48 h

Yield: 40-78%

ee: 0-90%
81a: Ar=Ph
B(OH), 81b: Ar = CgHy-4-F
81d (5 mol%), 81c: Ar = CgHy-4-OMe
L* (15 mol%) 81d: Ar = CgH3-3,5-Me,
. Cs,CO3 (2.5 eq) CHO 81e: Ar = CgH3-3,5-OMe,

Y

81f: Ar = CgH5-3,5-tBu
ol . 6r13-9, 2
CHO oluene 81g: Ar = 1-naphthyl
| 81h: Ar = 2-naphthyl
r

Yield: 99%, ee: 70% (2h, 25°C)
Yield: 80%, ee: 81% (12h, 0°C)

4 - Negishi

Scheme 4.1 — Asymmetric aryl-aryl Negishi reaction developed by Espinet et al. [97,132].

Zn
NM92
R' [Pd] (5 mol%)/
L* (20 mol%) R
+ —_— PPh,

THF, 50-60°C R L*= Fe
R =
Br R = H, Me, OMe, OBn
A~ ’ (R)-(pS)
R' = Me, OMe, OBn
Yield: 55-95% PPFA (2)
ee: 49-85%

5 - Direct C-H functionalization

Scheme 5.1 — Atropselective alkylation of pyridine or quinoline derivatives by direct C-H

functionalization [135].

Page 84



[RhCl(coe),], (5 mol%)
4a or 9 (30 mol%)

20 h

toluene, 120°C

Pyridine substrate: Yield: 37-49%
ee: 0-49%
Quinoline substrate: Yield: 33-60%
ee: 3-22%

Scheme 5.2 — Direct asymmetric C-H functionalization of aryl substrates catalyzed by chiral

palladium complexes [136].

%-0Q.

B(OH),

82/Pd(OAc),
(10 mol%
TEMPO (4 eq) /> <\ i
> N N,
nPrOH, 70°C, 12 h, l/
air
82

R = Me: Yield: 63%, ee: 41%,
95% C4-selectivity
R = iPr: Yield: 27%, ee: 72%,
93% C4-selectivity
FePc (5 mol%)

83 (10 mol%),

DMAc, 70°C, 24 h,

air Z
S

/

Yield: 61%, ee: 61%,
82% C4-selectivity 83
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Scheme 5.3 - Atropselective alkylation of pyridine or quinoline derivatives by direct C-H

functionalization [137].

A
=N 84a-f (5 mol%),
+ (BzO), (5 mol%)
—
l l AN Cu(OAc); (2 eq),

MeOH, 80°C

Yield: 26-99%
ee: 42-72%

84a: R = OMe
84b: R=H

84c: R = OjPr
84d: R = Ph

84e: R = OTIPS
84f: R = OTBDPS

84a (5 mol%)
(BzO), (5 mol%)

Cu(OAc), (20 mol%)
AgCOs3 (1 eq)
MeOH, 80°C

Yield: 24-99%
ee: 58 to 86%

6 - Oxidative coupling

Scheme 6.1 - First stoichiometric asymmetric oxidative coupling of 2-naphthols [142].

COZMQ
COyMe OO
CuCl,.2H,0 (1 eq) OH
85 (1e B
oH (1eq)

OH
MeOH, rt OO

Yield: 21%
ee: 16%%

Scheme 6.2 - First catalytic asymmetric oxidative coupling of 2-naphthols [146].
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86 (20 mol%)

AgCl (1.1 eq)
MeOH, rt

R OH

1eq.

1eq.
a CuCl, (10 mol%), O
ONa OH
+ -

ONa R

R =H: 70% yield, 3% ee
R = CO,Me: 41% yield, 32% ee

Scheme 6.3 — Catalytic, asymmetric, aerobic oxidative coupling of 2-naphthols [147,148].

X CuCl (10 mol%),
87 (11 mol%)
O,, CH,Cly,

OH

reflux, 24 h

X =H, CO,Me, CO,Et,
CO,Bn, CO,tBu
Yield: 11-95%
ee: 0-78%

Scheme 6.4 — Optimized catalytic asymmetric aerobic oxidative coupling of 2-naphthols with

ligands 87 [149].

CO,R
CO,R  CuCl (9 mol%), OO
87 (10 mol%) OH
1 bar Oy, CH,Cly, OH
OH .
4A molecular sieves
- . 20°C, 3-7 days
R= Me, iPr, Bn, tBu CO,R

Yield: 11-95%
ee: 0-57%
(ee up to 87% at 0°C)

Scheme 6.5. — Asymmetric oxidative coupling of 2-naphthols using chiral 1,5-diaza-cis-

decalin ligands 88 [150,151].

X Cul (2-10 mol%), O
88 (2-10 mol%), =
Oy, 40°C, 24 h,

OH  (CH,CI),/CH4CN (2/1) O

X =H, OBn, OBz, X
CO,Me, CO,Bn Yield: 0-89%
ee: up to 93%

X

OH

OH
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Scheme 6.6 — Asymmetric oxidative coupling of 2-naphthols using ligand 89 [165].

R
Cu(OTf),.CsHe/89 (10 mol%),
air, CH,Cl,/CH5CN, 4A MS,
OH 40°C, 5-48 h
R =H, Me, OBn, COMe,

COzMe, COzlPr

Yield: 48-90%
ee: up to 65%

Scheme 6.7 — Asymmetric oxidative coupling of 2-naphthols using dicopper complexes 90
and 91[166].

90 or 91 (10 mol%)
0,, CCly, 0°C,
OH 3.7 days

Yields: 75-80%; ee: 69-80% (90)
Yields: 84-92%; ee: 84-88% (91)

Scheme 6.8 - Asymmetric oxidative coupling of 2-naphthols using ligands 92 [167].

CO,Me
CO,Me  CuCl (9 mol%),
92 (10 mol%),
o2 CH,Cly,
OH 0°C, 48 h
CO,Me

Yield: 0-89%
ee: up to 93%

Scheme 6.9 - Asymmetric oxidative coupling of 2-naphthols using ligand 92a [168].
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CO,R
CO,R  CuCl (5 mol%), OO
92a (5 mol%) OH
_—
0O,, CHLCly, OH
OH rt, 2-4 days OO

CO,R

Yield: 77-98%
ee: 48- 97%
(ee: 97% for R=Me, 94% for R=Et,
94% for R=Ph,...)

Scheme 6.10 — Asymmetric oxidative cross coupling of 2-naphthols using sparteine 86 or (S)-

PhBox 93 [170,171].

R2 R! C(O)R
CuCl (10-25 mol%)/ OO
OH 86 or 93 (13-25 mol%) OH
+ o oan THE > + homocoupling

, , , it H

C(OR 2 ! l o) compounds

“100 R? R!
OH

With 86, R=NH(nBu), R"=H, R?=H: yield: 78%, ee: 60%
With 93, R=OPh, R'=0Bn, R?=H: yield: 67%, ee: 73%

Scheme 6.11 — Asymmetric oxidative coupling of 2-naphthols using ruthenium salen

complexes 95. [7°]

R'
R 95 (2-5 mol %) OQ

air, hv, toluene, 25°C OH

2 >
OH

OH , )
/
70N R'

Q Yield: up to 93%

ee: up to 69%

95a: R = Ph
95b: R = Me
95¢: R,R = —(CHy)s—

Page 89



Scheme 6.12 — Asymmetric oxidative coupling of 2-naphthols using tridentate Schiff base
ligands 96-104 [176].

R2 R1
R2 R? OO
) 96-104 (10 mol%), RS OH
3 02, CC|4, rt, R3 OH
R OH 2.15 days OO
R? R'

optimized complex: 103d

Yield: up to 100%
ee: up to 68%

Scheme 6.13 - Asymmetric oxidative coupling of 2-naphthols using tridentate Schiff base
ligands 105 [178].

R? R?
R2 R! OO
105 or 106 (5 mol%), R® OH
2 >
. Oy, CHCI3, 1t, R3 OH
R OH 1418 OO
R2 R!

optimized complexes: 105a and 105b

Yield: up to 96%
ee: 18-73%

Scheme 6.14 — Asymmetric oxidative coupling of 2-naphthols using tridentate Schiff base

ligands 107 [179].
R? R!
R? R’ OO
) 107 (3-10 mol%) RS OH
—_—
0,, CCly, 45°C, R3 OH
R® OH  7-10 days OO
R? R’

Yield: 61-99%
ee: 59-85%

Scheme 6.15 - Asymmetric oxidative coupling of 2-naphthols using vanadium dimers 108-
109 [180].
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R2 R?
:
RS OH

108 or 109 (10 mol%)

05, CCl,, 45°C, o
5-8 days

| OO ’
OH

3 OH
OO R!

Yield: up to 99%
ee: 81-98%

Scheme 6.16 - Optimized synthesis of some chiral binaphthols using ligand 110f [182,183].

\/\O

Br
\/\OOH 2) recrystallization

Scheme 6.17 — Total synthesis of (S)-2,2’-1,1’-binaphthyl-5,5,6,6’-tetraol [188].

o 20 = :

ee: 98% after trituration

1) oxidative coupllng

1) oxidative coupling

OH 2) recrystallization

\/\o l [ OH
O

Yield: 95%; ee: 99%
i OO
"o OH
Br

Yield: 99%; ee: 98%

Scheme 6.18 — Grafting of complexes 117 on silica [190,191,192].
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/

@\A\\/S: @f&oo:(‘jg

OH
WIVLWW OH2 : o \’W\/\I\/\M’\I‘IJ\MI\MI\I\I\IV\I\I\L\AMIWVV\,
117a: R = iPr
117b: R = sec-Bu
117¢: R = iBu
117d: R = Bn

Scheme 6.19 — Asymmetric oxidative coupling of 2-naphthols using iron dimers 118 [193].

R2 R
R2 R1 OO
, 118 (4 mol%) L OH
air, toluene, 60°C, o R3 OH
R3 OH 72h OO
R2

R1
Yield: up to 93%

R R ]
H\ >*—< /H ee: up to 97%
N N
\Fe/
oo o)
Lo

_ d2
O

118a: (R,R), R= -(CH,),- 118¢c: (S,S), R= Ph

118b: (S,S), R= -(CH,),- 118d: (R,R), R= Ph

Scheme 6.20 - Asymmetric oxidative cross-coupling of 2-naphthols using iron dimer 118d

[194].
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OO |
OH
OH
0.5 mmol MeO,C
OH 0.25 mmol

118d (4 mol%)

+ ee: 95%
air, toluene,
MeO,C 60°C, 48 h I MeO,C
OH

OH OH
OO : OO i

| M802C

0.0125 mmol 0 mmol

ee: 95%

Scheme 6.21 - First catalytic asymmetric oxidative polymerization of 2-naphthols [196,197].

HO
OO COzn-Hex
n-Hex0,C OO
OH

[Cu(88a)(OH)]X (10 mol%)
05, 96 h, CH,Cl,, 40°C

X = Cl, I, OTf, BF,, SbFg

HO
CO;n-Hex
n-Hex0,C OO
OH

OH
n-HexO,C OO
HO

Yield: up to 78%
M,: up to 12300 g.mol"
(My/M,, = 1.2-2.3)

Scheme 6.22 - Asymmetric polymerization via a tandem oxidative coupling/Glaser reaction
[196,197]
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HexnO,C

10 mol% CuCI(OH)(TMEDA),
RT, O,, 3 days

CO,nHex 20 mol% [Cu(88a)(OH)|BF,,
OO 80°C, O,, 2 days

: i OO
HeanQC

V4

X r _
20 mol% [Cu(86a)(OH)]BF 4, % CO,nHex
80°C, O,, 2 days OO
OH
O
% CO,nHex
7 -

HexnO,C
OO Yield: up to 90%
HO

M,: up to 15100 g.mol'1
(My/M, =1.9-2.9)

Scheme 6.23 — Asymmetric aerobic oxidative polymerization of 2,3-dihydroxynaphthalene
using bis-oxazoline ligands [198].

HO OH HO OH
O CuCl (25 mol%) / / ;/ \/\ \

93 or 119 (20 mol%)

O O,, THF, rt, 24 h
OMO Yield: up to 99%
S/N N\)

M,,: up to 15000 g.mol”
A (My/M,, = 1.5-5.6)
R R
93: R= Ph, R'=Me
119a: R= Bn, R'=Me
119b: R= {Bu, R'=Me
119¢: R= Ph, R'=H
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Scheme 6.24 — Polymers obtained by coupling of chiral binaphthols [199-201].

HO OR RQ OH HO OR RO OH

Scheme 6.25 — Asymmetric aerobic oxidative polymerization of 2-naphthols using
bis(oxazoline) copper complexes [171].

HO CONHnBu

O CuCl (25 mol%) /
93 or 119a (20 mol%)

h
’ o

O,, THF, 1, 24 h

Yield: 64%
H M,,: up to 7100 g.mol"’
(MM, = 1.8-2.1)

OOO

Scheme 6.26 — Asymmetric aerobic oxidative polymerization of 2,3-dihydroxynaphthalene
using bis(oxazoline) vanadium complexes [202].

HO OH

/ HO OH
O VOSO4 (10 mol%) / /‘/ \\ \

93 or 119 (10 mol%)

0,, CH,Cl,/MeOH (7/1),
rt, 48 h

Yield: up to 93%
My, up to 5600 g.mol"
(My,/M,, = 3.4-13)

Scheme 6.27 — Asymmetric aerobic oxidative polymerization of 2,3-dihydroxynaphthalene
using salen cobalt complexes [203].
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HO OH HO OH

O 120 (10 mol%) - Q
O,, CH,Cl,/MeOH (20/1),
rt, 30 min n

Q Yield: up to 28%

120: N M,,: up to 6600 g.mol™’
§ 5, >>: (My/M, = 1.1)

tBu O O tBu
tBu tBu

Scheme 6.28 — Asymmetric aerobic oxidative polymerization of 2,3-dihydroxynaphthalene

using chiral vanadium complexes obtained from tartaric acid salts [204].

HO OH /HO OH \
O VOSO, (10 mol%) / ;/ \/\

121 (10 mol%)

O O,, THF, 1t, 48 h

MO(0)C, C(O)OM
121a: Yield: 40%
HO oH M,,: 6900 g.mol"’!
M,/M, = 1.3
121a: M= Li Ea]w=-2nzs )
121b: M= Na b

121b: Yield: 18%
M,,: 6600 g.mol™’
(My/M,, =1.2)
[a]p=-230

7 — [2+2+2] Cycloadditions

Scheme 7.1 - Cobalt-catalyzed asymmetric cycloaddition of internal alkynes and 1-
naphthylonitriles [210].
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R = Me, Benzyl

hv, THF,

20°C,9h

122-126 (0.1 mol%)

22 R—=——R'

R' = Et, pentyl

Yield: 1-34%
ee: 19-71%

R" = propyl, pentyl

Yield: 7-81%
ee: 31-39%

Scheme 7.2 - Cobalt-catalyzed asymmetric cycloadditions of diynes with nitriles [210].

Soh

RCN, 125b (1 mol %)

\R
W

THF,
-20°C to +20°C
hv (A =420 nm)

h
’ o

SR

Yield: 86-98 %
ee: 82-93%

R = Me, Ph, tBu
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Scheme 7.3 — Preparation of axially chiral biaryls bearing phosphorus functionalities [213].

o. R
\P//R
<
+
\\ 124-126 (5 mol % (R2)OP

0 THF,
25-45°C, 12-24 h
hv (A =420 nm)

R = Ph, p-CH30CgH, Yield: 8-80 %
3.5-(CF3)2CeH3, C4Hg, ee: 12-83%
1-adamantyl, NMe,

Scheme 7.4 - Iridium-catalyzed asymmetric [2+2+2] cycloadditions [211].

—— [IrCI(COD)]5 (10 mol%)
128 (20 mol%)
2 |
Xylene
- 100°C, 1 h
O - OO
Z =0, NTs, R = Me, THP, Yield: 74-97%
C(CO,EL),, CHy TBS, MOM ee: > 98%

Scheme 7.5 - Iridium-catalyzed asymmetric [2+2+2] cycloadditions [215].

L

OR z O OR
OR
z [IrCI(COD)], (20 mol%)

_ _ S,S)-128a (40 mol%
2 | (S.5)-128a ( b) OO
' Z Xylene

100°C, 10 min

O z
9 &
Z =0, NTs, cis-CH=CH R =H, Me OO

Yield: 55-89%
ee: >99%
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Scheme 7.6 - Iridium-catalyzed intramolecular [2+2+2] cycloadditions [217].

/TAr Ar, Ar
7 [IrCI(COD)], (10 mol%)
\ (S,S)-128a (20 mol%)
Z Xylene, rt or 60°C
Ar%/ £ z
Z=0,NTs Yield: 68-99%
ee: 87-95%

Ar = naphthyl, anthracenyl, 9-phenanthrenyl
4-methoxy-1-naphthyl, 4-methoxy-2-tol,
2-chloro-4-nitrophenyl

Scheme 7.7 - Iridium-catalyzed intramolecular [2+2+2] cycloadditions [218].

== Z

—\ Z
z [IrCI(COD)], (10 mol%) ‘
A

17 (20 mol%)

Ar
7 Xylene, rt
\%\ z

r

ya
Z=0,NTs Yield: 55-69%
. o
R = iPr, Ph, 4-BrCeH,. ce: >96%
4-MeO-C¢3H4

Scheme 7.8 - [4+2] cycloaddition of binaphthalene with monoalkynes [219].
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L* (20 mol%)
. R M =1Ir, Rh R’
+ >
| | Xylene, 60°C CO
2-24 h
R' L*: 6, 128a, 129a

R = Me, OMe, CF3,

iald- _0Qo
R' = Me, CH,0Me, CH,0TBS, et
4-OMePh, 4-COOEtPh : ’

O [MCI(COD)], (10 mol%) O

C-C bond activation

o " reductive elimination
(oxidative addition)

Proposed mechanism |

O alkyne insertion

ML*, —_—

J

Scheme 7.9 — [2+2+2] cycloaddition of 1,6-diynes with isocyanates [220].

[IrCI(COD)], 2 mol%) ~ MeO,C
MeO,C A Z N
L 0,
. (4 mol%) . OMe
— OMe  Solvent, 0°C-reflux MeO,C NN
Me0,C == 124 h

L*: 6,15 18,131-134 Yield: 12-84 %

ee: 46-91 %
Solvent: CICH,CH(CI)CH3 acetone, THF,
1,4-dioxane, MeOCH,CH,OMe, benzene

pd

OoO=0=

Scheme 7.10 - Rhodium-catalyzed [2+2+2] cycloadditions of 1,6-diynes [212].

| | [Rh{(S)-135}][BF ]
(5 mol%)

CH,Cly 1t, 3 h

R =Me, CF3 CI R'=Ac, H (A)
or Ar = 1-naphthyl
R =Me, R'=Ac: 79% yield
(A):(B) 90:10
87% ee
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Scheme 7.11 - Rhodium-catalyzed [2+2+2] cycloadditions [221].

E
E R
E E
y [Rh(cod),JIBF4] /
E (S)-135 (5 mol%)
+ | | > R
E CHCly, 1t, 16 h E
\ Ar Ar
E *
E = CO,Me, R = OAc, OCOEt, CH,OH E = CO,Et, R = OAc, Ar = 1-naphthyl:
CO,Et (2 eq) Ar = 2-MeCgHy, 2-EtCgH,, 89% yield, 95% ee
2-C|C6H4, 2-BrC6H4’
1-naphthyl

Scheme 7.12 - Rhodium-catalyzed [2+2+2] cycloadditions of 1,6-diynes [222].

z
P(O)R
[Rh(cod SI[BF.] /
)-135 (1-5 mol%)
CH,Cly 1t, 1 h F’R(P
R

R = Me, Bn, CH,OMe Yield: 70 to >99%
R' = OEt, Ph, Cy ee: 91-98%

Scheme 7.13 - Rhodium-catalyzed synthesis of axially chiral biaryl diphosphonates [224].

z

(O)(OEt)
_ | | [Rh(cod),][BF 4] / O
Z/ — (R)-18 (1-5 mol%) P(O)(OEt),
+ >

N — | | CH,Cly 1t, 1-3 h O P(O)(OEt),

Z=0,NTs, P(O)(OE),
NSO,(4-BrCqH,)
z

Yield: 65-81%
ee: >99%

Scheme 7.14 - Rhodium-catalyzed [2+2+2] cycloadditions of 1,6-diynes [226].
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Type 1: Z
OR
- E
— . | Rhcodus/ O OR
/ - (S)-18 (5 mol%) E
Z R
\; E
E | | CHCly rt, 16 h O OR
Z= C(COQME)Z \ E
E = CO,Et OR
or Z=CH, z
E = CO,Me R = Me, Ac
Yield: 30-59%
ee: 98 to >99%
Type 2: R
E
/— R CO,Me
S 2 [Rh(cod),][BF,] /
\ | | (S)-18 (5 mol%) CO,Me
= — . -
\ CH,Cly 1, 16 h CO,Me
E
R =H, Me E =H, CO,Me
R

Scheme 7.15 - Rhodium-catalyzed [2+2+2] cycloadditions of 1,6-diynes [227].

g [Rh(nbd),][BF,] /
N / | | 59 (20 mol%)
/ \o CH,Cl, tt, 16 h

é
(R,R) R = CO,Me (2.4 eq)

R =H, E = CO,Me:
24% vyield, 98% ee

R = CH,OH (5 eq)

(R.R)-(aR), (A)

(R.R)-(aS), (B)

R = CO,Me, (R,R)-59: 44% yield, (A)/(B) = 100:0
(S,S)-59: 40% yield, (A)/(B) = 100:0
R = CH,OH, (R,R)-59: 28% yield, (A)/(B) = 0:100
(S,S)-59: 17% yield, (A)/(B) = 0:100

Scheme 7.16 — Rhodium-catalyzed [2+2+2] cycloadditions of 1,6-diynes [228].
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[Rh(cod),][BF,] /
(S)-18 (10 mol%)
.

CH20|2’ rt, 16 h

R = Me, Et, nPr, CH,OMe
R' = Et, nPr, nC5H11'
CH20Me, CHon, COzEt

R =Me, R'=nCsH44: 80% yield, 8:1 dr,
97% ee

Scheme 7.17 - Rhodium-catalyzed [2+2+2] cycloadditions of 1,6-diynes [223].

CO,iPr
[Rh(cod)z][BF4] /
6 (5 mol%)
CH,Cl 1t, 1 h CO,iPr
Z=0, NTs, CH,
R = Me, Bn, CH,0Me Yield: 93-99%

ee: 89-97%

Scheme 7.18 - Rhodium-catalyzed [2+2+2] cycloadditions of 1,6-diynes [232].

X
X
_ [Rh{(R)-6}][SbF¢] O
/ - (10 mol%) P(O)Ph2
Y, + P(O)Ph, >
\—— 1,2-dichloroethane P(O)Ph,
| | 80°C, 16 h O
P(O)Ph,
Y

X =Y =C(CO,Me),: 79% yield, 97% ee
CH,CH,:  84% yield, 96% ee

Scheme 7.19 - Rhodium-catalyzed [2+2+2] cycloadditions with isocyanates [234].
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N R [Rh(cod),][BF4] /
= I (R)-19b (5 mol%) cl
X + . Y o
\—:

I CH,Cl, -20°C R
0 12-36 h X
/
X = CH,, O, C(CO,Me), R = Bn, nBu, o
nCeHi7 Yield: 58-89%
ee: 85-92%

Scheme 7.20 - Rhodium-catalyzed synthesis of axially chiral 1-arylisoquinolines [236].

P(O)Ph,
| | [Rh(cod),][BF4] /
am—— R L* (5-10 mol%)
Z + o
N (CH,CI),, 80°C
- | SN 16h
_ = L* = (R)-6, (R)-18,
Z=0,NTs (R)-135, (R)-139
R=H, Me L* = (R)-6, Z = O: R = H, 30% yield, 33% ee
R = Me, 90% yield, 94% ee
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