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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

Page 27



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 va