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1. INTRODUCTION

Over the past few decades transition metal-mediated trans-
formations have become extremely powerful tools in organic
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synthesis, with many classes of efficient chiral nonracemic ligands
having been developed for an ever-growing number of asymmetric
transformations.' The key step in most metal-mediated asymmetric
processes is the formation of a new species around the metallic
center, which involves the substrate, the reagent(s), and an
enantiomerically pure molecule (the ligand) usually bound to the
metal center through one or more functional groups. As in every
supramolecular process, reversible interactions (i.e., hydrogen
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Figure 1. Various trivalent phosphorus ligand families.
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Figure 2. Trivalent phosphorus ligands classified by coordination mode.

bonding, 77— stacking, or metal—ligand bonding) are respon-
sible for the assembly of the elements of the catalytic system. The
nature and strength of the binding forces by which the reagents
assemble around the catalyst are highly dependent on the nature
of the catalyst, the chemical transformation, and the mechanism
of stereoinduction. In such a catalytic system, the metal provides
a low-energy reaction pathway to the products, whereas the li-
gand modulates the reactivity of the metal and also creates an
asymmetric (or dissymmetric) environment around the metal
center, thereby allowing for the preferential recognition of one of
the enantiotopic elements (atom, group, or face) in the substrate.

The first ligands that were employed in asymmetric catalysis
mostly derived from natural products. However, researchers soon
realized that because of the limited structural diversity among
those ligands, it was unlikely that they could provide a satisfactory
response in terms of selectivity to all the conceivable situations in
catalysis (reactions, metals, substrates, reagents, etc.). Thus, asym-
metric synthesis was harnessed to broaden the repertoire of avai-
lable ligand scaffolds, incorporate every conceivable type of molec-
ular chirality, and functionalize ligands with a myriad of binding
groups for the majority of metal centers. Indeed, enantiomerically
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Figure 3. Known enantiopure phosphine—phosphinite ligands.
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Scheme 1. Carbohydrate-Derived Phosphine—Phosphinites
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Scheme 2. Terpene-Derived Phosphine—Phosphinite Ligands
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pure C-, N-, O-, P-, and S-containing ligands of synthetic origin
have enabled major advances in asymmetric catalysis for nearly
every synthetic transformation amenable to catalysis.

Owing to the special metal ligation properties of phosphorus
derivatives, trivalent phosphorus ligands have played and still play
an important role as metal binders in asymmetric homogeneous
organometallic catalysis. These trivalent phosphorus compounds
offer chemists the unique opportunity to modify the steric and
electronic properties of the ligands. In terms of electronic struc-
ture, the sT-accepting properties of the phosphorus group can be
strongly modified via replacement of the P—C bonds with P—O
(Figure 1), leading to phosphinites, phosphonites, or phosphites.

Ligands, in general, and more specifically P-derivatives can
also be differentiated according to their coordinating mode (i.e.,
monodentate, bidentate, or polydentate; see Figure 2). In the
early 1970s, Kagan devised the C,-symmetric chelating dipho-
sphine DIOP® and demonstrated that rhodium complexes of
chelating diphosphines catalyzed the asymmetric hydrogenation
of C=C bonds with higher enantioselectivities than monoden-
tate analogs. The topology of DIOP (chelating coordination and
C,-symmetry) strongly influenced the design of future ligands for
asymmetric cata1y51s, of which C,-symmetric ligands have been
predominant.® C,-Ligands might aid in reducing the number of
possible catalyst—substrate adducts (and transition states), and
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Scheme 3. Preparation of P—OP Ligand 13 by Reduction of a Phosphorus-Containing Intermediate
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Scheme 4. Preparation of Phosphine—Phosphinites by Ring-Opening of Non-natural Epoxides
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Scheme 5. General Strategy for Synthesizing the Phosphine—Phosphinites 3, 12, and 16 from Optically Pure BINOLs
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this was believed to have favorable effects on the asymmetric bias
of the transformation. Later advancements in the field of asym-
metric catalysis demonstrated that, regarding enantioselectivities,

C,-symmetric ligands are not necessarily intrinsically better than
their analogs lacking any symmetry element (i.e., C;-ligands).* In
certain situations, ligands with two different coordinating groups

2122 dx.doi.org/10.1021/cr100244e [Chem. Rev. 2011, 111,2119-2176



Chemical Reviews

PAr,

o@

38
Pringle et al. (1993)

Takaya et aI (1993)

Figure 4. The first reported chiral phosphine—phosphites.

should allow for a better stereocontrol.” This has led to growing
interest in the design, preparation, and study of the catalytic
properties of C;-symmetric bidentate ligands.
Phosphine—phosphinites and phosphine—phosphites are ex-
amples of nonsymmetric ligands that differ in the electronics
and the sterics of their respective binding groups. Since the re-
ports of the seminal phosphine—phosphite designed by Takaya®
and Pringle,” and the phosphine—phosphinites developed by
Brunner,” several other related ligands have been described.
These P—OP ligands encompass diverse carbon backbones
and stereogenic elements as well as different distances between
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the two phosphorus functionalities. These compounds have been
widely studied in enantioselective catalysis, for which they have
afforded excellent results in various asymmetric transformations.
Although several reviews have dealt with phosphine— phOSphl—
nites and phosphine—phosphites derived from carbohydrates,
highlighted their activity in a given asymmetric transformation,®
or included phosphine—phosphinites and 1phosphme phosphites
in a general review on phosphorus ligands,'' none of these articles

e B
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Figure 6. Developments in catalyst recycling involving BINAPHOS
analogs.

provide a comprehensive overview on the different methods for
preparing these ligands in enantiomerically pure form. Further-
more, the literature is lacking an updated summary of their per-
formance in asymmetric catalysis. Thus, this review was devised to
summarize the results obtained with enantiopure bidentate phos-
phine—phosphinite and phosphine—phosphite ligands in well-stu-
died, transition metal-mediated asymmetric transformations and to
describe their synthesis. However, symmetric bisphosphorus deriva-
tives, polydentate ligands that contain the phosphine—phosphinite
or phosphine—phosphite units, and mixed P—N-, P—S-, or P—O-
bidentate ligands are all outside the scope of this text.

2. PREPARATION OF ENANTIOPURE PHOSPHINE—
PHOSPHINITES AND PHOSPHINE—PHOSPHITES

This section reviews the strategies for synthesizing phosphine—
phosphinites and phosphine—phosphites, in which phosphino alco-
hols or their phenolic analogs are often key intermediates (prepara-
tion of enantiomerically pure P—OH derivatives is detailed in the
following sections). Subsequent O-phosphorylation of the P—OH
intermediates with electrophilic trivalent derivatives (chloro-
phosphines or chlorophosphites) readily affords the target ligands.
Routes that do not involve P—OH intermediates are also described
in the following sections.

In homogeneous catalysis, there is a need for catalyst recycling
and product separation, especially for expensive catalysts that
involve transition metals. The few known examples on heterogeni-
zation strategies for phosphine—phosphites and phosphine—phos-
phinites are highlighted in the following sections.

Several groups have recently reported the construction of the
ligand backbone via modular attachment of building blocks using
noncovalent and metal—ligand interactions. These building blocks
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Figure 7. Enantiomerically pure phosphine—phosphite ligands derived from the chiral pool.
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Figure 8. Phosphine—phosphite ligands derived from enantiomerically pure epoxides (or, in the case of ligand 69, from an enantiopure cyclic sulfate).

contain the functional groups required for the desired catalysis
(phosphine, phosphinite, and phosphite functionalities) as well as
the motifs necessary for the supramolecular assembly. This metho-
dology has enabled preparation of libraries of structurally diverse
phosphine—phosphinites and phosphine—phosphites with unpre-
cedented ease relative to standard covalent chemistry. Supramo-
lecular routes to P—OP ligands are also detailed in the following
sections.

2.1. Synthesis of Phosphino Alcohols and Subsequent
O-Phosphorylation with Electrophilic Phosphorus Reagents
(Chlorophosphines and Chlorophosphites)

2.1.1. Preparation of Enantiopure Phosphine—Phos-
phinites. Numerous phosphine—phosphinite ligands are
known in the literature (Figure 3). They are typically synthesized
via derivatization of the corresponding phosphino alcohols or
their phenolic analogs. The phosphino functionality is normally
introduced by attacking a suitably functionalized chiral backbone
with a nucleophilic phosphorus reagent. The synthesis mainly

differs according to the transformation used to introduce the
phosphino group:

Nucleophilic substitution

Nucleophilic addition onto C=O groups

Epoxide ring-opening

Once the P—OH intermediate has been prepared, the phos-
phinite functionality is typically introduced by O-phosphoryla-
tion of a hydroxy group with the required chlorophosphine in the
presence of a base.

Many of the known phosphine—phosphinite ligands are
derived from the chiral pool, which has provided a diverse range
of carbon backbones. Phosphine—phosphinite ligands 1, 2, and 7
were synthesized from readily accessible carbohydrates (Scheme 1),
from which compound 1 was the first phosphine—phosphinite li-
gand reported in the literature by Brunner et al.* Carbohydrates or
sugar derivatives contain numerous hydroxy groups; therefore, a
fundamental challenge in preparing these ligands comprised the
selective transformation of a limited number of hydroxy groups into

2125 dx.doi.org/10.1021/cr100244e [Chem. Rev. 2011, 111,2119-2176
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Figure 9. Chiral phosphine—phosphite ligands derived from BINOL or
(R,R)-1,2-diphenyl-1',2'-ethanediol.

phosphino groups, which normally required a very careful planning
of the synthetic strategy. The examples depicted in Scheme 1 nicely
illustrate several strategies to introduce the phosphino functionality
onto suitably modified carbohydrates using phosphides or the com-
bination of a secondary phosphine and a base: whereas in the syn-
thesis of 1, Brunner et al.® introduced the PPh, group via nucleo-
philic displacement of a tosyl group, to prepare ligand 2, Yamashita
et al.'* generated the geminal phosphino alcohol 21 by diastereo-
selective addition of diphenylphosphine onto a C=O group, and
last Uemura et al."* prepared the 1,2-phosphino alcohol 23 by ring-
opening of the epoxide 22 (derived from a,0-trehalose) with
KPPh,. The synthesis of phosphine—phosphinites 1, 2, and 7 was
completed by O-phosphorylation of compounds 18, 21, and 23,
respectively, with chlorodiphenylphosphine and an auxiliary base.

The rich chemistry of terpenes, and their availability from the
chiral pool have made them attractive starting materials for the
synthesis of chiral ligands. For example, the phosphine—phos-
phinites 8a—c were obtained in six steps from (1S)-(+)-cam-
phorsulfonic acid (Scheme 2) by Monsees, Laschat, et al.'* Their
route enabled incorporation of different phosphinite moieties in
the final steps, facilitating the study of electronic and steric effects
on asymmetric catalysis.

Interestingly, Jubault, Pannecouke et al. synthesized ligand 13
by reduction of the carboxylic acid in P-containing intermediate
26 followed by O—phos%)horylation of the resulting phosphino
alcohol 27 (Scheme 3)."

Another convenient path to phosphine—phosphinite ligands is
ring—oIpening of epoxides 28, which proceeds by an Sn2 mecha-
nism,"® followed by O-phosphorylation (Scheme 4), whereby alkali
metal (Li or K) phosphides are normally employed as the phos-
phorus nucleophiles. Further derivatization of the resulting alkoxide
29 or its parent phosphino alcohol analog with the appropriate
chlorophosphine leads to the desired phosphine—phosphinite li-
gands 30. Jiang et al.'” and Vidal-Ferran et al."® have used this chem-
istry to prepare phosphine—phosphinites from styrene oxide or
Sharpless epoxy ethers, respectively. Vidal-Ferran et al. reported that
ring-opening of the Sharpless epoxy ethers 32 at —30 °C to room
temperature proceeded smoothly and in good yield. Phosphino
alcohols generated from the ring-opening reactions were rather
prone to oxidation; subsequent protection as the correspondin
borane adducts 33 facilitated handling and storage. X-ray analysis'
of the borane adducts confirmed the regioselectivity of the ring-
opening (nucleophilic attack at the benzylic position) and an anti
arrangement of the hydroxy and phosphino substituents in 33, as
expected for a stereospecific Sn2-like oxirane ring-opening (inver-
sion at the attacked carbon and retention at the other). Free phos-
phino alcohols were obtained by decomplexation of the borane
adduct using DABCO and then derivatized using catalytic amounts
of DMAP, an auxiliary base, and chlorodiphenylphosphine.
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Figure 10. Phosphine—phosphite ligands synthesized by Pizzano et al.
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Figure 11. Phosphinine—phosphite ligands designed by Muller et al.

Ligands with a conformationally stable biaryl group (e.g., a bi-
naphthyl backbone) have been widely used in asymmetric catalysis,
providing excellent conversion rates and enantioselectivities.
Various binding groups have been attached to the binaphthyl
backbone. In 1996, the late Takaya and Nozaki, Saito et al.
developed the phosphine—phosphinite 3 (Scheme 5),?° contain-
ing a stereo%enic axis. Following Takaya’s synthetic methodology,
ligands 12*" and 16> were readily synthesized by reacting the
corresponding phosphino phenol 36 with the appropriate chlor-
ophosphine, using triethylamine as base. Compounds 3, 12, and 16
were prepared from enantiomerically pure BINOLs 34, through
generation of the bistriflate 35, followed by palladium-mediated
phosphorus—carbon bond formation and, finally, reduction of the
resulting phosphine oxide with HSiCl;/Et;N (Scheme S).

2.1.2. Preparation of Enantiopure Phosphine—Phos-
phites. Compared with phosphine—phosphinites, far more
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Figure 13. Phosphine—phosphinite ligands §, 6, 9, and 10 containing different backbones.

phosphine—phosphite ligands (see Figures 4—15 and Schemes 6—
15) have been reported and evaluated in asymmetric catalysis. The
most common strategy for synthesizing phosphine—phosphites is
quite similar to that described in section 2.1.1: O-phosphorylation of
phosphino alcohols or their phenolic analogs with chlorophosphites
(rather than chlorophosphines).

Compounds 37 and 38, the first examples of enantiopure
phosphine— phosphltes, were simultaneously reported in 1993
by the Takaya® and Pringle” groups, respectively. In these com-
pounds, the two phosphorus groups are situated on structurally
diverse carbon backbones. They both contain an axis as the
stereogenic element that confers the stereodifferentiating prop-
erties to the ligand.

To the best of the author’s knowledge, catalytic apphcatlons
for phosphine—phosphite 38 are scarce in the literature.** Con-
versely, (RS)-BINAPHOS (37a, Ar = Ph; Figure 4) is the
most extensively studied phosphine—phosphite ligand in enan-
tioselective catalysis and has afforded excellent results in many

asymmetric transformations. Thus, it should be regarded as a “privi-
leged chiral ligand”.** The impact of BINAPHOS in the field of
asymmetric catalysis not only lies in its outstanding catalytic
properties, but also results because it has served as inspiration for
the preparatlon of related phosphlne phosphite ligands, such as
37b,° 37c¢—g,*° 37h,i,* 37j,% 37k,° 371> 39,°% 40,° 41,%° 42,°
43, 0 and 44503 (Figure ). (R,S)-BINAPHOS 37a and its ana-
logs 40—44 were prepared similarly to phosphine—phosphinites
3, 12, and 16 (see Scheme $) from the corresponding P—OH
derivatives, except that a chlorophosphite was used instead of a
chlorodiarylphosphine in the O-phosphorylation of compound
36 and its analogs. Notably, the key intermediates 48 for the
synthesis of ligands 39 developed by Leitner, Lloyd-Jones, et al. 28
were prepared via a thia-Fries rearrangement, via migration of a
sulfonyl group from one oxygen atom in 47 to its ortho position,
which had first been selectively deprotonated®® (Scheme 6).
O-Phosphorylation of these sulfonyl-containing P—OH deriva-
tives 48 afforded BINAPHOS analogs 39a—k.
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Figure 14. Structurally diverse phosphine—phosphite ligands prepared by Schmalz et al.

Given the impact of BINAPHOS in asymmetric catalysis,
numerous heterogenization strategies for BINAPHOS and its
analogs have been devised. Ligands 49a—c and 50 contain vinyl
groups at one or both of the binaphthyl moieties or at the phenyl
substituents tethered to the phosphino group (Figure 6), en-
abling incorporation of the chiral ligand into a polymeric net-
work, thereby making heterogeneous versions of these ligands
possible.** In contrast, ligands S1a—c** and 52%° contain per-
fluoroalkyl-substituted groups in either the phosphino or phos-
phite moieties (Figure 6), permitting their use in supercritical
carbon dioxide, which facilitates catalyst recovery.

Several phosphine—phosphite ligands were later prepared in
multistep reactions from chiral pool-derived compounds, there-
by obviating the tedious step of resolving racemic compounds.

Ligands 53— 54 (Figure 7) were prepared from enantiomerically
pure cis- and trans-tetrahydrofuran derivatives, respectively,
which are readily available from L-ascorbic or p-isoascorbic acids,
respectively.”’ Starting from a different chiron, also derived from
the chiral pool, Ruiz, Claver, et al. synthesized the new family of
phosphine—phosphite ligands 58a—d, based on the carbohy-
drate D-(+)-xylose 55°° (Figure 7).

Phosphine —phosphite ligands have also been synthesized via
ring-opening of epoxides with phosphorus-containing nucleo-
philic reagents, followed by derivatization of the resulting phos-
phino alcohols with a chlorophosphite reagent, analogously to
the preparation of phosphine—phosphinite ligands (see Scheme 4
in section 2.1.1). This procedure has been used by the groups of van
Leeuwen, Vidal-Ferran, and Bakos to prepare the enantiomerically
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Figure 15. CAChe-minimized 3D structure of the rhodium-124b,u
complex (other ligands from the metal omitted for clarity).

pure phosphine—phosphite ligands 62—68 (Figure 8). Several
types of epoxides and, more interestingly, of phosphorus-con-
taining nucleophiles have been employed (Scheme 7): whereas
phosphides have provided access to numerous 1,2-phosphine—
phosphite ligands 59, a lithiated methylphosphine, used as
nucleophile to open the epoxide, enabled preparation of 1,3-
phosphine—phosphites 61.

Van Leeuwen et al. synthesized the phosphine—phosphite
ligands 62—64 from enantiomerically pure epoxides (propene
oxide or styrene oxide) and phosphorus-containing carbon
nucleophiles or nucleophilic phosphorus reagents, some of which
were enantiomerically pure (Figure 8).*” These nucleophiles
enabled elegant synthesis of compounds 64a,b, which contain
three stereogenic elements (a stereogenic carbon center arising
from the epoxide ring-opening, a stereogenic phosphorus atom,
and a configurationally stable biaryl unit).

Vidal-Ferran et al. utilized ring-opening of the Sharpless epoxy
ethers 32 with various phosphorus nucleophilic reagents (see
Scheme 4), followed by O-phosphorylation with several chlor-
ophosphites, to create a small library of highly modular ghos—
phine—phosphite ligands, compounds 65—67 (Figure 8).'%'%*
Bakos et al. recently reported preparation of enantiopure phos-
phine—phosphite ligand 68 starting from (S)-propylene oxide
and employing epoxide ring-opening and O-phosphorylation as
key steps in the synthetic route. Likewise, these authors synthe-
sized the phosphine—phosphite ligand 69 from an enantiomeri-
cally pure cyclic sulfate (Figure 8).*'

The phosphine—phosphite ligands 70 and 71 (Figure 9),
derived from BINOL or (R,R)-1,2-diphenyl-1’2"-ethanediol,
respectively, were prepared via O-phosphorylation of P—OH
derivatives with readily available chlorophosphites.**

Pizzano et al.*’ have developed a versatile route to a new class
of chiral phosphine—phosphite ligands, compounds 72—75
(Figure 10), by O-phosphorylation of a phosphino alcohol or
its phenolic analog bridged by an oxyethylene or an o0-oxyphenyl
fragment, respectively. Notably, their methodology also enabled
preparation of enantiopure ligands 75a and 75b from P-stereo-
genic phosphine fragments.

More recently, two new types of phosphine—phosphite li-
gands, 76 and 77** and 78—81,* derived from phosphinines and
phosphabarrelenes, respectively, were synthesized (Figures 11 and
12). These ligands are notable in that the nonphosphite P-groups
form a heterocycle, making them electronically different from
those in other ligands. These phosphinines and phosphabarrelenes

are interesting sT-acceptor ligands for homogeneous catalysis, with
electronic properties closer to those of phosphites.

The corresponding P—OH intermediates 86 and 87 required
to synthesize P—OP ligands indicated in Figures 11 and 12 were
elegantly prepared from the pyrylium salts 84 by O—P exchange
using phosphine or tris(trimethylsilyl)phosphine, respectively.
Subsequent cleavage of the methoxy group in 85 with BBr;,
followed by O-phosphorylation, afforded Muller’s phosphinine—
phosphite ligands 76—77 (Scheme 8).** Breit’s P—OP ligands
were prepared from P—OH intermediates 87, which in turn were
obtained by Diels—Alder reaction of 85 and benzyne (generated
in situ), followed by cleavage of the methoxy group. The target
ligands 78 —81 were then readily synthesized by O-phosphoryla-
tion of 87.%°

2.2. Synthesis of Phosphine—Phosphinites and Phosphine—
Phosphites by C- and O-Phosphorylation with Electrophilic
Phosphorus Reagents

The phosphine—phosphinites and phosphine—phosphites
highlighted in the previous section have been prepared by intro-
ducing the two phosphorus functionalities onto a (normally)
chiral backbone using a nucleophilic phosphorus reagent (to
afford the phosphine) and an electrophilic trivalent phosphorus
derivative (to afford the phosphinite or phosphite). During re-
trosynthetic analysis of a target P—OP ligand, strategies for the
introduction of the two phosphorus functionalities from electro-
philic trivalent phosphorus should be considered, providing that
the desired starting material for preparing the ligand enables
selective metalation of one of the carbons. In these cases, two
sequential C- and O-phosphorylations would yield phosphine—
phosphinites or phosphine—phosphites, depending on the re-
agent used for the O-phosphorylation. This section summarizes
the synthetic details of the ligands prepared to date following this
methodology.

P-stereogenic derivatives with an o-hydroxyaryl group have
recently gained attention as ligands in various asymmetric reac-
tions and as precursors to other phosphorus ligands.** The
ligands 4 were synthesized rather elegantly®’ (Scheme 9): first,
the C—Br bond in 88 was lithiated, inducing an ortho Fries-like
rearrangement, which led to migration of the phosphorus group
from the ortho-oxy position to the metalated carbon with
retention of configuration; second, the rearranged product was
trapped with chlorodiphenylphosphine and subsequently pro-
tected with borane to give intermediates 89; and finally, the
resulting borane complex was cleaved with DABCO.

In a related procedure, Bosch et al. reported various structu-
rally diverse enantiopure P—OP ligands, the compounds 5, 6, 9,
and 10 (Figure 13), encompassing different kinds of chiral back-
bones.*® In this case, the two P-donor functionalities were intro-
duced without any rearrangement (Scheme 10).

Ferrocene-based chiral ligands have proven invaluable in
several transition metal-mediated asymmetric reactions. Yeung
and Chan et al.** prepared the chiral phosphine—phosphite 99
and the phosphine—phosphinites 11a and 11b starting from
Ugi’s amine (see 96 in Scheme 11). These ferrocene-containing
ligands are very attractive for asymmetric catalysis, owing to their
straightforward synthesis and their stability to air and moisture.

New ligand structures are typically rationally designed and
then individually synthesized. However, this is rather time-con-
suming, especially considering that many of the ligands will not
provide an eflicient catalyst. Thus, to accelerate ligand develop-
ment, Schmalz et al. devised a broad library of structurally diverse
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Scheme 6. Synthesis of Leitner’s and Lloyd-Jones’ BINAPHOS Analogs 39
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Scheme 7. Preparation of Phosphine—Phosphite Ligands by Epoxide Ring-Opening
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ligands (100 114) derived from modular ligand architectures
(Flgure 14)

ortho-Lithiation on either phenol- or naphthol-derived back-
bones provided the key intermediate 116, onto which two
phosphorus donor moieties were separately introduced to gen-
erate the phosphine—phosphite ligands 100—105 (Scheme 12).

However, this original methodology failed for the preparation
of phosphine—phosphites 106 —114, all of which contain a bulky
substituent R'. Alternatively, a phospha-Fries rearrangement*”*"
of 120 to 121 (see section 2.2, Scheme 9) did provide ready
access to 106—114 (Scheme 13).

2.3. Synthesis of Phosphine—Phosphites by Supramolecular
Interactions

Noncovalent and metal—ligand interactions are increasingly
being used in construction of the asymmetric backbone of the
catalyst via modular attachment of building blocks by the supra-
molecular interactions previously mentioned. These building
blocks contain the functional groups required for the desired
catalysis as well as motifs necessary for the supramolecular assem-
bly. This methodology has enabled synthesis of libraries of struc-
turally diverse supramolecular ligands with far greater ease than
for standard covalent chemistry.

21

Van Leeuwen, Reek, et al. have pioneered a new and efficient
supramolecular strategy for preparing bidentate ligands, where-
by two suitably designed monomeric ligands are simply mixed.
Phosphine—phosphites and other kinds of supramolecular bi-
dentate ligands have been formed by a system comprising one
porphyrin unit functionalized with one covalently bonded phos-
phite (123 in Scheme 14) and a ditopic ligand 122 that cont-
ains nitrogen and phosphorus binding groups. Ligand 122 co-
ordinated with its hard nitrogen atom to Zn in the porphyrin
unit, whereas the phosphorus functionality did not intervene in
the assembly process, thereby remaining free for catalysis.
Libraries made this way were named SUPRAPhos. A first
generation library of ligands (Scheme 14) was successfully
synthesized with this strategy and tested in allylic substitutions.
This library was recently extended to ca. 500 members, which
have been evaluated in many other catalytic reactions,''%>
in which the supramolecular P—OP ligands behaved as biden-
tate ligands- specifically, wide-bite angle bidentates (Figure 15).
The catalysis results are discussed in detail in the following
sections.

Nishibayashi et al.>* recently devised another supramolecular
approach for preparing chelating ligands for homogeneous

30 dx.doi.org/10.1021/cr100244e [Chem. Rev. 2011, 111,2119-2176
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Scheme 8. Synthesis of the Required P—OH Intermediates for Muller’s and Breit’s P—OP Ligands
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Scheme 11. Preparation of Ferrocene-Based Phosphine—Phosphites and Phosphine—Phosphinites
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catalytic asymmetric transformations. They interlocked crown
ether 125, which contains a BINOL-derived phosphite group,
with the phosphine-substituted ammonium derivatives 126 to
form the supramolecular phosphine—phosphites 127a—c, which
have a pseudorotaxane structure. They exploited the high
stability of the crown ether—ammonium salt interaction to link
the two building blocks, each of which contributed one func-
tional group to the final supramolecular bidentate ligand.

Both the wheel (125) and the axle (126) moieties from
the pseudorotaxanes were synthesized in good yields using
well-established synthetic methodologies.>* Mixing equimolar
amounts of these moieties afforded a mixture of two diaster-
eoisomeric supramolecular complexes 127 due to the genera-
tion of a stereogenic plane in the pseudorotaxane skeleton.*®
Addition of a cationic rhodium complex to this diastereomeric
mixture gave quantitative formation of a single diastereomeric
rhodium chelate 128a,a (Scheme 15) whose stereochemistry
has not yet been determined. This result suggests that the
diastereomeric formation of only one rhodium chelate is
achieved by thermodynamic control through a reversible step
within its formation.

2132

Using this same strategy, Fan et al. have reported some more
examples of pseudorotaxane-based phosphine—phosphites.*®

3. APPLICATIONS IN ASYMMETRIC CATALYSIS

With the advent of transition-metal based catalysts, asym-
metric catalysis has expanded to encompass an ever-growing
scope of substrates and chemical transformations. In fact, in the
past 30 years, enantioselective catalysts have been developed for
nearly every chemical transformation imaginable, enabling major
breakthroughs in almost every one. Despite the remarkably
advanced state of the field, many research groups continue to
pursue new catalytic systems for challenging substrates, higher
activity, or improved enantioselectivity.

Ligand tuning in asymmetric catalysis has facilitated rapid
development of efficient catalytic systems.'”*”*® When a cataly-
tic process is developed or improved via catalyst tuning, it is
crucial to progressively move to more efficient catalytic systems
according to mechanistic and molecular interaction principles.
Ideally, ligand design should incorporate several independent
modules or molecular fragments orchestrated around a chiral
skeleton. If these modules are designed such that they can
influence the catalytic site, then modification of their steric and
electronic properties should provide a higher performing cataly-
tic system (i.e. one that offers higher conversion and regio- and
enantioselectivity). Indeed, the sterics and electronics of the
constituent modules/molecular fragments can be considered the
input parameters in the optimization process. Complimentarily,
combinatorial and high-throughput synthetic strategies have led
to numerous highly efficient ligands that utilize either standard
covalent chemistry® or supramolecular interactions.>* ™ >*3%%

Phosphine—phosphite and phosphine—phosphinite ligands
contain two different phosphorus-containing modules, whose
sterics and coordination relative to a catalytic metal center can
be modified by changing their substituents. This section provides
an overview of the literature precedent on the application of
enantiomerically pure phosphine—phosphinite and phosphine—
phosphite ligands in asymmetric catalysis, highlighting, when
necessary, the strategy employed during catalyst optimization.

dx.doi.org/10.1021/cr100244e |Chem. Rev. 2011, 111, 2119-2176
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Scheme 13. Improved General Synthesis of Schmalz’s Ligands
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3.1. Hydrogenations of Prochiral C=C and C=N Bonds
Transition metal-mediated asymmetric hydrogenation is a well-
established and efficient methodology for the catalytic reduction of
prochiral alkenes, imines, and ketones.”’ From a practical perspec-
tive, asymmetric hydrogenation has many advantages for generating
new stereogenic centers, including broad substrate scope, high
reactivity and selectivity, and simplified workup. There have been
several significant breakthroughs in the field and a myriad of Ru-,
Rh-, and Ir-coordination compounds (mostly phosphorus-contain-
ing derivatives) that can mediate these transformations with very
high enantioselectivities are known.®" Most remarkably, the devel-
opment of commercial processes has rendered this transformation

highly desirable to both academia and industry.**

3.1.1. Asymmetric Hydrogenations of Prochiral C=C
Bonds Mediated by Phosphine—Phosphinite and Phos-
phine— Phosphite Ligands. Enantiopure phosphine— phos-
phinite ligands have been studied in rhodium-mediated asym-
metric hydrogenation of functionalized alkenes. The correspond-
ing 1:1 chelates between a phosphine—phosphinite and a Rh(I)
precursor (mainly [Rh(cod),]BF,) should be regarded as the
precatalysts in these asymmetric hydrogenations. These species
are typically formed in situ by mixing the corresponding Rh(I)
precursor with a slight excess of P—OP ligand. The diene ligand
in the Rh(I) precatalyst is hydrogenated, and the two resulting
vacant coordination sites on the metal center are subsequently
occupied by solvent molecules: the resulting rhodium complex is
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Scheme 15. Building Blocks for Assembling Pseudorotaxane-Based Supramolecular Phosphine—Phosphite Ligands 127 and a

Representative Final Supramolecular Complex (127a,a)”
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considered the first species in the catalytic cycle of rhodium-
mediated hydrogenations.*®

The behavior in catalysis of phosphine—phosphinite ligands
has been tested in the asymmetric hydrogenation of benchmark
substrates, the 2-acetamido-3-arylacrylate derivatives 129 (see
Scheme 16). However, to the best of the author’s knowledge,
published studies on the asymmetric hydrogenation of topolo-
gically distinct prochiral alkenes mediated by this kind of P—OP
ligands are very scarce. Results obtained for substrates 129a and
129b are shown in Table 1, whereby the results listed correspond
to those obtained with the lead structure from a family of ligands.
All of the phosphine—phosphinites studied offered excellent
conversion; however, they varied widely in enantioselectivity,
from Iow to excellent, depending on ligand structure Ligand
11b,* containing a ferrocene unit, and ligand 12b,*" incorporat-
ing a binaphthyl moiety, gave the highest enantioselectivities for
the 2-acetamido-3-phenylacrylate derivatives 129. The substitu-
ents on the substrate’s phenyl group did not affect the enantlos—
electivity (ligand 11b, entry 6 and eight more examples,” ee’s
ranging from 95 to >99%; ligand 12b, entry 8 and five more

Scheme 16. 2-Acetamido-3-phenylacrylate Derivatives as
Substrates in Asymmetric Hydrogenation

N COOR » COOR
NHAc NHAc
R=H, 129a R=H, 130a
R = Me, 129b R = Me, 130b

H,, P-OP ligand,
Rh-precursor
—_—

examples,”’ ee’s 95 to >99%). Remarkably, Zhang’s ligand also
tolerates the free acid in substrates 129 without any loss of
enantioselectivity (ligand 12b, entry 7 and five more examples
with the free carboxylic group,”' ee’s >99%). None of the other
phosphine —phosphinite ligands tested (Figure 16) fulfilled the
steric and electronic requirements around the rhodium center to
achieve such high enantioselectivities.

Phosphine—phosphite ligands have been more widely used
in rhodium-mediated asymmetric hydrogenation than their
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Table 1. Rhodium-Mediated Asymmetric Hydrogenation of Dehydroarylalanines Mediated by Phosphine—Phosphinite Ligands

entry ligand

212
713
713
8b14b
10i48b
11b*
12b*
12b*
1315
1417
1417
15b'®

o N N B W N

_ =
o o= O

substrate

129a
129a
129b
129b
129b
129b
129a
129b
129b
129a
129b
129b

reaction conditions

conv. (%)

1 mol % [RhCl(cod)(P—OP)], 6 mol % Et3N, rt, 50 atm H,, 0.2 M in benzene—ethanol (1:1) 100

2 mol % [Rh(cod)(P—OP)]BF,, rt, 50 atm H,, 0.1 M in EtOAc—H,0 (1:1)
2 mol % [Rh(cod)(P—OP)]BF,, rt, 50 atm H,, 0.1 M in EtOAc—H,0 (1:1)
0.5 mol % [Rh(cod)(P—OP)]OTH, rt, 4.9 atm H,, 0.2 M in toluene

0.2 mol % [Rh(cod)(P—OP)]OTH, rt, 4.9 atm H,, 0.3 M in methanol

1 mol % [Rh(cod)(P—OP)]BE,, S °C, 10.2 atm H,, 0.5 M in toluene—DCM
1 mol % [Rh(cod)(P—OP)]PFg, rt, 1.0 atm H,, 0.2 M in THF

1 mol % [Rh(cod)(P—OP)]PFg, 1t, 1.0 atm H,, 0.2 M in THF

0.5 mol % [Rh(cod)(P—OP)]BFE,, rt, 1.0 atm H,, 0.2 M in DCM

1 mol % [Rh(cod)(P—OP)]PFq, rt, 9.9 atm H,, 0.6 M in DCM

1 mol % [Rh(cod)(P—OP)]PFq, rt, 9.9 atm H,, 0.6 M in DCM

1 mol % [Rh(nbd)(P—OP)]BF,, t, 19.7 atm H,, 0.2 M in DCM

100
100
100
100
100
100
100
100
100
100
100

% ee of 130 (config.)

5(R)
50 (R)
73 (R)
89 (S)

69 (nd)
97(S)
>99 (S)
>99 (S)
91(S)
70(S)
77 (S)
52(8)

phosphinite counterparts. The corresponding 1:1 chelates be-
tween a phosphine—phosphite ligand and the usual rhodium(I)
precursors in asymmetric hydrogenation should also be regarded
as the precatalysts in this transformation. Analogously to the case
of phosphine—phosphinites explained above, the corresponding
chelates are typically generated in situ by reacting the correspond-
ing Rh(I) precursor with the P—OP derivative.
precatalytic [Rh(diene)(P—OP)]™ complexes can be easily pre-
pared in good yields following well-established procedures:**
Complexes preformed this way have demonstrated equivalent
catalytic performance in asymmetric hydrogenation as precatalysts

T
prepared in situ.

The catalytic activity of rhodium complexes bearing enantio-
pure phosphine—phosphites in asymmetric hydrogenation has
been evaluated against a wider variety of alkenes than for their
phosphinite counterparts. Table 2 shows the results obtained for
related phosphine—phosphites in the rhodium-mediated asym-
metric hydrogenation of substrates 129a and 129b (Scheme 16),
whereby the results listed in Table 2 correspond to those obtained
with the lead structure from a family of ligands (Figure 17).
The catalytic activity of a rhodium complex derived from a given
P—OP ligand has normally been assessed in the hydrogenation

19

of methyl 2-acetamidoacrylate and 129 as benchmark substrates.
Results on the asymmetric hydrogenation of methyl 2-acetami-
doacrylate normally follow the same trend as do its phenyl-
substituted analogs 129, and for the results obtained with this
substrate, the reader is referred to the original articles.

Diverse phosphine—phosphites have provided excellent con-
+38 Alternatively, versions and enantioselectivities in the hydrogenation of 2-acet-
amido-3-phenylacrylate derivatives 129. For example, P—OP
ligands from Zhang (371),”' Ruiz and Claver (58a and 58d),*®
van Leeuwen (62e and 63b),** and Vidal-Ferran (66a)"® have all
provided enantiomeric excesses greater than 95%. Ligands 371

and 66a were also tested in the hydrogenation of a set of 5-aryl
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dehydro-at-amino acids 129 with excellent conversions and
enantioselectivities (ligand 371, entry 2 in Table 2 and six more
examples,21 ee’s from 95% to >99%; ligand 66a, entry 8 in
Table 2 and five more examples,"®"? ee’s 99%). Ligands 371 and
66a tolerate as well the free acid group in substrate 129a without
any loss of enantioselectivity (ligand 371, entry 1 in Table 2 and
five more examples with the free carboxylic group,”' ee’s >99%;
ligand 66a entry 7 in Table 2). An important feature of the
phosphine—phosphite ligand 66a is its tolerance to a broad
variety of carbamate-type amino-protecting groups (Boc, Cbz,

dx.doi.org/10.1021/cr100244e |Chem. Rev. 2011, 111, 2119-2176
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Table 2. Rhodium-Mediated Asymmetric Hydrogenation of Dehydroarylalanines Mediated by Phosphine—Phosphite Ligands

entry ligand substrate reaction conditions conv. (%) % ee of 130 (config.)
1 371 129a 1 mol % [Rh(cod)(P—OP)]PF, rt, 1 atm H,, 0.2 M in THF 100 99 (S)
2 371! 129b 1 mol % [Rh(cod)(P—OP)]PF, rt, 1 atm H,, 0.2 M in THF 100 >99 (S)
3 58a% 129b 1 mol % [Rh(cod)(P—OP)]BF,, rt, 1 atm H,, 0.2 M in DCM 100 98 (S)
4 58d* 129b 1 mol % [Rh(cod)(P—OP)]BF,, 1t, 1 atm H,, 0.2 M in DCM 100 99 (R)
S 62¢%* 129b 1 mol % [Rh(cod)(P—OP)]BF,, tt, 1 atm H,, 0.2 M in DCM 100 97 (R)
6 63b* 129b 2 mol % [Rh(cod)(P—OP)]BF,, rt, 1 atm H,, 0.2 M in DCM 100 95 (R)
7 66a'® 129a 1 mol % [Rh(nbd)(P—OP)]BE,, rt, 19.7 atm H,, 0.2 M in THF >99 99 (R)
38 66a'® 129b 1 mol % [Rh(nbd)(P—OP)]BF,, rt, 19.7 atm H,, 0.2 M in THF >99 99 (R)
9 72a%" 129b 0.2 mol % [Rh(cod)(P—OP)]BF,, rt, 4 atm H,, 0.2 M in DCM 100 >99 (R)
10 736+ 129b 0.2 mol % [Rh(cod)(P—OP)]BE,, tt, 4 atm H,, 0.2 M in DCM 100 99(S)
11 76a** 129b 1 mol % [Rh(cod)(P—OP)]BF,, 40 °C, 9.9 atm H,, 0.1 M in DCM >99 62 (R)
12 79 129b 1 mol % [Rh(cod)(P—OP)]BE,, rt, 1 atm H,, 0.1 M in DCM 100 88 (S)
13 99% 129b 1 mol % [Rh(cod)(P—OP)]BF,, rt, 20.4 atm H,, 0.5 M in THF 100 89 (S)
14 127a,2>* 129b 1 mol % [Rh(cod)(P—OP)]PF, rt, 1 atm H,, 0.2 M in DCM >99 77 (R)*
15 127b,d%¢ 129b 0.2 mol % [Rh(cod)(P—OP)]BE,, tt, 1 atm H,, 0.1 M in DCM 100 80 (R)

“90% ee (R) was observed at 0 °C in a 0.1 M solution in DCM.

and Fmoc) as demonstrated in the excellent enantioselectivities
observed (Table 3, Scheme 17).'%1%6°

Functionalized alkenes that are topologically distinct from 129
have been tested in phosphine—phosphite-mediated asymmetric
hydrogenations. Itaconate derivatives (Scheme 18) are another
class of compounds that give interesting enantiopure derivatives
upon asymmetric hydrogenation. Excellent enantioselectivities
(equal or higher than 99% ee) were obtained in the hydrogena-
tion of dimethyl itaconate 131a with rhodium complexes derived
from ligands 66a'® (entry 1 in Table 4) and 72a*** (entry 7 in
Table 4). Several itaconate derivatives 131b—d (entries 2—4 in
Table 4) and the related compounds 131e and 131f (entries S
and 6 in Table 4) were also hydrogenated with high levels of
stereoinduction by the rhodium complex derived from 66a.'"%
Contrariwise, lower ee’s were obtained with ligands 76a*** (entry
8 in Table 4) and 79" (entry 9 in Table 4).

High enantioselectivities were observed in the asymmetric hy-
drogenation of a-aryl enamides 133a—e (entries 1—S in Table S)
catalyzed by the rhodium complex derived from ligand 66a
(Scheme 19);'%'?%° however, this complex failed for enamides
133f and 133g (entries 6 and 7 in Table S). Remarkably, the re-
adily available rhodium complex derived from SUPRAPhos ligand
124b,u (see Scheme 14 in section 2.3),”*" which can be easily
prepared by supramolecular guided assembly of two P-contain-
ing components, proved successful for the difficult substrate
133h, for which only a few highly selective metal-based hydro-
genation catalysts are known (entry 8 in Table ).

Pizzano’s ligands (Figure 18) can efficiently mediate the hy-
drogenation of various unsaturated phosphonates (Scheme 20),
some of which have proven difficult to hydrogenate using other
kinds of trivalent phosphorus ligands.“d’&h’67 Hydrogenation of
functionalized unsaturated phosphonates leads to o~ or -hy-
droxyphosphonates, which have numerous biological applica-
tions. Results obtained with the best P—OP ligand for each sub-
strate are shown in Table 6 (17 examples, ee’s from 86% to 99%).
Whereas Pizzano’s results demonstrate that ligand 72c was the
optimal one for the asymmetric hydrogenation leading to f-
hydroxyphosphonates 136i—p (entries 9—16 in Table 6), no
single catalyst performed universally well for the hydrogenation
of unsaturated phosphonates to afford a-hydroxy-substituted

derivatives 136a—h (entries 1—8 in Table 6): the enantioselec-
tivities achieved with rhodium complexes derived from ligands
72a, 72g, and 72h are clearly substrate dependent.

There is a pressing need for catalyst recycling and easy product
separation in homogeneous catalysis, especially in the case of
expensive catalysts involving enantiomerically pure ligands and
transition metals. Multiphase catalysis is one of the most innova-
tive agproaches for easy catalyst recycling and product separa-
tion.®® In this method, the catalyst resides in one of the phases,
while the products and substrates are distributed between the
first (catalyst-containing) phase and a second, immiscible phase:
by simple separation of these phases, the catalyst can be recover-
ed and the product isolated.

Leitner et al. have designed and developed an innovative and
efficient catalytic system for asymmetric hydrogenation based on
ligand (R,S)-3-H*FS-BINAPHOS 52 (a structurally modified
version of the phosphine—phosphite BINAPHOS, see Figure 6
in section 2.1.2), which was designed for operation in a H,O/
scCO,, biphasic catalytic system. Incorporation of perfluoroalkyl
groups in the ligand skeleton of BINAPHOS and use of [Rh-
(cod),]BArg as thodium precursor conferred the required CO,-
philicity to the corresponding catalytic system, which they showed
to be soluble in compressed CO, as solvent and to provide high
enantioselectivity in the asymmetric hydrogenation of methyl
2-acetamidoacrylate 137 among other substrates.>®®” With an
optimal stationary phase for catalytically active rhodium complexes
of 3-H?F°-BINAPHOS 52 in hand, Leitner’s group then pursued
an inverted supercritical CO,/aqueous biphasic media for asym-
metric hydrogenation (Scheme 21). The [Rh(cod)(52)]BAry or
[Rh(cod)(52)]BF, precatalytic species was dissolved in a mixture
of scCO, and compressed H, at required pressure and tempera-
ture in an autoclave. An aqueous solution of the substrate was then
introduced against pressure using a pump, thereby forming a
H,0/scCO, biphasic system. Stirring generated an intimate
mixture, allowing asymmetric hydrogenation to proceed. Full
conversions were observed for itaconic acid (131b) and for methyl
2-acetamidoacrylate (137) after 1 hour at 40 or 56 °C, respectively,
using 0.5 mol % of catalyst (Vi = 100 mL, SS g CO,, P(H,) =
29.6 atm; Scheme 21). The aqueous layer that contained
the hydrogenated product was removed from the reactor, into

2136 dx.doi.org/10.1021/cr100244e [Chem. Rev. 2011, 111,2119-2176
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Figure 17. Phosphine—phosphite ligands studied in asymmetric hydrogenation of alkenes 129.

Table 3. Tolerance to N-Protecting Groups in the Asymmetric Hydrogenation of 129c—i Mediated by the Rhodium Complex

Derived from Ligand 66a

entry substrate

129¢'*
1294"®
129¢"®
1296%°
129g%
129h"
129i'®
129"
129k"*

O I N bW N =

reaction conditions

rt, 19.7 atm H,, 0.2 M in THF
rt, 19.7 atm H,, 0.2 M in THF
rt, 39.5 atm H,, 0.2 M in THF
rt, 19.7 atm H,, 0.2 M in THF
rt, 19.7 atm H,, 0.2 M in THF
rt, 39.5 atm H,, 0.2 M in THF
rt, 39.5 atm H,, 0.2 M in THF
rt, 19.7 atm H,, 0.2 M in THF
rt, 19.7 atm H,, 0.2 M in THF

conv. (%) % ee of 130 (config.)

>99 99 (R)
>99 96 (R)

99 98 (R)
>99 98 (R)
>99 98 (R)

70 92 (R)

94 97 (R)
>99 96 (R)
>99 96 (R)

which a fresh solution of substrate was then added, which
generated a new catalytic cycle. Leitner et al. demonstrated the
efficient recycling of the catalytic systems under these conditions:
for methyl 2-acetamidoacrylate 137 they observed an average
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enantiomeric excess of 98.4% £ 0.6% throughout five cycles.
Remarkably, leaching of rhodium and phosphorus into the
aqueous layer was 1.4 ppm and 5.2 ppm, respectively, during
the first cycle, but became undetectable in all following cycles.

dx.doi.org/10.1021/cr100244e |Chem. Rev. 2011, 111, 2119-2176
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Scheme 17. Tolerance to N-Protecting Groups in the Asymmetric Hydrogenation of 129c—i Mediated by the Rhodium Complex

Derived from Ligand 66a

H,,
RIZN COOR® 1 mol % [Rh(nbd)(66a)]BF,
NHR?
129c-i

130c-i

129° R R? R3
c Ph Cbz Me
(R).COOR3 d Ph Boc Me
e Ph Fmoc Me
NHR? f Me Cbz Me
g Me Boc Me
h i-Pr Boc Me
i p-F-CgHs; Fmoc Me
j 3,5-F2-C6H3 Boc H

k 3,5-F2-C6H3 Boc Me

Scheme 18. Rhodium-Mediated Asymmetric Hydrogenation
of Itaconic Acid Derivatives and Related Compounds
Employing Phosphine—Phosphite Ligands

G! G?
Hy, a COOMe COOMe
G' [Rn(diene)(P-OP)IBF; Me._G' b COOH COOH
- ¢ COOH CONH,
&2 a2 d COOMe CONH,
e COOMe OH
131a-f 132a-f f COOEt  OH

Continuous processing is possible in Leitner’s approach. The
resulting method, which is relatively straightforward and cost-
effective, offers high reaction rates (TOF = ca. 10° h™ ") and ex-
cellent asymmetric inductions, all of which underscore the value of
this novel approach in multiphase enantioselective catalysis.

Vidal-Ferran et al. recently described a less-sophisticated, yet
effective, procedure for catalyst reuse and product recovery in the
asymmetric hydrogenation of dimethyl itaconate 131a catalyzed
by the rhodium complex derived from ligand 66a."” This work
was based on the finding that rhodium complexes such as the
catalytic species derived from 66a are soluble in propylene car-
bonate, which has proven to be an ideal solvent for hydrogena-
tion.”® If the hydrogenation product is sufficiently soluble in
nonpolar solvents (e.g., alkanes), which in turn are nonmiscible
with propylene carbonate, then the hydrogenated products can
be separated from the reaction mixture by liquid—liquid extrac-
tion: the catalyst remains in the propylene carbonate solution,
whereas the product can be extracted into the nonpolar phase.
Dimethyl itaconate 131a was thus reduced in propylene carbo-
nate under standard hydrogenation conditions (1.0 mol % of
[Rh(nbd)(66a)]BE,, rt, 19.7 atm of hydrogen) in five consecu-
tive cycles, followed by liquid—liquid extraction of the hydro-
genated product, and finally, addition of more substrate to start a
new cycle. Vidal-Ferran et al. reported an average enantiomeric
excess of 97.4% = 0.7% throughout five cycles, observing almost
no change in the catalytic activity."”

Both catalyst reuse approaches are efficient, although they
cannot be considered as general, because they suffer from the
same intrinsic limitation: restrictions on the solubility of the hy-
drogenated product. Leitner’s approach demands that the sub-
strate and product be water-soluble,**>®” whereas Vidal-Ferran’s
strategy following Borner’s procedure’® requires that the

hydrogenation Product be soluble in a nonpolar solvent such
as cyclohexane.”” Hence, general strategies for catalyst recovery
are still being actively sought.

3.1.2. Asymmetric Hydrogenations of Prochiral Imines
and Related Compounds Mediated by Phosphine—
Phosphite Ligands. Asymmetric catalytic hydrogenation of
C=N bonds is a very attractive method for synthesizing en-
antiomerically enriched chiral amines.”* It offers many of the
advantages of the hydrogenation of C=C bonds,”" enabling
simple and efficient generation of a stereogenic center O to an
NH group. However, the asymmetric hydrogenation of C=N
bonds has not been developed to the extent of that for C=C and
C=0 bonds. Indeed, despite intense research efforts, no catalytic
system has yet been developed for C=N bonds that offers
robustness, high conversion rates and enantioselectivities, and
a broad substrate scope. Thus, identification of efficient ligands
for this transformation is of great interest.

Pizzano et al. prepared a diverse set of their modular phos-
phine—phosphites and then studied these in the iridium-mediat-
ed asymmetric hydrogenation of imines.**>*"% An ethane-bridged
ligand backbone between the two phosphorus functionalities, a
P-stereogenic phosphino group and a conformationally stable
phosphite moiety (as indicated in 75a) were identified as being
crucial for achieving high enantioselectivity for N-aryl imine sub-
strates (Scheme 22). The results obtained for substrates 139a—f are
shown in Table 7, whereby only the results obtained with the iridium
complex derived from lead ligand 75a are listed. Enantioselectivities
ranging from 72% to 85% ee were obtained in the hydrogenation of
various N-aryl imines mediated by the lead catalyst.

Recently, Vidal-Ferran et al. have assessed the catalytic activity
of their highly modular P—OP ligands in the enantioselective
hydrogenation of heteroaromatic compounds, specifically in the
case of quinolines, which is a convenient and challenging route
for the preparation of enantiomerically enriched heterocyclic
compounds (Scheme 23).”* Thereby, from the whole ligand
library, iridium complexes derived from phosphine—phosphite
66b mediated the hydrogenation of several substituted quino-
lines 141 with high enantioselectivities, ranging from 71% to 92%
ee (Table 8). The nature of the solvent, the temperature, and the
use of anhydrous HCI as additive proved to have an important
role in determining the enantioselectivity of the process. Opti-
mized reaction conditions for the hydrogenation of a variety of
quinolines have been summarized in Table 8.

3.1.3. Mechanistic Considerations and Origin of the
Enantioselectivity. To shed light on the correlation between
the enantioselection mechanisms operating in asymmetric
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Table 4. Rhodium-Mediated Asymmetric Hydrogenation of Itaconic Acid Derivatives and Related Compounds

entry ligand substrate reaction conditions conv. (%) % ee of 132 (config.)
1 66a'® 131a 1 mol % [Rh(nbd)(P—OP)]BE,, rt, 19.7 atm H,, 0.2 M in DCM >99 99 ()
2 66a%° 131b 1 mol % [Rh(nbd)(P—OP)]BE,, rt, 19.7 atm H,, 0.2 M in THF >99 95 (S)
3 66a*° 131c 1 mol % [Rh(nbd)(P—OP)]BE,, rt, 19.7 atm H,, 0.2 M in THF >99 95 (S)
4 66a*° 131d 1 mol % [Rh(nbd)(P—OP)]BE,, rt, 19.7 atm H,, 0.2 M in THF >99 99 (S)
5 66a"’ 131e 1 mol % [Rh(nbd)(P—OP)]BE,, 0 °C, 19.7 atm H,, 0.2 M in THF >99 95 (S)
6 66a%° 131f 1 mol % [Rh(nbd)(P—OP)]BF,, 0 °C, 19.7 atm H,, 0.2 M in THF >99 94 (S)
7 72a%* 131a 0.01 mol % [Rh(cod)(P—OP)]BE,, rt, 5.0 atm H,, 0.5 M in DCM >95 >99 (S)
8 76a** 131a 0.1 mol % [Rh(cod)(P—OP)]BF,, rt, 9.9 atm H,, 0.1 M in DCM >99 79 (S)
9 79% 131a 1 mol % [Rh(cod)(P—OP)]BF,, 1t, 1 atm H,, 0.1 M in DCM 100 19(S)
Scheme 19. Rhodium-Mediated Asymmetric Hydrogenation of ®t-Substituted Enamides
131 R R?
H,, a H Ph
NHAc [Rh(diene)(P-OP)IBF, NHAC b H  p-F-CgH,
1 1N
RSN RY c H  p-CF3-CeH,
R? R? d H  m-Br-CgH,
e H p—MeO—CGH4
133a-g 134a-g f H t-Bu
g

Table 5. Rhodium-Mediated Asymmetric Hydrogenation of o.-Substituted Enamides

entry ligand substrate reaction conditions conv. (%) % ee of 134 (config.)
1 66a'® 133a 1 mol % [Rh(nbd)(P—OP)]BF,, rt, 19.7 atm H,, 0.2 M in THF >99 98 (R)
2 66a*° 133b 1 mol % [Rh(nbd)(P—OP)]BF,, rt, 19.7 atm H,, 0.2 M in THF >99 98 (R)
3 66a®° 133¢ 1 mol % [Rh(nbd)(P—OP)]BF,, rt, 19.7 atm H,, 0.2 M in THF >99 98 (R)
4 66a%° 133d 1 mol % [Rh(nbd)(P—OP)]BF,, t, 19.7 atm H,, 0.2 M in THF >99 97 (R)
5 662" 133e 1 mol % [Rh(nbd)(P—OP)]BF,, rt, 19.7 atm H,, 0.2 M in THF >99 97 (R)
6 66a%° 133f 1 mol % [Rh(nbd)(P—OP)]BE,, rt, 19.7 atm H,, 0.2 M in THF >99 23 (S)
7 66a"° 133g 1 mol % [Rh(nbd)(P—OP)]BF,, rt, 19.7 atm H,, 0.2 M in THF >99 57 (R)
8 124b,u®® 133h S mol % [Rh(cod)(P—OP)]BF,, 40 °C, 11.8 atm H,, 20 equiv. DIPEA, 0.2 M in DCM 100 94 (nd)

hydrogenation and the nature of the P—OP ligands, theoretical
studies into the reactivity of rhodium catalysts derived from
phosphine—phosphinites and phosphine—phosphites with meth-
yl 2-acetamidoacrylate 137 have been carried out by Maseras
et al."” In contrast with the systems studied in the majority of
investigations on asymmetric hydrogenation, P—OP ligands are
not C, symmetric. Whereas with C, symmetric ligands there are
only two distinct modes of binding the chelating substrate to the
catalyst, C, ligands as the ones considered here lead to four
possible binding modes in the catalyst—substrate adduct com-
plexes, 143a—d, as shown in Figure 19. Two sets of catalyst—
substrate complexes can be expected depending on the coordi-
nation of the C=C double bond of the substrate trans to the P
group (phosphine, 143a and 143b) or trans to the PO group
(phosphinite or phosphite, 143c and 143d) in the rhodium
complex. Lastly, each of these two coordination modes (C=C
trans to the PO and C=C trans to P groups) may lead to two
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complexes, depending on the prochirality of the ot-carbon of
methyl 2-acetamidoacrylate 137 (pro-(R) or pro-(S)).

The mechanism for rhodium-mediated hydrogenation of
enamides such as methyl 2-acetamidoacrylate 137 is complex,
but fortunately, it has been extensively explored by a number
of research groups,élam’74 resulting in the generally accepted
“unsaturated” mechanism. Previous computational studies on
asymmetric hydrogenation have shown that the approach of
dihydrogen to the substrate—catalyst adduct takes place in a
direction parallel to the P—Rh—olefin bonds and that for sub-
strates such as methyl 2-acetamidoacrylate, the first hydride addi-
tion is made to the 5 carbon of the substrate (Figure 19).”* Theo-
retical studies on hydrogenation observe competition between
oxidative addition and migratory insertion as possible rate-deter-
mining steps.”> This observation was confirmed by studying the
energy profile in the asymmetric hydrogenation of methyl 2-acet-
amidoacrylate catalyzed by the rhodium complex derived from
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Figure 18. Lead P—OP ligands for the hydrogenation of unsaturated phosphonates.

Scheme 20. Rhodium-Mediated Asymmetric Hydrogenation
of Unsaturated Phosphonates
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phosphine—phosphinite ligand 15a for the complete catalytic
cycle and for the different reaction manifolds derived from the
different substrate—catalyst complexes (Figure 19).'*”¢ These
studies revealed that oxidative addition had higher activation
energies (1—3 keal- mol ") than the ones for migratory insertion
for the asymmetric hydrogenation of methyl 2-acetamidoacrylate
catalyzed by the rhodium complex derived from ligand 15a. Transi-
tion states for oxidative addition had also a higher energy (less than
1 keal-mol ") than the migratory insertion ones in the asymmetric
hydrogenation catalyzed by the rhodium complex derived from
phosphine—phosphite ligand 66a. Similar conclusions have been
also obtained by Claver, van Leeuwen, et al, who experimentally
determined that oxidative addition of hydrogen gas was the rate-
determining step in hydrogenations catalyzed by rhodium complexes
bearing phosphine—phosphites 58 and 62—64.*"7

Having already determined that oxidative addition is rate-deter-
mining, a detailed conformational study of the oxidative addition transi-
tion states for all four reaction manifolds (Figure 19) for the asymmetric
hydrogenation of methyl 2-acetamidoacrylate catalyzed by the rhodium
complex derived from ligand 66a revealed that enantiodiscrimation
arises from a fine balance between electronic and steric effects.

Primarily, the electronic asymmetry of the P—OP ligand
establishes a discrimination in two out of the four possible

manifolds, since the phosphite group hinders binding of the
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Table 6. Rhodium-Mediated Asymmetric Hydrogenation of
135

entry ligand substrate conv. (%) % ee of 136 (config.)
1 72a%% 135a 100 93(S)
2 72j*%8 135b 100 98 (R)
3 72h* 135¢ 100 98 (R)
4 72h*¢ 135d 100 96 (R)
5 7204 135e 100 92 (R)
6 72g"% 135f 100 87 (R)
7 72h*3 135¢ 43 91 (R)
8 72h*8 135h 60 86 (R)
9 720 135i 90 99 (R)
10 72cPh 135§ 82° 99 (R)
11 72" 135k 55° 99 (R)
12 7240 1351 93¢ 99 (R)
13 7240 135m 85° 99 (R)
14 72" 135n 73 95 (R)
15 72k 1350 87° 99 (R)
16 7240 135p 86" 99 (R)
17 72680 135q 87° 99 (R)

“Isolated yield (%).

substrate in its trans position (manifolds derived from 143c and
143d in Figure 19). This can be visualized in the quadrant
diagram depicted in Figure 20 by saying that the two right-hand
sites are electronically disfavored with respect to placement of
the Cy and Cp olefin carbon atoms of the substrate. The
difference within each of the two remaining manifolds with
electronically similar properties (manifolds derived from 143a
and 143b in Figure 19) is associated with steric effects. The
lower-left quadrant is far from the steric congestion produced by
BINOL, and the oxidative addition transition state having the C,
carbon in this quadrant is energetically favored: it is accepted’*
that in the oxidative addition transition state, steric hindrance
develops in the quadrant occupied by the C,, olefin carbon. Steric
congestion at the oxidative addition stage in the manifold derived
from structure 143b (C, carbon in the upper left quadrant)
increased the energy by 2.2 kcal -mol ™" with respect to manifold

dx.doi.org/10.1021/cr100244e |Chem. Rev. 2011, 111, 2119-2176



Chemical Reviews

derived from 143a, in which the C, carbon is placed in the lower
left quadrant (Figure 20).

Finally, the computational studies carried out by Maseras et al.
also revealed that the asymmetric hydrogenation of methyl 2-
acetamidoacrylate mediated by rhodium complexes bearing
phosphine—phosphite ligand 66a follows an anti-lock-and-key
behavior in this system. The most stable catalyst—substrate
adduct (and thus most abundant) is 143b, but product formation
proceeds by means of the manifold derived from 143a.

3.1.4. Comparative Table in Asymmetric Hydrogena-
tions. Rhodium complexes of P—OP ligands have efficiently
catalyzed the asymmetric hydrogenation of a broad array of func-
tionalized alkenes (section 3.1.1), and Table 9 provides compar-
ison between the enantioselectivity obtained with rhodium com-
plexes of P—OP ligands and the ee values attained with so-called
milestone ligands in rhodium-mediated asymmetric hydrogena-
tions.”® Metal complexes of P—OP ligands compare very favor-
ably (in terms of enantioselectivity) with those derived from
ligands 144—149 in rhodium-mediated asymmetric hydrogena-
tions of structurally diverse functionalized alkenes (Figure 21).

3.2. Hydroformylations

Asymmetric hydroformylation of alkenes remains one of the
most powerful transformations for preparing enantiopure alde-
hydes,” which are valuable precursors of active pharmaceutical
ingredients (APIs) and agrochemicals. This transformation in-
volves elongation of the carbon skeleton by one unit from one of
the two possible sp” carbons of the alkene, via addition of CO and
H,. Thus, for nonsymmetric alkene substrates, two regioisomers

Scheme 21. Leitner’s H,0/scCO, Biphasic Catalytic System

Vit = 100 mL
m(CO,) =55¢g
P(H,) = 29.6 atm
0.5 mol % [Rh(cod)(52)]"

X Y X Y
T T

scCO,

H, / [Rh]

Substrate

of aldehydes are possible (see Scheme 24) and either zero, one,
or two stereogenic centers can be generated, depending on the
position at which the CHO unit is incorporated and on the topo-
logy of the starting alkene. Though asymmetric hydroformyla-
tion has great potential for preparing diverse chiral products, it
is only synthetically valuable if used with catalysts that offer ex-
cellent regio- and enantiocontrol; this is especially true on the
industrial scale. Nonetheless, the applicability of hydroformyla-
tion can be limited by poorly reactive alkenes (namely, from the
decrease in reactivity consequent to the increase in number of
substituents”*), insufficiently active catalysts, and the difficulty in
simultaneously controlling regio- and enantioselectivity.

Research in enantioselective hydroformylation remains focused
on rhodium as the catalyst metal, because it offers high activity
and selectivity in complexes with bidentate P ligands.>'*"?
Given that rhodium-mediated asymmetric hydroformylations
have already been generally covered in other reviews,">”> in this
section, we have focused on the results obtained with rhodium
complexes of phosphine—phosphite ligands used with various structu-
rally diverse substrates.”® Furthermore, since the stereochemical out-
come of the reaction is greatly influenced by the regjoselectivity of the
reaction, which in turn is affected by inherent substrate preferences or
by directing effects from the substrate’s functional groups, we have
organized this section according to substrate topology.

3.2.1. Asymmetric Hydroformylations of Aryl-Substi-
tuted Alkenes. Phosphine—phosphite ligands have been
tested to a greater extent than phosphine—phosphinites in the
rhodium-mediated asymmetric hydroformylation of olefins. In
this transformation, the corresponding catalyst precursors [Rh-
(acac)(P—OP)] were usually prepared in situ by adding variable
amounts of the desired P—OP ligand to a Rh(I) precursor
(mainly [Rh(acac)(CO),]).

Table 7. Hydrogenation of N-Aryl Imines Catalyzed by the
Iridium Complex Derived from Ligand 75a

o T Bl
X Y  substrate product T (°C) % ee of product (conf.)
CH,CO,H CO,H 131b5% 132b 40 94 (S)
NHAc CO,Me 1375% 138 56 98.4 + 0.6 (R), (average 5 cycles)

entry substrate conv. (%) % ee of 140 (config.)
1 139a*¢ 100 84 (R)
2 139b** 100 72 (nd)
3 139¢*¢ 100 85 (nd)
4 139d** 100 79 (nd)
5 139¢*%* 100 82 (nd)
6 139f%¢ 100 81 (nd)

Scheme 22. Hydrogenation of N-Aryl Imines Catalyzed by the Iridium Complex Derived from P—OP Ligand 75a

X
/©/ H, (29.6 atm)
N [{Ir(u-Cl)(cod)},] + 75a
| 1 mol % cat.
v 0.1MinDCM
139a-f
a X=Y=H
b X=H,Y=Me
¢ X=H,Y=0Me
d X=H Y=F
e X=H,Y=Cl
f X=0Me, Y=H

oy
HN

*

t-Bu

140a-f
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Scheme 23. Hydrogenation of Quinolines Mediated by the Iridium Complex Derived from Ligand 66b

H, (78.9 atm)
1/2 [{Ir(u-Cl)(cod)},] + 66b

anh. HCI 1.0 M in Et,0 (10.0 mol %)

1 mol % cat.

1
L
N R?

0.2 M in toluene

141a-i

a R'=H,RZ2=Me

b R'=H,R%=n-Pr
¢ R'=H,R2=pn-Bu
d R'=H,R?=j-Bu

e R'=F R?=Me

f R'=RZ=Me

g R'=0Me, R?2=Me
h R'=OMe, R?=Et
1

R'=H,R2=Ph

PPh,
Ph 7 OMe

R! ~ 0
o O
e D

H 66b
142a-i Q

Table 8. Hydrogenation of Quinolines Catalyzed by the
Iridium Complex Derived from Ligand 66b

entry substrate conv. (%) % ee of 140 (config.)

1 141a” >99 91 (S)

2 141b7 98 71(S)

3 1417 99 85(S)

4 14147 >99 88(S)

5 1417 92 88 (S)

6 1417 74 922(S)

7 141g7 38 89 (S)

8 141h7 23 87(S)

9 141i >99 84 (R)

MeOCH, ph
oq/< P G\P/O MP/Ph
\ ';\Ph 4 \/Rr\w/ H\ph
o—R 3\\ H|A" 0
ﬁﬂ—k N"% “ome
H
143¢c 143d

(pro-(R), C=C trans to PO group) (pro-(S), C=C trans to PO group)

Ph
MeOC\\/{ MeOCH,
G O Ph

\ / AN / /
4 A N
G H Bh\ Ph GO B Rh_ o Ph
o AyH O [
A MeO NN
MeO “ H A H
H™ ™
143a 143b

(pro-(R), C=C trans to P group) (pro-(S), C=C trans to P group)

G = carbon substituent; phosphine-phosphinite
G = carboxy substituent; phosphine-phosphite

Figure 19. The four possible binding modes for methyl 2-acetamidoa-
crylate with P—OP-ligated catalysts.

Over the past few decades, rhodium-mediated enantioselec-
tive hydroformylation of styrene (150a) and its derivatives has

/

Figure 20. Quadrant diagram for the catalyst—substrate adduct, which
leads to the major enantiomer of the hydrogenation product of methyl
2-acetamidoacrylate (the structure of the catalyst—substrate adduct has
been calculated at the full DFT level)."

been extensively investigated, using a broad range of chelating
phosphorus ligands. The phosphine —phosphite ligands studied in
the hydroformylation of styrene are shown in Figure 22, and the
results are listed in Table 10. Rh(I) complexes of BINAPHOS
(37k), typically generated by mixing [Rh(acac)(CO),] with an
excess of the ligand, were the first to be reported for asymmetric
hydroformylation of styrene (Scheme 25), providing hlgh activity
and regio- and enantioselectivity (entry 1 in Table 10).° Rh(I)
complexes of enantiopure BINAPHOS were the first truly efficient
and general enantioselective catalysts for hydroformylation, repre-
senting an important breakthrough in this transformation.

The potential of this BINAPHOS-based catalyst was also
demonstrated against various p-substituted styrene derivatives,
for which it offered high regio- and enantioselectivity.***° The
results for the hydroformylation of p-methylstyrene 150b are
the best reported (97% conv., 95% ee, 86% branched product;
Scheme 26).°

2142 dx.doi.org/10.1021/cr100244e [Chem. Rev. 2011, 111,2119-2176
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Table 9. Comparison of the Enantioselectivity (% ee) Obtained with Selected P—OP Ligands to Those Obtained with Milestone
Ligands 144—149 in Rhodium-Mediated Asymmetric Hydrogenations of Several Alkenes

ligands
144 145 146b 147 148 149 371 62e 66a 72a
129a 72 (R)” 94 (8)*° 84 (S)"! 96 (R)%>* >99 (R)® 99 (8)*! 99 (R)'®
129b 68 (R)** 96 ()% 99 (8)* 96 (S)™ 93 (R)®* >99 (R)® >99 (8)** 97 (R)** 99 (R)"® >99 (R)**
137 >99 (8)* 88 (S)%! 21 (R)%¢ >99 (R)® >99 (8)* 99 (R)** 99 (R)*®
133a 53(8)¥ 95 (5)8%b 11 (R)% 98 (R)® 98 (R)'®
131a 25 (R)¥ 88 (R)”° 97 (R)** 98 ()% 94 (8)7>* 98 ()% 99 (8)'® >99 (§)**

“The ee values correspond to the hydrogenation of the N-benzoyl-protected derivatives rather than the N-acetyl ones. b Compound 133a was reduced

using ligand 146a. “ The ee values for the hydrogenation of itaconic acid 131b.

ey

OMe
O,
o (e
W Ry O

Scheme 24. Hydroformylation of Topologically Diverse
Alkenes

© CHO
MeO R R « CHO
o U - )\ + RIS
DIOP, 144 DIPAMP, 145 R = Me, (S,S)-Me-DUPHOS, 146a
R =Et, (S,S)-Et-DUPHOS, 146b
R CHO
17 * 2 + « CHO
R Enantioselective R1)\/R R1/\(
PCy, OO Catalyst R?
'y PPh t-Bu - >
Me 2 CO/H 2
F:e PPh; PPh, Me,P\/ P(t-Bu), R2 2 CHO R*
ga=r OO &\ R2-% + R CHO
R! R!
JOSIPHOS, 147 (S)-BINAP, 148 TCFP, 149 )
R2 CHO R

Figure 21. Milestone ligands in asymmetric hydrogenations.

Modification of the steric and electronic properties of the phos-
phino group in BINAPHOS by introducing different substituents
into the P-aryl groups of the ligands 37b—g did not affect either the
enantioselectiviy or the ratio of branched to linear product (entries
2—7 in Table 10).**** However, the rhodium complex of the other
seminal phosphine—phosphite 38 (Pringle’s ligand)23b behaved
rather distinctly from BINAPHOS in the hydroformylation of sty-
rene 150a, offering only poor enantioselectivity (entry 8 in Table 10).
It is worth mentioning that a lower enantioselectivity was achieved in
the hydroformylation of styrene 150a with mismatched (R,R)-BINA-
PHOS (25% ee)™ than that observed with matched (S,R)-BINA-
PHOS 37k (94% ee, entry 1 in Table 10).

High regio- and enantioselectivities were achieved by using a
rhodium complex of phosphine—phosphite 44a, which is based on an
atropisomerically stable biphenyl backbone (entry 11 in Table 10).>"
However, lower enantiomeric excesses were observed when a
biphenyl unit, whose corresponding conformers are capable of
interconversion, was placed either between the phosphine and
phosphite functionalities (44b/44d)*"** or at the phosphite
fragment (43)*° (entries 10 and 12 in Table 10, respectively).

The aforementioned outstanding results with BINAPHOS
and related ligands inspired researchers to design and synthesize
new P—OP ligands for asymmetric hydroformylation. For ex-
ample, Ruiz, Claver, et al. developed the sugar-based phos-
phine—phosphite ligands 58 (see Figure 7 in section 2.1.2),
among which ligand $8d (Figure 22) proved to be the best. The
bulky tert-butyl groups at the phosphite fragment were crucial for
providing high regio- and moderate enantioselectivities (entry 13
in Table 10).”” Moreover, 58d mediated the hydroformylation of
styrene under mild conditions (pressure and temperature).
Similar activity and selectivity were obtained by using rhodium

g/f
P
Py
Py
Py
&
+
A
o
T
(e}

complexes of the phosphine—phosphites 62—64 described by
van Leeuwen et al. (see Figure 8 in section 2.1.2). Hydroformyla-
tion of styrene (150a) catalyzed by [RhH(CO),(62a)] afforded
the branched aldehyde 151a with high regio- and good enantios-
electivity (entry 14 in Table 10).%** The combination of a stereo-
genic phosphine fragment, containing a naphthyl group, and the
matched configuration of the stereocenter in the ligand backbone
enabled the efficient stereoinduction.

Faraone et al. reported the rhodium complex of ligand 70b
to be an efficient catalyst for the branched aldehyde 151a (entry
15 in Table 10).”® Although the conversion and the chemo- and
regioselectivities were extremely high, the enantioselectivity was
only moderate (20% ee). The authors used NMR to explain the
low selectivity, showing that the rhodium complexes contained
monodentate rather than the desired bidentate ligands. They de-
duced that the monodentate phosphorus species could have been
formed via ligand hydrolysis. Matteoli et al. studied the catalytic
activity of the rhodium complex of the ligand 71 in the enantiose-
lective hydroformylation of styrene 150a (entry 16 in Table 10).**
The results were very similar (in terms of chemo-, regio-, and
enantioselectivity) to those obtained by the other researchers with
the aforementioned P—OP ligands 58, 62, and 70.

In 2007, Pizzano et al. described hydroformylation of aryl
alkenes catalyzed by rhodium complexes of the phosphine—
phosphite ligands 72—75 (see Figure 10 in section 2.1.2).** The
best enantioselectivity that they obtained for the hydroformylation
of substrate 150a was 71% ee (entry 17 in Table 10), using the
1-naphthyl P-substituted ligand 72f under standard conditions
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Figure 22. P—OP ligands used in rhodium-mediated asymmetric hydroformylation.

(50°C and 19.7 atm of syngas). These substituents are responsible
for the improved selectivity of the catalyst, via formation of 7—
stacking interactions between the aryl groups on the phosphine
and the styrene substrate. This positive effect was confirmed by the
high performance of the rhodium catalyst incorporating ligand 72f
in the carbonylation of 1-vinyl naphthalene 150c (100% conver-
sion, 89% ee, and 99% for the branched aldehyde, Scheme 27).
Very recently, the potential of Schmalz’s phosphine—phos-
phites 100—114 (see Figure 14 in section 2.2) were evaluated in

rhodium-mediated asymmetric hydroformylations of styrene.**!

High regioselectivity and good enantioselectivity (80% ee, entry
18 in Table 10) were obtained with a rhodium complex of the
TADDOL-based ligand 113a. This ligand contains a phenyl
group ortho to the phosphite fragment, which strongly influences
the stereochemical outcome of the reaction. By running the hy-
droformylation at 20 °C, the authors were able to enhance the
enantioselectivity (up to 85% ee) of the catalyst, although this
came at the expense of poorer reactivity (9% conversion). Despite
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Table 10. Rhodium-Mediated Asymmetric Hydroformylation of Styrene 150a Using P—OP Ligands

ratio of % ee of
entry  ligand reaction conditions conv. (%) 1S1ato 152a 151a (config.)
1 37k 0.05 mol % [Rh(acac)(CO),], 0.2 mol % 37k, 60 °C, 100 atm CO/H, (1/1), 20.0 M in benzene >99 88/12 94 (S)
2 37b¥ 0.05 mol % [Rh(acac)(CO),], 0.2 mol % 37b, 60 °C, 100 atm CO/H, (1/1), 20.0 M in benzene >99 90/10 85(R)
30 377 0.05 mol % [Rh(acac)(CO),], 0.2 mol % 37c, 60 °C, 19.7 atm CO/H, (1/1), 20.0 M in benzene >99 92/8 95(R)
4 37d% 0.05 mol % [Rh(acac)(CO),], 0.2 mol % 37d, 60 °C, 19.7 atm CO/H, (1/1), 20.0 M in benzene >99 91/9 96 (R)
5 37e* 0.05 mol % [Rh(acac)(CO),], 0.2 mol % 37e, 60 °C, 19.7 atm CO/H, (1/1), 20.0 M in benzene >99 93/7 93 (R)
6 37f° 0.05 mol % [Rh(acac)(CO),], 0.2 mol % 37f, 60 °C, 19.7 atm CO/H, (1/1), 20.0 M in benzene >99 88/12 92 (R)
7 37g® 0.05 mol % [Rh(acac)(CO),], 0.2 mol % 37g, 60 °C, 19.7 atm CO/H, (1/1), 20.0 M in benzene >99 89/11 92 (R)
g 38t 0.5 mol % [Rh(acac)(CO),], 1.0 mol % 38, 60 °C, 79.0 atm CO/H, (1/1), 0.4 M in toluene >99 95/5 S (nd)
9 412> 0.1 mol % [Rh(acac)(41a)], 60 °C, 100 atm CO/H, (1/1), 1.0 M in benzene 84 92/8 89(S)
10 43% 0.05 mol % [Rh(acac)(CO),], 0.2 mol % 43, 60 °C, 100 atm CO/H, (1/1), 20.0 M in benzene >99 91/9 83 (R)
11 44a% 0.1 mol % [Rh(acac)(CO),], 0.4 mol % 44a, 60 °C, 100 atm CO/H, (1/1), 20.0 M in benzene >99 90/10 94 (8)
12 44b/44d*"*> 0.1 mol % [Rh(acac)(CO),], 0.4 mol % 44b/44d, 60 °C, 100 atm CO/H, (1/1), 20.0 M in benzene 98 89/11 69 (S)
13 584”7 0.1 mol % [Rh(acac)(CO),], 0.11 mol % 58d, 25 °C, 24.7 atm CO/H, (2/1), 0.9 M in toluene S8 95/5 49(S)
14 622> 0.05 mol % [Rh(acac)(CO),], 0.2 mol % 62a, 50 °C, 19.7 atm CO/H, (1/1), 1.0 M in toluene 55 92/8 63(S)
15 70b° [Rh(acac)(CO),]/70b (1/4), 40 °C, 100 atm CO/H, (1/1), benzene >99 97/3 20(S)
16 71%° 0.05 mol % [Rh(acac)(CO),], 0.1 mol % 71, 25 °C, 100 atm CO/H, (1/1), 2.0 M in benzene 53 96/4 40 (R)
17 726 0.1 mol % [Rh(acac)(CO),], 0.4 mol % 72f, 50 °C, 19.7 atm CO/H, (1/1), 1.1 M in toluene 48 98/2 71(S)
18 1132°™ 0.1 mol % [Rh(acac)(CO),], 0.4 mol % 113a, 35 °C, 9.9 atm CO/H, (1/1), 1.1 M in toluene 77 97/3 80(S)

Scheme 25. Hydroformylation of Styrene 150a Using Rho-
dium Complexes of P—OP Ligands

[Rh(acac)(CO),]
P-OP ligand CHO
Ph/\ e N + Ph/\/CHO
CO/H, Ph
150a 151a 152a

their high chemo- and regioselectivities, these complexes never
provided comparable enantioselectivities (ee up to 80% with
ligand 113a) to those obtained with BINAPHOS (compare
entries 1 and 18 in Table 10).

Studies on catalyst recycling, catalyst reuse, and product
separation within asymmetric hydroformylation ran almost in
parallel to the development of standard phosphine—phosphite
ligands for homogeneous catalysis. For example, in 1998 Nozaki
et al. reported the highly efficient rhodium-mediated enantiose-
lective hydroformylation of styrene 150a using the polymer-im-
mobilized enantiopure phosphine—phosphite ligands 49 and 50
(Figure 23).** These heterogeneous catalysts provided compar-
able results (see Table 11) to those obtained with the homo-
geneous analogs, although the catalytic efficiency depended
heavily on mechanical considerations: the catalyst could be reused
up to four times with almost no change in catalytic activity, but
only at low stirring rates. The catalytic complexes of 49 and 50 also
performed well for asymmetric hydroformylation in the vapor
phase (i.e., in the absence of organic solvents).>* ¢

The Leitner***" and Ojima’ groups independently reported
a similar approach, using supercritical CO,'* in fluorous
solvents for enantioselective hydroformylation. The catalysts
formed from [Rh(acac)(CO),] and either of the perfluoroalkyl-
substituted phosphine—phosphite ligands, 51 or 52, provided
excellent regio- and enantioselectivities (up to 94% ee with 52)
for the hydroformylation of several p-substituted styrene
derivatives.

2145

3.2.2. Asymmetric Hydroformylations of Alkyl-Substi-
tuted Alkenes. Hydroformylation of terminal aliphatic alkenes
with rhodium catalysts has not been as widely explored as that of
aryl alkenes (see section 3.2.1), probably because of the lower
regio- and enantioselectivities obtained for the alkyl branched
aldehydes compared with their aryl analogs.'®* The few literature
reports on the use of rhodium complexes of P—OP ligands in the
hydroformylation of alkyl-substituted alkenes (Scheme 28) mainly
relate to BINAPHOS and analogous ligands (see Table 12 for
catalysis results and Figure 22 for ligand structures).

Low regioselectivities and high enantioselectivities were gen-
erally observed (Table 12), irrespective of the ligand used (37a,
37c, or 44a); however, the highest enantioselectivity (>99% ee,
60% of the branched aldehyde, entry 10 in Table 12) was
observed for substrate 153h, which contains a triphenylmethyl
substituent at the allylic position.

Asymmetric hydroformylation of 1,2-disubstituted aliphatic
alkenes is more complicated, because of the numerous reactions
pathways possible. For example, the rhodium catalyst could me-
diate the isomerization of the initial substrate to the correspond-
ing terminal aliphatic alkenes (Scheme 29), whereby hydrofor-
mylation products both from the internal (157) and from the
terminal alkenes (159 and 160) would be expected.

Remarkably, the catalyst using the BINAPHOS analog 37c¢
afforded high enantioselectivities and total chemo- and regio-
selectivities in the enantioselective hydroformylation of internal
aliphatic alkenes.”® These results were better than those obtained
with the rhodium complex of (R,S)-BINAPHOS 37a.'” Asare-
presentative example, for the substrate (Z)-2-butene (156a), the
only product obtained was the enantiomerically enriched branch-
ed aldehyde 157a in 90% ee (Scheme 29), the highest ee value
ever described for this type of substrate. The absence of linear
product indicated that no isomerization had occurred during the
catalytic transformation.

3.2.3. Asymmetric Hydroformylations of Conjugated
Dienes and Heteroaryl Alkenes. Taking into consideration
the excellent performance of Rh(I)-BINAPHOS complexes,
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Figure 23. Phosphine—phosphite ligands used in hydroformylation reactions with improved catalyst recycling, catalyst reuse, or product separation.

Scheme 26. Hydroformylation of p-Methylstyrene 150b with a Rhodium Complex of BINAPHOS

CHO

X 0.1 mol % [Rh(acac)(CO),] CHO
/©/\ 0.4 mol % 37k /Ej/V
Me Me * Me

CO / H, (1:1, 100 atm)

150b 60 °C 151b 152b
[150b] = 20.0 M in benzene

conv. = 97%
Ratio 151b/152b: 86/14
151b: 95% ee (S)

Scheme 27. Hydroformylation of 1-Vinyl Naphthalene Catalyzed by the Rhodium Complex of Ligand 72f
CHO
AN 0.1 mol % [Rh(acac)(CO),] CHO
O 0.4 mol % 72f ‘ O
+
O CO/Hy (1:1, 19.7 atm) 0
50 °C

[150c] = 1.0 M in toluene
150c 151c 152¢

conv. = 100%, ratio 151¢c/152c: 99/1
151c: 89% ee (S)

Nozaki et al. applied these catalysts to the hydroformylation of Hydroformylation of 161a—c afforded the desired optically
the conjugated dienes 161 (Table 13, Scheme 30).'% active f3,y-unsaturated aldehydes 162a—c with high regio- and
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Table 11. Asymmetric Hydroformylation of Styrene 150a Catalyzed by Polymer-Supported Rhodium Complexes of BINAPHOS

entry reaction conditions ratio of 151a to 152a % ee of 151a (config.)
1 0.05 mol % PS“-[Rh(acac)(49a)], 60 °C, 20 atm CO/H, (1/1), 17.7 M in benzene*** 85/15 90 (R)
2 0.05 mol % PS*-[Rh(acac)(49b)], 60 °C, 20 atm CO/H, (1/1), 17.7 M in benzene>** 90/10 87 (R)
3 0.05 mol % PS*-[Rh(acac)(49¢)], 60 °C, 20 atm CO/H, (1/1), 17.7 M in benzene*** 87/13 85 (R)
4 0.05 mol % PS*-[Rh(acac)(50)], 60 °C, 20 atm CO/H, (1/1), 17.7 M in benzene>* 85/15 92 (R)

“PS = polymer supported.

Scheme 28. Hydroformylation of Terminal Aliphatic Alkenes Catalyzed by Rhodium Complexes of P—OP Ligands

[Rh(acac)(CO),]
P-OP ligand CHO
R +  r-~CHO
CO/H, R™>
154 155

153a R = Et 153f R = CHy-t-Bu
153bR=n-Bu  153g R = (CHy),t-Bu
153¢ R = j-Pr 153h R = CH,CPh;

153d R = CH,-i-Pr 153i R = CH,C(SiMej3)s
153e R ={-Bu

Table 12. Rhodium-Mediated Enantioselective Hydroformylation of Terminal Aliphatic Alkenes 153a—i

sub- conv. ratio of % ee of
entry strate ligand reaction conditions (%) 154 to 155 154 (config.)

1 1532 372 0.1 mol % [Rh(acac)(CO),], 0.4 mol % 37a, 30 °C, 100 atm CO/H, (1/1), 20.0 M in benzene 21/79 83 (R)
2 153b  37a° 0.1 mol % [Rh(acac)(CO),], 0.4 mol % 37a, 30 °C, 100 atm CO/H, (1/1), 20.0 M in benzene 90 24/76 75 (R)
3 153b  37¢* 0.1 mol % [Rh(acac)(CO),], 0.4 mol % 37¢, 30 °C, 19.7 atm CO/H, (1/1), 20.0 M in benzene 66 30/70 90 (R)
4 153b 442" 0.1 mol % [Rh(acac)(CO),], 0.4 mol % 44a, 30 °C, 100 atm CO/H, (1/1), 20.0 M in benzene 51 23/77 85(S)
S 153¢ 372> 0.1 mol % [Rh(acac)(CO),], 0.4 mol % 37a, 30 °C, 100 atm CO/H, (1/1), 20.0 M in benzene 90 8/92 83(R)
6 153d 372" 0.2 mol % [Rh(acac)(CO),], 0.8 mol % 37a, 50 °C, 100 atm CO/H, (1/1), 5.0 M in benzene 54 26/74 83 (nd)
7 153e 372" 0.2 mol % [Rh(acac)(CO),], 0.8 mol % 37a, 50 °C, 100 atm CO/H, (1/1), 5.0 M in benzene 71 0/100
8 153f 372" 0.2 mol % [Rh(acac)(CO),], 0.8 mol % 37a, 50 °C, 100 atm CO/H, (1/1), 5.0 M in benzene 94 43/57 92 (nd)
9 153g  37a'" 0.4 mol % [Rh(acac)(CO),], 1.6 mol % 37a, 50 °C, 100 atm CO/H, (1/1), 5.0 M in benzene 90 26/74 77 (nd)
10 153h 372" 0.4 mol % [Rh(acac)(CO),], 1.6 mol % 37a, 50 °C, 100 atm CO/H, (1/1), 5.0 M in benzene >99 60/40 >99 (nd)
11 153i 372" 0.4 mol % [Rh(acac)(CO),], 1.6 mol % 37a, 60 °C, 100 atm CO/H, (1/1), 5.0 M in benzene 51 7/93 nd

enantioselectivities (entries 1—3 in Table 13, respectively), in
which careful control of the reaction conditions (e.g., syngas
pressure, reaction time, and stirring rate) during the in situ
formation of the catalyst was essential. Simple conjugated dienes
161d and 161e gave poor enantioselectivities (entries 4—S in
Table 13, respectively), indicating that stereodiscrimination in
this transformation is dictated by the substituents at C;— and
Cs,. (R'—R?).

Literature reports on enantioselective hydroformylation in
target-oriented synthesis are, to the best of our knowledge,
scarce; nevertheless, there is one example that clearly highlights
the uniqueness of BINAPHOS ligand for use in hydroformyla-
tion. Jacobsen et al. have elegantly reported the total synthesis of
(4)-ambruticin, whose Cs stereocenter they efficiently gener-
ated via asymmetric hydroformylation of the adequate conjugated
diene 165 usiné a rhodium complex of (S,R)-BINAPHOS 37k
(Scheme 31).'* Carbonylation provided the desired branched
aldehyde 166 with high regio- and diastereoselectivity (Scheme 31).

Nozaki’s group recently expanded the substrate scope of asym-
metric hydroformylation to include the vinyl heteroarenes 167:
using a rhodium complex of (R,S)-3-MeO-BINAPHOS 37, they

obtained the desired branched aldehydes with excellent regio-
and enantioselectivities (Scheme 32).'%° Further oxidation of the
enantiopure aldehyde 168 yielded the corresponding i-hetero-
arylpropanoic acids 169 without loss of optical purity.

3.2.4. Asymmetric Hydroformylations of Heteroatom-
Substituted Olefins or Alkenes That Contain Substitu-
ents with Functional Groups

3.2.4.1. Oxygen-Containing Alkenes. Rhodium(I) com-
plexes of enantiomerically pure phosphine—phosphites have also
been applied in the asymmetric hydroformylation of diverse hetero-
atom-substituted alkenes, which is usually more difficult than that of
vinyl arenes. The low conversions and low chemo- and regioselec-
tivities observed for bidentate C,-symmetric diphosphines are due to
poor substrate reactivity or undesired reaction pathways.'° The most
representative example presented in this section is the enantioselective
hydroformylation of vinyl acetate 170 (Scheme 33), which has been
explored with rhodium complexes of different phosphine—phosphite
ligands, chiefly, BINAPHOS analogs (see Table 14 for the catalysis
results and Figures 22 and 23 for the ligand structures).

Remarkably, the BINAPHOS analogs performed quite well, afford-
ing high conversions and excellent regio- and enantioselectivities (up
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to 92% ee for (R,S)-BINAPHOS 37a, entry 1 in Table 14). To the
best of our knowledge, this was the first example of highly efficient
catalysts for asymmetric hydroformylation of vinyl acetate 170. More-
over, corresponding polymer-supported versions of the catalysts af-
forded equally good results (compare entries 1—S with entries 6—
9 in Table 14). Hydroformylation of other vinyl carboxylates,
spanning a wide range of substituents (EtCOO, +-BuCOO, BzO,
and Me(CH,)sCOO instead of the AcO group) also proceeded
with high regioselectivity (branched to linear product ratios from
85/15 to 91/9) and enantioselectivities (from 80% ee to 98% ee),
demonstrating the unique catalytic properties of Rh—BINAPHOS
derived catalytic systems.>®

Bérner’s phosphine—phosphite ligands 53 and $4°7 (see
Figure 7 in section 2.1.2) have been evaluated in the rhodium-
mediated hydroformylation of allyl acetate 173 (Scheme 34), in
which S4a (Figure 24) provided the best results (up to 44% ee).”’
The results depended on the bulk of the aromatic groups and on
the relative stereochemistry of the two phosphorus functionalities;

Scheme 29. Hydroformylation with Concomitant
Isomerization

Rh-catalyst OHC
CO/H
Vot oo N
R Me slow R Me
Internal aliphatic 157
olefin (156)
“ Rh-catalyst
CO/H H
RexNxy ———2% » R_A~_CHO + ¢HO
fast R Me
Terminal aliphatic
olefin (158) 159 160
0.05 mol % [Rh(acac)(CO),]
0.2 mol % 37c OH(:‘=.,
/ _ /
Me  Me oo H,(1:1,316atm) M Me
156a Benzene, 60 °C 157a: 90% ee (S)

thus, the highest ratio of branched to linear isomer and the highest
enantioselectivity were obtained with the combination of the trans
arrangement of substituents and the (S)-configuration for the
binaphthyl unit.

Cinnamyl alcohol 176 has also been evaluated in enantioselec-
tive hydroformylations, as an interesting oxygen-functionalized
substrate.'®® A series of two rhodium complexes of P—OP ligands
were tested (see Table 15 for catalysis results and Figure 24 for the
ligand structures).

As observed in Scheme 35, hydroformylation of 176 yielded
the lactol 177 with total regioselectivity (the linear product 178
was not detected by "H NMR spectroscopy). The crude lactol
177 was then converted to the corresponding lactone 179
by oxidation with Ag,COj3 in high isolated yields (entries 1
and 2 in Table 15). (R,S)-BINAPHOS (37a) provided the
best enantioselectivity (entry 1 in Table 15), whereas its
phosphine—phosphinite counterpart 3b gave relatively low
enantioselectivity.

Scheme 31. Asymmetric Hydroformylation Used to Prepare
a Key Precursor of (+)-Ambruticin

“, OH
HO,C™ Q\O
o)
OH

X
H N Me
MEA/\QH\ o
Me Me Me
(+)-Ambruticin
Me 0.5 mol % [Rh(acac)(CO),] N Me
== 2.0 mol % (S,R)-BINAPHOS 37k
OHC
NN
tﬁﬁ © CO/Hy (1:1, 19.7 atm) ?15 0
Me Me 30-35 °C Me Me Me
165 [165] = 7.6 M in benzene 166
(branched/linear: 91/9
d.r.: 96/4)

Table 13. Asymmetric Hydroformylation of Conjugated Dienes Catalyzed by Rhodium Complexes of BINAPHOS

conv. ratio of 162 to % ee of 162
entry  substrate reaction conditions (%) (163 + 164) (config.)
1 161a'®* 0.5 mol % [Rh(acac)(CO),], 2.0 mol % 37a, 60 °C, 100 atm CO/H, (1/1), 8.0 M in benzene 85 86/(0+ 14) 96 (R)
2 161b'%® 0.5 mol % [Rh(acac)(CO),], 2.0 mol % 37a, 60 °C, 100 atm CO/H, (1/1), 8.0 M in benzene 92 78/(0+22) 80 (R)
3 161c'** 0.5 mol % [Rh(acac)(CO),], 2.0 mol % 37a, 30 °C, 100 atm CO/H, (1/1), 8.0 M in benzene 62 91/(4+5) 89 (R)
4 161d'% 0.1 mol % [Rh(acac)(CO),], 0.4 mol % 37a, 30 °C, 100 atm CO/H, (1/1), 12.0 M in benzene = 42h™'"*  75/(25) 22 (R)
5 161e'®" 0.1 mol % [Rh(acac)(CO),], 0.4 mol % 37a, 30 °C, 100 atm CO/H, (1/1), 12.0 M in benzene ~ 49h™'*  88/(12) 20 (R)
“TOF.

Scheme 30. Asymmetric Hydroformylation of Conjugated Dienes Catalyzed by Rhodium Complexes of BINAPHOS

R [Rh(acac)(CO),] R
P-OP ligand 37a
R2 N N —_— R2 NS
R3 CO/H, R3
161a-e 162

aR'=H,R?=R3=-(CH,),-
bR'"=R2=Me, R®=H
cR'"=R3=H,R2="Ph
dR'"=R3¥=H, R2=Me
eR'=Me,RZ=R3=H

R' CHO

R1
a + RZJ*»L’/\ + RZJY\/CHO
RS RS

163 164
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Scheme 32. Hydroformylation of Vinyl Heteroarenes Catalyzed by Rhodium Complexes of P—OP Ligands

0.5 mol % [Rh(acac)(CO),]

0,
R@\ 2.0 mol % 37c¢
X CO /H, (1:1,19.7 atm)
60 °C
167X=0.5S [167] = 2.0 M in benzene

CHO COH
NaClO, R M.,
> O
X X
168 169
64-80% yield
77-93% ee

Scheme 33. Asymmetric Hydroformylation of Vinyl Acetate
Catalyzed by Rhodium Complexes of P—OP Ligands

[Rh(acac)(CO),]

P-OP ligand CHO
ACOTX + ACO/\/CHO
CO/H, AcO”*
170 171 172

The aryl vinyl ethers 180a—e have been also investigated as
substrates for rhodium-mediated asymmetric hydroformylation
(Scheme 36), since their resulting branched aldehydes are impor-
tant subunits for nonracemic agrochemicals. Due to its excellent
performance in hydroformylation, (S,R)-BINAPHOS 37k was
the obvious choice as ligand."” The results are summarized in
Table 16.

Under these conditions, the branched to linear product ratios
were moderate (from 63/37 to 71/29), whereas the enantiose-
lectivities were high (from 65% to 80% ee). The highest en-
antiomeric excesses were achieved at roughly 50% conversion. The
authors attributed this to a decrease in catalyst stability upon
increasing concentration of the branched aldehyde in the reaction
mixture, whereby new catalytic species appeared to be involved in
the reaction and to lead to worse stereodiscrimination.'®

3.2.4.2. Nitrogen-Containing Alkenes. The hydroformyla-
tion of N-containing alkenes is a powerful tool for preparing
chiral amino acids or enantiopure amino alcohols. For asym-
metric hydroformylation of N-vinylphthalimide 183, rhodium
complexes of (S,R)-BINAPHOS 37k provided high chemo-,
regio-, and enantioselectivity (Scheme 37).5%

Enantioselective hydroformylation of allyl cyanide 186
(Scheme 38) can be considered challenging, as it generally leads to
the linear aldehyde as major hydroformylation product.''® Remark-
ably, the use of phosphine—phosphites (R,S)-BINAPHOS 37a and
72e as ligands in rhodium complexes for catalyzing this transforma-
tion enabled switching of the regioselectivity to favor the branched
product."! 43 Thus, excellent branched to linear product ratios (up
to 93/7) were achieved with 72e (entry 3 in Table 17), although the
enantioselectivities remained moderate for both ligands (Table 17).

Enantioselective hydroformylation has been used as the key
step for preparing biologically active compounds, including the
1/5-methylcarbapenem antibiotics 190f, which can be stereo-
selectively synthesized via rhodium-mediated asymmetric hydro-
formylation of 4-vinyl-3-lactam 189 (Scheme 39). For this
chemistry, Takaya, Nozaki, et al. tested several rhodium com-
plexes of the phosphine—phosphite and phosphine—phosphi-
nite ligands shown in Figure 24.”° Their results on catalysis are
summarized in Table 18.

In this reaction, the catalyst derived from ligand 42 gave higher
regioselectivity but lower diastereoselectivity than did the

catalyst with (R,S)-BINAPHOS (37a) (compare entries 4 and
S in Table 18, respectively). Interestingly, the phosphine—
phosphinite ligands performed slightly better than did (R,S)-
BINAPHOS. The best results (in terms of catalytic activity and
regio- and diastereoselectivity) were achieved using 3c (entry 3
in Table 18), which contains an electron-withdrawing fluoro
group at the para position of both phenyl rings in the phosphinite
moiety. This is one of the rare examples of highly efficient asym-
metric hydroformylations catalyzed by rhodium complexes of
phosphine—phosphinite ligands.

3.2.4.3. Sulfur-Substituted Alkenes. To the best of our
knowledge, there are very few publications on the use of P—
OP ligands in rhodium-mediated asymmetric hydroformylation
of sulfur-containing alkenes. Indeed, only catalysts incorporating
(R,S)-BINAPHOS 37a as ligand have been successfully used in
the hydroformylation of vinyl sulfides 192a—e, allyl sulfide 193,
and allyl sulfone 194, providing branched aldehydes as major
products in 65% to 89% ee (Figure 25).'"?

The use of bulkier substituents on the sulfur in vinyl substrates
enhanced both the regio- and the enantioselectivities (Figure 25).

3.2.4.4. Fluorinated Alkenes. Hydroformylation of fluori-
nated alkenes is a convenient and relatively unexplored route
to enantiomerically enriched organofluorine compounds, which
have unique biological and physiological activities. Most of the
reported work on enantioselective hydroformylation of fluori-
nated substrates has employed catalysts in which BINAPHOS
was the ligand (Table 19, Scheme 40).3%3*

As illustrated by Table 19, hydroformylation proceeded under
mild conditions to give the desired optically enriched aldehydes
196 in high ratios of branched to linear product (ratio of 196 to
197 up to 96/4, entry 1 in Table 19) and with high enantioselec-
tivity (up to 95% ee, entry 2 in Table 19). The authors stated that
they had to stop the reaction at moderate levels of conversion
to obtain high ee’s, probably due to partial racemization of
the branched aldehyde (compare entry 1 with entries 2 and 3
in Table 19). Polymer-supported versions of the catalysts offered
higher catalytic activity (TOF) and similar selectivities to the
corresponding homogeneous conditions (entry S in Table 19).

3.2.4.5. Heterocyclic Alkenes. Rhodium complexes of BINA-
PHOS analogs have also been tested by Nozaki et al. in asym-
metric hydroformylations of the five- or seven-membered het-
erocyclic alkenes 198—200 (Figure 26).”7

For most of these substrates, the best results were obtained
using 37j as P—OP ligand (see Figure 24), which contains two
methyl groups at the two ortho positions of the binaphthyl
backbone in the phosphite moiety. Steric bulk around the phos-
phite fragment improves stereocontrol and catalytic activity and
proved to suppress side reactions such as racemization (via f3-
hydride elimination for 198) and polymerization or cleavage of
the ketal moiety in substrate 200.
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Table 14. Asymmetric Hydroformylation of Vinyl Acetate 170 Catalyzed by Rhodium Complexes of P—OP Ligands

ratio of % ee of
entry  ligand reaction conditions conv. (%) 171to 172 171 (config.)
1 37a° 0.25 mol % [Rh(acac)(CO),], 1.0 mol % 37a, 60 °C, 100 atm CO/H, (1/1), 20.0 M in benzene >99 86/14 92(S)
2 37b°  0.25 mol % [Rh(acac)(CO),], 1.0 mol % 37b, 60 °C, 100 atm CO/H, (1/1), 20.0 M in benzene 72 85/15 90 (S)
3 37¢'7 0.1 mol % [Rh(acac)(CO),], 0.4 mol % 37¢, 60 °C, 20 atm CO/H, (1/1), 7.0 M in benzene 96 94/6 87(S)
4 37d"7 0.1 mol % [Rh(acac)(CO),], 0.4 mol % 37d, 60 °C, 20 atm CO/H, (1/1), 7.0 M in benzene 2 84/16 90 (S)
S 442> 0.1 mol % [Rh(acac)(CO),], 0.4 mol % 44a, 60 °C, 20 atm CO/H, (1/1), 20.0 M in benzene 65 85/15 90 (R)
6 492** 0.2 mol % PS*-[Rh(acac)(49a)], 60 °C, 20 atm CO/H, (1/1), 17.7 M in benzene 67 87/13 92(S)
7 496" 0.2 mol % PS“-[Rh(acac)(49b)], 60 °C, 20 atm CO/H, (1/1), 17.7 M in benzene 83 90/10 93(S)
8 49¢** 0.2 mol % PS*-[Rh(acac)(49¢)], 60 °C, 20 atm CO/H, (1/1), 17.7 M in benzene 78 90/10 89 (S)
9 50** 0.2 mol % PS"-[Rh(acac)(50)], 60 °C, 80 atm CO/H, (1/1), 17.7 M in benzene 87 84/16 86 (S)
“PS, polymer supported.
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Figure 24. P—OP ligands used in the asymmetric hydroformylation of alkenes substituted with heteroatoms or functional groups.

Scheme 34. Asymmetric Hydroformylation of Allyl Acetate 173 Catalyzed by Rhodium Complexes of P—OP Ligands

1.0 mol % [Rh(acac)(CO),]
5.0 mol % 54a

ACO
X
CO/Hy (1:1, 39.5 atm)
173 80°C
[173]=0.1 M in THF

CHO
ACO\)*\ + ACO\/\/CHO
174 175

Ratio 174/175: 64/36
174: 44% ee

3.2.5. Rationalization of the Stereochemical Outcome.
This section of the review has underscored the outstanding
catalytic properties of rhodium complexes of (R,S)-BINAPHOS
for enantioselective hydroformylation of myriad structurally
diverse alkenes. Not surprisingly, researchers have endeavored
to understand the regio- and enantioselectivity provided by these
complexes. The generally accepted dissociative mechanism of the
hydroformylation catalyzed by cationic Rh(I) complexes was first
proposed by Wilkinson et al.'** It considers five-coordinate di-
phosphine rhodium complexes ([RhH(CO),(PPh;),]) as key

Table 15. Asymmetric Hydroformylation of Cinnamyl Alco-
hol 176

entry ligand  conv. (%)  %yieldof 179 % ee of 179 (config.)
37a'% >99 87 88 (nd)
2 3b'%® >99 86 5(nd)

intermediates in the catalytic cycle. Nozaki et al. attributed the
superb catalysis results for (R,S)-BINAPHOS (37a) to the ex-
clusive formation of a single active species, [RhH(CO)(37a)] 202
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Scheme 35. Asymmetric Hydroformylation of Cinnamyl Alcohol 176 Catalyzed by Rhodium Complexes of P—OP Ligands

0.5 mol % [Rh(acac)(CO),]

2.0 mol % P-OP ligand Ph
Ph _~_OH
CO/ H, (1:1, 30 atm) HO
60 °C
[176] = 2.9 M in benzene
176 177

Ag,CO5
@)

p . CHO Ph
. Z2 T + 178
o " Ph A oH .

178 179

Scheme 36. Asymmetric Hydroformylation of Aryl Vinyl Ethers Catalyzed by a Rhodium Complex of (S,R)-BINAPHOS
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(Scheme 41), which is formed via decarbonylation from [RhH-
(CO),(37a)] 201, during the catalytic cycle."”” In this species,
the phosphino moiety is preferentially located at the equatorial site,
whereas the phosphite fragment occupies the apical position
(Scheme 41). The structure of compound 201.,, was deter-
mined by in situ high-pressure IR and room-temperature NMR
studies of a solution of [Rh(acac)(37a)] in benzene-d that had
been sub]ected to a 1:1 mixture of H, and CO at atmospheric
pressure.”*” It should be noted at this point that other phos-
phine—phosphite ligands preferentially coordinate in an oppo-
site fashion to the rhodium center (apical—equatorial binding
mode, with the dphosphlte m01ety located at the equatorial
position),39%43550% 7 Very recently,"'® "H and *'P NMR studies
at low temperatures (—90 °C) have also allowed the observation
in the case of (R,S)-BINAPHOS 37a of the previously unde-
tected minor isomer 201, oq (Scheme 41), with the phosphite
moiety located at the equatorial position.

Nozaki et al. performed deuterioformylation reactions, which
revealed that the alkene insertion into [RhH(CO)(37a)] 202
was an irreversible step in the catalytic cycle.'””''® These experi-
mental data support the assumption that stereoselection is pro-
duced during alkene insertion: the alkene approaches and co-
ordinates to rhodium, thereby minimizing the steric interactions
between the ligand and the alkene substituents. Thus, the stere-
ochemical outcome of the reaction can be rationalized according to
the quadrant model depicted in Figure 27. The rigid equatorial—
apical conformation of [RhH(CO)(37a)] 202, in which the phos-
phite group is trans to the hydrido ligand, clearly distinguishes in
terms of steric hindrance the bottom left and right quadrants;
consequently upon insertion of a monosubstituted alkene, the
substituent occupies the bottom right quadrant (Figure 27).%%%
This model can be used to predict the stereochemical outcome of
the reaction, not only for monosubstituted alkenes, but also for
cis-disubstituted alkenes (substituents positioned in the top and
bottom right quadrants) and trans-disubstituted alkenes (sub-
stituents positioned in the top left and bottom right quadrants).
However, this model cannot be used to explain the regioselectivity
of the hydroformylation (i.e., branched to linear product ratio).

Table 16. Asymmetric Hydroformylation of Aryl Vinyl Ethers
Catalyzed by a Rhodium Complex of (S,R)-BINAPHOS

entry substrate conv. (%) ratio of 181 to 182 % ee of 181, (config.)
1 180a'” 52 65/35 65 (R)
2 180b'” 50 70/30 77 (R)
3 180c'” 56 63/37 80 (R)
4 180d4'%” 54 67/33 72 (R)
5 180e'” 35 71/29 65(R)

Herrmann et al. have performed computational studies to
predict the stereoselectivity of hydroformylations catalyzed by
rhodium complexes of BINAPHOS.""” Their findings corrobo-
rate the premise that the outstanding properties of (R,S)-
BINAPHOS as ligand are due to stereoselective coordination
of the ligand to the rhodium center as well as to correct relative
configuration of the binaphthyl fragments.

3.2.6. Comparative Tables in Hydroformylations. As it
has been shown in this part of the review, rhodium complexes of
(R,S)-BINAPHOS 37a have proven to be highly efficient in the
rhodium-mediated asymmetric hydroformylation of a broad
variety of structurally diverse olefins, thus standing out in terms
of regio- and enantioselectivity among other P—OP ligands.
Tables 20 and 21 provide comparison between the catalytic
activity of (R,S)-BINAPHOS and several other lead ligands in the
rhodium-mediated hydroformylation of benchmark substrates.
The aforementioned tables show that results obtained with (R,S)-
BINAPHOS 37a compare very favorably to those obtained with
rhodium complexes of other chiral ligands that have been success-
fully applied in this transformation (Figure 28). Therefore, the
most convenient ligands for enantioselective hydroformylation
appear to be hybrid ligands comprising a phosphino moiety and a
phosphite or phosphoramidite group.

3.3. Copper-Mediated Conjugate Additions

Asymmetric 1,4-addition (conjugate addition) of C-nucleo-
philes to @,-unsaturated carbonyl compounds and related acti-
vated olefins is among the most powerful and reliable methods
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Scheme 37. Asymmetric Hydroformylation of N-Vinylphthalimides Catalyzed by a Rhodium Complex of (S,R)-BINAPHOS
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Conv. = 98%, ratio 184/185: 89/11
184: 85% ee (R)

for C—C bond formation with simultaneous introduction of
new stereogenic centers in a carbon skeleton. In most of these
transformations, enones are used as Michael acceptors and the
addition of magnesium, zinc, and aluminum organometalhc
reagents is mainly catalyzed by chiral copper complexes.'>

The first application of P—OP ligands in conjugate addition
reactions was described in 2000. Diéguez, van Leeuwen, et al.
reported the use of a new class of chiral phosphine—phosphite
ligands derived from enantiomerically pure epoxides (see ligands
62 and 63 in section 2.1.2, Figure 8)* in the enantioselective
1,4-addition of triethylaluminium to 2-cyclohexenone 210 (see
Scheme 42)."*” The effects of the absolute configuration of the
stereogenic carbon arising from the epoxide and the influence of
the chain length between the two phosphorus functionalities
were studied. These ligands generally gave low enantioselectiv-
ities, except for the (Rp,Rc)-phosphine—phosphite ligand 63b
(Figure 29), which afforded the best results in asymmetric con-
jugate addition.'*” The authors also demonstrated that the con-
figuration of the stereogenic carbon next to the phosphite moiety
strongly affected the enantioselectivity: excellent conversion and
good enantioselectivity (up to 62% ee in favor of the S en-
antiomer) were obtained with 63b (entries 1 and 2 in Table 22).
Full conversions and excellent selectivities for the 1,4-adduct 211
were obtained at low temperature.

Diéguez et al. also reported the copper-mediated asymmetric
1,4-addition of triethylaluminium to 2-cyclohexenone 210 (see
Scheme 42)"*® by using enantiomerically pure Ruiz and Claver’s®®
phosphine—phosphite ligands containing a p-(+)-xylose-derived
carbohydrate backbone (see ligands 58 in section 2.1.2, Figure 7).
Although they obtained excellent reaction rates and selectivities for
the 1,4-adduct 211, the enantioselectivities were poor in all cases
(the catalytic activity of the best ligand of the series is summarized
in entry 3 of Table 22). The same group also studied addition of
diethylzinc to 2-cyclohexenone 210 catalyzed by copper com-
plexes of ligands 58."** They obtained similar rates of conversion
and selectivities for the 1,4-adduct as those with triethylaluminium
but observed slightly higher enantioselectivity. Surprisingly, the
stereochemical outcome was reversed; thus, diethylzinc showed
the influence of the organometallic reagent in determining
enantioselectivity.

The scope of the asymmetric conjugate additions of organo-
metallic reagents catalyzed by copper complexes of P—OP li-
gands has been remarkably broadened by Schmalz et al, who
developed a new family of highly modular phosphine—phosphite
ligands derived from the corresponding o-bromophenol and a chiral
diol (e.g, BINOL or TADDOL).**" ¢ These ligands enabled the
enantioselective copper-mediated 1,4-addition of various Grignard
reagents to 2-cyclohexenone 210 (Scheme 43)."*” The enan-
tiomerically pure TADDOL-derived ligands 111a and 112a

Scheme 38. Asymmetric Hydroformylation of Allyl Cyanide
Catalyzed by a Rhodium Complex of P—OP Ligands 37a or
72e

[Rh(acac)(CO),]

P-OP ligand .
NCTNF Al L Ne +  NCT"cHo
CO/H, o
186 187 188

(Figure 29) gave the highest enantioselectivities with a wide range of
magnesium organometallic reagents. The reaction conditions were
optimized by varying the reaction parameters that affect the ratio of
1,4 to 1,2 product and enantioselectivities (e.g.,, copper source, sol-
vent, and reaction temperature). The choice of solvent had an extra-
ordinary influence on enantioselectivity; a nonpolar, weakly co-
ordinating ether such as 2-methyltetrahydrofuran (Me-THF)
was essential for attaining high enantioselectivity. Moreover,
lowering the reaction temperature to —78 °C provided the best
enantioselectivities and the use of CuBr+ DMS as the copper source
gave higher ee values at low temperatures, probably because it was
more soluble than CuCl. Table 23 shows the results obtained
under optimized conditions for the copper-mediated asym-
metric 1,4-addition of different Grignard reagents to 2-cyclo-
hexenone 210 catalyzed by copper complexes of either P—OP
ligand 111a or ligand 112a.

As previously mentioned, Me-THF was found to be a superior
solvent in most cases; however, there were exceptions. For in-
stance, the highest ee value for 3-butenylmagnesium bromide
was achieved in neat Et,O (entry 2 in Table 23). In the case of
i-PrMgBr, optimal results were obtained when Et,O was used to
dissolve the substrate and the catalyst and Me-THF was used to
prepare and dissolve the Grignard reagent (entries 3 and 4 in
Table 23). When EtMgBr was used, the corresponding 3-alkyl
cyclohexanone 211 was obtained with the opposite configuration
(entry 1 in Table 23), owing to addition of the nucleophile to the
Si face of 2-cyclohexenone. Also noteworthy was the fact that

—78 °C, ligand 111a proved to be better for both branched
Grignard reagents (cf. entries 3 and 4 in Table 23) and
arylmagnesium reagent (cf. entries 6 and 7 in Table 23), whereas
112a offered superior results for linear Grignard reagents (entries
1 and 2 in Table 23). In summary, Schmalz’s ligands afforded
straightforward access to various 3-substituted cyclohexanones
211—215 in high preparative yields (up to 88%) and with high
enantioselectivities (from 82% to 92% ee).

3.3.1. Comparative Tables in Conjugate Additions.
The use of chiral P—OP ligands in Cu-mediated asymmetric con-
jugate addition reactions is not very extended and has been limited
to 2-cyclohexenone as substrate with different organometallic
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Table 17. Asymmetric Hydroformylation of Allyl Cyanide 186 Catalyzed by a Rhodium Complex of P—OP Ligands 37a or 72e

conv. ratio of % ee of
entry  ligand reaction conditions (%) 187 to 188 187 (config.)
1 37a'™ 0.2 mol % [Rh(acac)(CO),], 0.8 mol % 37a, 50 °C, 29.6 atm CO/H, (1/1), 2.5 M in toluene 73 72/28 66 (nd)
2 37a'"  0.05 mol % [Rh(acac)(CO),], 0.06 mol % 37a, 35 °C, 10.2 atm CO/H, (1/1), 1.8 M in toluene 64 74/26 75(S)
3 72¢®f 0.1 mol % [Rh(acac)(CO),], 0.4 mol % 72e, 50 °C, 19.7 atm CO/H, (1/1), 1.1 M in toluene 75 93/7 53(S)

Scheme 39. Asymmetric Hydroformylation of 4-Vinyl-f-lactam Catalyzed by Rhodium Complexes of P—OP Ligands

TBSO [Rh(acac)(CO)ll  TBSO H

P-OP ligand (1/2) H
ST reandie), :

HH|

NH CO/H;(1:1, 50 atm)
60 °C
[189] = 7.8 M in benzene

189 1904

TBSO : TBSO

HH i H H
CHO + > SCHO + CHO
NH NH
o o
1900 191

Table 18. Asymmetric Hydroformylation of 4-Vinyl-f-lactam
189

precatalyst % yield of ratio of % de
entry  ligand (mol %) 190 +191  190to 191  of 1908
1 3a%° 0.2 58 64/36 90
2 3b>° 0.2 76 74/26 90
3 3¢ 02 95 74/26 92
4 37a%° 0.1 95 55/45 86
5 42°° 0.5 92 71/29 20

derivatives. Tables 24 and 25 provide comparison between the
catalytic activity of the best performing P—OP ligands and relevant
lead ligands (Figure 30) in the Cu-mediated asymmetric conjugate
addition of organometallic species to 2-cyclohexenone. Schmalz’s
phosphine—phosphite ligand 112a'*’ compares very favorably
to the best chiral ligands reported for this concrete enantioselective
conjugate addition reaction, among them Pfaltz’s oxazoline—
phosphite lilgand130 216, Alexakis’s TADDOL-derived phos-
phite ligand 31217, Zhang’s P,N ligand132 218, the chiral aryl
diphosphite’*® 219, and the chiral ferrocenyl diphosghine
TANIAPHOS'** 220. Regarding P—OP ligands 58¢'*® and
63b,"* selectivities toward the 1,4-addition product were very
high, while enantioselectivities remained low.

3.4. Polymerizations of Alkenes with CO

Polymerization of alkenes and carbon monoxide should be
considered a priori a very complex transformation in terms of the
structure of the final products, as there are nearly infinite ways to
connect alkene and CO units in a polymer chain. Furthermore,
the number of possible outcomes increases dramatically when
stereochemical considerations are introduced. Completely alter-
nating copolymerization of carbon monoxide with ethene was
already developed in the early 1950s,"*® thereby paving the way
to the preparation of stereoregular polyketone copolymers.
When monosubstituted alkenes are used in place of ethene in
this transformation,'*® three more factors must be controlled in
order to obtain stereoregular alternating copolymers: regioselec-
tivity, tacticity, and enantioselectivity. First, the insertion direction
of the substituted alkene along the polymerization process must
be always the same. Thus, head-to-tail polymers (Figure 31) are
obtained when all monomers insert with the same regioselec-
tivity. Second, when the alkene insertion in the catalytic cycle

occurs on the same enantiotopic alkene face during chain propa-
gation (alkene insertion on either the Re- or Si- face), an isotactic
polymer is generated: the stereogenic carbons in the polymer
chain will have the same configuration (either SSSS... or RRRR...,
Figure 31). Contrariwise, if the catalyst used for copolymeriza-
tion selects the enantioface of the alkene alternately for every
growing polymer chain then a syndiotactic polymer is obtained:
the stereogenic carbons in every chain have alternating config-
urations (either SRSR... as indicated in Figure 31 or RSRS...).
Third, the catalyst can effect the highest degree of stereocontrol
during the polymerization by selecting the same alkene enantio-
face for every growing polymer chain, leading to catalytic enantio-
selective synthesis of an isotactic CO/alkene copolymer (chiral
polyketone)."*’

Both aliphatic 1-alkenes and vinyl arenes (styrenes) have been
studied in this asymmetric transformation. In the following sec-
tions, the levels of stereocontrol that metal complexes derived
from enantiomerically pure P—OP ligands have provided in the
alternating copolymerization of monoalkyl and monoaryl alkenes
with CO are described. Indeed, completelg alternating, isotactic,
and enantioselective copolymerizations'*® have been efficiently
catalyzed by cationic PA(IT) complexes of (R,S)-BINAPHOS®
(37a) or related phosphine—phosphite ligands (see Figure S in
section 2.1.2). In section 3.4.4, a few literature examples on
asymmetric terpolymerization of aliphatic alkenes or arenes with
CO are reviewed.

3.4.1. Alternating Copolymerizations of CO with Pro-
pene. In 1995, Takaya, Nozaki, et al. reported the first highly
enantioselective alternating copolymerization of propene 221a
and CO catalyzed by a chiral Pd(II) complex of (R,S)-BINA-
PHOS (37a)"*° (Scheme 44).

Very high molecular weights (M,, = 104400) and optical ro-
tations ([®@]p = +40; ¢ = 0.51 in HFIP) for poly(propene-alt-
CO) 222a were accomplished by using [Pd(Me) (MeCN)(37a)]-
[BAr,] (Ar = 3,5-bis(trifluoromethyl)phenyl) as enantioselective
catalyst. The simplicity of the '*C NMR spectrum of the poly-
ketone 222a demonstrated that the tacticity control was almost
complete (>97% isotactic diad). Moreover, the extremely high
molar optical rotation indicated that a highly isotactic polyketone
was obtained in high enantioselectivity. Enantiomeric excess was
roughly estimated from the alkylpalladium species 225 generated
in the first propene insertion. The palladium—carbon bond in this
compound was cleaved by treatment with CO in methanol to give
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Figure 25. Asymmetric hydroformylation of sulfur-containing alkenes catalyzed by a rhodium complex of (R,S)-BINAPHOS.

Table 19. Asymmetric Hydroformylation of the Fluorinated Alkenes 195a—d Catalyzed by a Rhodium Complex of

(R,S)-BINAPHOS

ratio of % ee of
entry  substrate reaction conditions conv. (%) 196to 197 196 (config.)
1 1952 0.1 mol % [Rh(acac)(CO),], 0.4 mol % 37a, 35 °C, 100 atm CO/H, (1/1), 20.0 M in benzene >99 96/4 87 (R)
2 195b*°  0.05 mol % [Rh(acac)(CO),], 0.2 mol % 37a, 40 °C, 100 atm CO/H, (1/1), 20.0 M in benzene 52 91/9 95 (nd)
3 195¢*° 0.05 mol % [Rh(acac)(CO),], 0.2 mol % 37a, 40 °C, 100 atm CO/H, (1/1),20.0 M in benzene 43 89/11 92 (nd)
4 195d*  <0.05 mol % [Rh(acac)(CO),], 0.2 mol % 37a, 40 °C, 100 atm CO/H, (1/1), 20.0 M in benzene ~826h '¢ 95/5 93(S)
s 1958 PS"-[Rh(acac)(49a)], 60 °C, 20 atm CO/H, (1/1), 17.7 M in benzene 351h7 ' 91/9 84(S)

“TOF. " PS, polymer supported.

Scheme 40. Asymmetric Hydroformylation of the Fluori-
nated Alkenes 195a—d Catalyzed by a Rhodium Complex of
(R,S)-BINAPHOS

[Rh(acac)(CO),] CHO
R,S)-BINAPHOS 37a
( ) R)*\ + R/\/CHO
CO/H,

195a R = C4F5 196 197
195b R = 0-F-CgH,

195¢ R = p-F-CgH,

195d R = CF,4

S

methyl (S)-3-methyl-4-oxopentanoate (226) in 68% overall yield.
The results of this experiment indicated that the enantiofacial
selection for the propene insertion had proceeded with at least
95% ee in favor of the S enantiomer (Scheme 45).'*

The mechanistic aspects of this catalytic transformation were
thoroughly explored with the aid of theoretical calculations'*’
and by employing high-pressure NMR techniques.'*' The alter-
nating copolymerization process included two of the most repre-
sentative reactions in palladium chemistry: CO insertion into a
palladium—alkyl bond and alkene insertion into a palladium—
acyl bond. The CO insertion was the key step in determining the
reactivity of the alternating copolymerization."** Mechanistic
studies have revealed that propene coordination for palladium
attachment to the terminal propene carbon (1,2-insertion) is
favored with respect to a 2,1-insertion (Scheme 46 for 1,2-inser-
tion) and occurs at the cis position of the phosphino group in the
Pd—(R,S)-BINAPHOS catalytic species. Contrariwise, the C=0
insertion occurs at the trans position of the phosphino group
(Scheme 46). Remarkably, each of the two possible coordination
sites in the catalytically active Pd—(R,S)-BINAPHOS complexes are
used by the two monomers (CO and propene) for their coordina-
tion and subsequent insertion."*** The different trans-influences of

0 0 (2

(o)

Boc Me Me
198 199 200
>99% conv. >99% conv. 98% conv.

64% ee (R) 33/67 (3-formyl/2-formyl)
22% ee (S)-3-formyl derivative

88% ee (S)-2-formyl derivative

69% ee (R)

Figure 26. Hydroformylation of Heterocyclic Alkenes.

the phosphino and phosphite groups toward the metal center in
Pd—(R,S)-BINAPHOS complexes are thus crucial for obtain-
ing high regioregularity (>99% head-to-tail). Density functional
(DFT) and ab initio MO calculations provided geometric and
energy evidence to corroborate the aforementioned stabiliza-
tion influence.

In addition to (R,S)-BINAPHOS 37a, Nozaki et al. also pre-
pared the related chiral phosphine—phosphite ligands 37b, 37h,
37i, and 40 (Figure 32), which they assessed in Pd(II) complexes
for catalyzing asgrmmetric alternating copolymerization of pro-
pene with CO.

The chiral cationic Pd(II) complexes of (R,S)-BINAPHOS
derivatives 37b, 37h, 37i, and 40 were all active, providing com-
pletely alternating copolymers (Table 26). (R,S)-(3,5-Me,Cqs-
H,),-BINAPHOS (37b) and (R,S)-(c-Pen),-BINAPHOS (37h)
(entries 2 and 3 in Table 26, respectively) afforded highly iso-
tactic polyketones analogously to 37a (entry 1 in Table 26).
However, 37i (entry 4 in Table 26) gave a polyketone with lower
regioselectivity. Comparison of the results obtained with 37h and
37i suggested that the different steric demands in the phosphino
site substantially affect the regioselectivity. Among the BINA-
PHOS derivatives, (R,S)-Hg-BINAPHOS 40 gave the product in
the highest yield and with the highest molecular weight (entry $
in Table 26), revealing that the Pd(II) complex of ligand 40 was a
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Scheme 41. Active Species in (R,S)-BINAPHOS-Mediated Asymmetric Hydroformylation

Ph Ph H OO PhPh H
P Rh “““ P Rh co
\co
CO/H2
[Rh(acac)(37a)] o— P -0

201¢4,ap

201,569

....

more active catalyst than that of (R,S)-BINAPHOS 37a for the
alternating copolymerization of propene with CO.

Circular dichroism (CD) measurements on the polyketones
obtained with palladium complexes derived from ligands 37a,
37b, 37h, 37i, and 40 suggested that the enantiomeric homo-
geneity of the polymers was essentially equal. The copolymers
produced with 37b and 40 were estimated to have almost com-
plete enantiomeric purity, in concordance with the previously
determined'*” enantioselectivity of the propene—CO copolymer
obtained with 37a (at least 95% ee (S)). Interestingly, (R,S)-(c-
Pen),-BINAPHOS 37h gave a polyketone whose CD absorption
sign was opposite to that of the products obtained with BINA-
PHOS derivatives containing diarylphosphino groups. Therefore,
the enantiofacial selection for propene strongly depended on the
structure and the electronic properties of the phosphino site.

In conclusion, small changes of the ligand substituents caused
drastic changes in the stereoregularity of the polyketone, revealing
that not only the electronic bias of (R,S)-BINAPHOS but also
its steric demand are essential to produce completely isotactic
copolymer from propene and CO with high enantioselectivity.

3.4.2. Alternating Copolymerizations of CO with High-
er Aliphatic 1-Alkenes. Asymmetric alternating copolymeri-
zation between CO and 1-alkenes with a longer alkyl chain (153b,
153e, and 221a—f) was also studied by Nozaki et al,, for which
they employed a chiral cationic Pd(II) complex of (R,S)-BINA-
PHOS (37a) as an efficient catalyst (Scheme 47).'*® Their results
are summarized in Table 27.

Completely alternating copolymerization proceeded with
1-hexene 153b (entry 3 in Table 27), dodecene 221b (entry 4
in Table 27), and 1-eicocene 221c (entry S in Table 27) with a
reaction rate comparable to that of propene 221a (entry 2 in
Table 27). The *C NMR spectra of the products indicated almost
complete head-to-tail and isotactic selectivities. The molar optical
rotation ([®]p) of the copolymers increased with the length of
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C

Figure 27. Quadrant diagram for complex 202. (Its structure has been
generated with CAChe.)

the alkyl chain. Although completely alternating copolymerization
occurred with alkene 153e, which has a large substituent (tert-butyl
group) attached to the C=C double bond, the reaction rate was
much slower (entry 6 in Table 27). The presence of a trimethylsilyl
group separated from the C=C double bond by at least two
methylene groups (alkenes 221d and 221e in entries 7 and 8§,
respectively, in Table 27) did not affect the catalyst reactivity in the
copolymerization; however, vinylsilane and allylsilane were both
inert (data not listed in the table). A trialkoxysilyl substituent,
which potentially enabled the attachment of the polymer to silica
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Table 20. Comparison of the Enantioselectivities (% ee) Obtained with the Lead P—OP Ligand 37a to Those Obtained with
Ligands 203—209 in Rhodium-Mediated Asymmetric Hydroformylation of Structurally Diverse Olefins

ligands
substrate 203 204 205 206 207 208 209 37a
150a 90 (S)'* 86 ()" 90 (8)"*° rac'*! 18 (R)'** 82 (R)'* 99 (R)* 92 (R)*
170 50(s)""® 73 (R)"** 90 (8)"! 88 (8)'* 96 (8)'* 96 ()" 92(8)*
186 15 (R)'12 78 (S)'* 87 (R)'* 96 (R)'** 75 (S)'2

Table 21. Comparison of the Regioselectivities (b/1)* Obtained with the Lead P—OP Ligand 37a to Those Obtained with Ligands

203—209 in Rhodium-Mediated Asymmetric Hydroformylation of

Structurally Diverse Olefins

ligands
substrate 203 204 205 206 207 208 209 37a
150a 98/2'"8 92/6"% 99/1'%° 78/221 98/2! 87/13'% 89/11% 88/12%°
170 99/1'% 99/1"%* 94/6" 99/1'% 97/3'% 94/6'>° 86/14%°
186 86/14'? 94/6'1? 81/19'% 80/20'* 74/26'1*
“b/1 = ratio of branched to linear product.  Very small amounts of hydrogenated product (ethyl benzene) were obtained.
OMe
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MeO

ESPHOS, 206

}?/ OMe
O
t-Bu t-Bu OO TMS TMS

(S,S)-KELLIPHITE, 207

MeO

O

t-Bu

t-Bu OMe

Oo

t-Bu

205

‘O PPh,
S~

(R.S)-YANPHOS, 209

Figure 28. Structures of representative examples of successful ligands in asymmetric hydroformylation.

gel, was also incorporated into the substrate 221f (entry 9 in
Table 27).

3.4.3. Alternating Copolymerizations of CO with Vinyl
Arenes. The first asymmetric alternating copolymerization of
CO with a vinyl arene catalyzed by a metal complex of a chiral
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P—OP ligand was reported in 1997 by Nozaki et al., who used
a cationic palladium complex of (R,S)-BINAPHOS (37a)
as catalyst and 4-tert-butylstyrene 229a as substrate'*°
(Scheme 48). The corresponding alternating copolymer
230a was obtained in almost complete isotacticity, with a
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molecular weight (M,,) of 5600 and a molar optical rotation
([D]p) of —492.

The substrate scope of asymmetric alternating copolymeriza-
tion of CO with vinyl arenes catalyzed by a palladium complex of
37a was later explored by employing styrene 150a and different
para-substituted derivatives (150b and 229a—c) as alkenes'*’
(Scheme 49). As shown in Table 28, alternating copolymers were
obtained with styrene 150a (entry 1 in Table 28), para-alkyl-
substituted styrenes 150b and 229a (entries 2—6 in Table 28),
and para-chlorostyrene 229b (entry 7 in Table 28). Styrene
229¢, which contains an electron-donating methoxy group, gave
an atactic homopolymer (entry 8 in Table 28). In contrast, the
styrenes with an electron-withdrawing substituent (e.g., nitro or
trifluoromethyl group) did not react (data not listed in the table).

The regioselectivity of styrene insertion to a palladium—acyl
bond in the palladium-mediated alternating copolymerization
with CO catalyzed by 37a was investigated in detail by ex situ
NMR spectroscopy (under 1 atm of CO) and by computational
studies.'** The authors found evidence supporting 1,2-insertion
of styrene into the palladium—acyl bonds for chain propagation
and 2,1-insertion for chain termination. Theroretical calculations
suggested that the 1,2-insertion stemmed from the steric demand
of (R,S)-BINAPHOS rather than from electronic demand. This
steric requirement apparently increased as the polymer chain
grew. Iggo and Nozaki later performed in situ high-pressure

t-Bu

t-Bu
111a 112a

Figure 29. P—OP ligands used for conjugate addition of organometallic
species to 2-cyclohexenone.

Scheme 42. Conjugate Addition of AlEt; to 2-Cyclohexe-
none Catalyzed by a Copper Complex of a P—OP Ligand

0 1.4 equiv. AIEt, 9
ij 1.0 mol % [Cu(MeCN)4]BF,4 é\
1.0 mol % P-OP ligand Skt
[210] = 0.4 M in DCM
210 211

NMR studies to reveal the catalytic pathway in the asymmetric
copolymerization of styrene and CO catalyzed by a Pd-(R,S)-
BINAPHOS complex.'*® i situ >'P NMR spectroscopy enabled
direct observation of potential catalytic intermediates under real
copolymerization conditions. The formation of Pd—alkyl com-
plexes via 1,2-insertion of styrene into palladium—acyl com-
plexes was confirmed to be the most active catalytic pathway. The
2,1-insertion complexes were found to be inactive to further
insertion at high pressure and inert toward f-hydride elimination,
although it had been previously proposed that rapid -hydride
elimination from 2,1-complexes occurs at low pressures.1

In addition to asymmetric alternating copolymerization of CO
with propene (see section 3.4.1), monosubstituted alkyl-alkenes
(see section 3.4.2), and monosubstituted aryl-alkenes (see sec-
tion 3.4.3), this transformation has been used to convert suitably
modified alkenes into enantiomerically enriched materials with
interesting properties (e.g., liquid crystalline polymers,"*® photo-
responsive polyketones,"* and fluorinated polymers'**). Details on
the alternating CO copolymerization and on the proFerties of the
resulting materials have already been fully reviewed.'3<!38%149

3.4.4. Terpolymerizations of Aliphatic Alkenes, Vinyl
Arenes, and CO. Far less effort has been devoted to terpolymer
synthesis than to copolymer synthesis; nevertheless, several in-
teresting examples of this asymmetric transformation have been
reported. For example, by exploiting the fact that the Pd(I) — (R,
S)-BINAPHOS catalysts are applicable to both aliphatic 1-al-
kenes and vinyl arenes, researchers have performed asymmetric
terpolymerization of propene (221a), 4-fert-butylstyrene (229a),
and CO (Scheme 50)."*° A mixture of 221a and 229a was treated
with an excess amount of CO in the presence of complex [Pd-
(Me)(MeCN)(37a)][BAr,] (Ar = 3,5-bis(trifluoromethyl) phenyl),
affording the terpolymer 231, which encompasses two units:
[propene-alt-CO] (unit A) and [4-tert-butylstyrene-alt-CO]
(unit B). Units A and B were randomly distributed in the chains:
the ratio of A to B varied from 0.8 to 24, depending on the mono-
mer ratio (see Table 29). Prolonging the reaction time, gave a
higher total yield of 231, but the molecular weight remained
roughly 8 000—10000 (cf. entries 1, 6, 7, and 8 in Table 29).
Although the alternating copolymerization of propene —CO with
the same catalyst occurred in living mode, the terpolymerization
did not. Chain termination was accelerated at higher initial

Scheme 43. Asymmetric Conjugate Addition of an Organo-
magnesium Species to 2-Cyclohexenone Catalyzed by Copper
Complexes of P—OP Ligands

0 (0]
1.2 equiv. RMgBr
4.0 mol % CuBreDMS _
6.0 mol % P-OP Ligand ‘R
210 ~78°C, 2h,[210]=0.6 M 211R = Et
conv. = 100% 212 R = (CH,),CH=CH,

213R=-Pr
214 R = C(Me)=CH,
215R =Ph

Table 22. Asymmetric Conjugate Addition of AlEt; to 2-Cyclohexenone Catalyzed by a Copper Complex of a P—OP Ligand

entry ligand T (°C) TOF*
1 63b"7 0 1164
2 63b'%’ —20 1200
3 58¢'%8 —20 504

conv. (%)”

ratio of 1,4 to 1,2 product % ee of 211 (config.)

100 99/1 59 (S)
100° 98/2 62 (S)
42 100/0 12 (R)

“TOF in mol product+mol Cu”'+h ™" determined after 5 min reaction time. ” Conversion determined after 5 min. ¢ Conversion determined after 30 min.
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Table 23. Asymmetric Conjugate Addition of Alkyl, Alkenyl, and Aryl Magnesium Reagents to 2-Cyclohexenone Catalyzed by

Copper Complexes of P—OP Ligands

entry ligand product solvent ratio of 1,4 to 1,2 product yield (%) % ee of 211—215 (config.)
1 112a'% 211 Me-THF 89/11 60 90 (S)
2 1122"% 212 Et,O 91/9 71 91 (R)
3 1122"% 213 Et,0° 98/2 b 67 (R)
4 111a'% 213 Et,0" 99/1 88 82 (R)
5 111" 214 Me-THF 91/9 49 92 (R)
6 112" 215 Me-THF 60/40 b 74 (R)
7 111" 215 Me-THF 91/9 50 92 (R)

“ A solution of the Grignard reagent in Me-THF was used. b Full conversion after 2 h.

Table 24. Comparison of the Enantioselectivities (% ee) Obtained with the Lead P—OP Ligands to Those Obtained with Ligands
216—220 in the Cu-Mediated Asymmetric Conjugate Addition to 2-Cyclohexenone Using Two Different Substituted Organo-

metallic Reagents

ligands
products 216 217 218 219 220 58¢ 63b 112a
211 90 (R)"° 96 (S)™3* 91 (8)** 90 (S)*33 96 (R)*** 12 (R)**® 62(8)'¥ 90 (8)'**
215 40 (nd)™* 74 (R)'?*

Table 25. Comparison of the Selectivities (Ratio of 1,4 to 1,2 Product) Obtained with the Lead P—OP Ligands to Those Obtained
with Ligands 216—220 in the Cu-Mediated Asymmetric Conjugate Addition to 2-Cyclohexenone Using Two Different Substituted

Organometallic Reagents

ligands
products 216 217 218 219 220 S8¢ 63b 112a
211 100/0"3° 100/0"3! 100/0'3* 100/0'3 95/5'3* 100/0"%® 98/2'%7 89/11'%
215 50/50"3* 60/40'%°
o
I, L8 " COL~C
o \j N \ Y/
\ N
P-0 N t-Bu H
S5 Se
216 217 218
NMez
PPh2
Fe Ph P

220 TANIAPHOS

Figure 30. High performing ligands used for Cu-mediated asymmetric conjugate addition of ethyl-containing organometallic reagents to

2-cyclohexenone.

concentrations of 4-tert-butylstyrene relative to propene, leading
to lower molecular weights and higher M,,/M, ratios.

During terpolymerization, the alkenes were incorporated in a
head-to-tail and isotactic fashion. The enantioface of each alkene
was selected by the catalyst at its incorporation step, regardless of
the kind of the preceding alkenes, with similar enantiocontrol to
that observed in the copolymerization of propene—CO and of
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4-tert-butylstyrene—CO."** The [4-tert-butylstyrene—CO] unit
was incorporated into the terpolymer to a much lower degree
than the [propene—CO] unit was.

The same authors also tested 1-hexene (153b) as aliphatic
1-alkene monomer, using the same catalyst based on (R,S)-
BINAPHOS (37a)"*" (Scheme 51). Thus, reaction of 1-hexene
(153b), 4-tert-butylstyrene (229a), and CO afforded the terpolymer

dx.doi.org/10.1021/cr100244e |Chem. Rev. 2011, 111, 2119-2176
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Figure 31. Stereoregularity in alternating CO/alkene copolymers.

Scheme 44. Asymmetric Alternating Copolymerization of
Propene with CO Catalyzed by a Pd(II)-(R,S)-BINAPHOS
Complex

0.18 mol %
[Pd(Me)(MeCN)(37a)|BAr,
X + co >
0
221a DCM, 20 °C, 96 h

(3atm)  (20atm)  [Ar = 3,5-(CF3),CgHs]

222a
[®]p2* = +40 (c = 0.51, HFIP)
M, =104 400, M,/ M,=1.6
(HFIP: hexafluoroisopropanol)

232, which also comprises two units: [4-tert-butylstyrene-alt-CO]
(unit B) and [1-hexene-alt-CO] (unit C). The ratio of C to B was
6.22. Units B and C were also randomly distributed. Based on the
measured molar optical rotation ([®]p,), the enantioselectivity of
each alkene insertion was as high as in the copolymerization of
1-hexene—CO and 4-tert-butylstyrene—CO.

In summary, the terpolymers synthesized using a Pd(II) —(R,S)-
BINAPHOS catalyst contained a higher content in 1-alkene than in
vinyl arene. Although the rate of the aryl-substituted alkene insertion
was higher than for the alkyl-substituted analog,'** the 4-tert-
butylstyrene unit was incorporated into the terpolymer to a lower
extent. This apparent contradiction may be attributed to a pos-
sible deceleration in the insertion of the aryl-substituted alkene

into the palladium—acyl bond as the polymer chain grows.

3.5. Palladium-Mediated Allylic Substitutions

Considering that metal-mediated allylic substitutions have
been thoroughly investigated for more than four decades and
that they have become benchmark reactions for evaluating new
chiral ligancls,sa’152 it is quite surprising that only a few studies
concerning the use of P—OP ligands in these transformations
have been published. These have focused mainly on the assess-
ment of new chiral ligands in one or two model reactions, namely,
the palladium-mediated allylic substitution of racemic 1,3-diphe-
nylallyl acetate 233 with dimethyl malonate (DMM) or benzyl-
amine (BZA) (Scheme 52) 3904042352,53358¢

Only two palladium complexes derived from phosphine—
phosphinite ligands (15a and 15b in Figure 33) have been tested
in the allylic alkylation of racemic 1,3-diphenylallyl acetate 233 with
DMM (Scheme 52). Although full conversions were achieved, the

Scheme 45. Enantiomeric Excess in the Asymmetric Alter-
nating Copolymerization of Propene with CO Catalyzed by a
Pd(I1)-(R,S)-BINAPHOS Complex

1+ +
+ P NCMe P NCMe
‘ - CO ‘ -
JPd, BAr,~ Y JPd BAr,
(OP Me [BAr] (Op ?l/Me [BAr]
(o)
223 224
2 r P O + [¢]
LA _ CO, MeOH
— 22, ( .Pdi [BAr ——> NOM@J
OP
L o}
225 226
68% overall yield
95% ee (S)

enantioselectivities were low (16% and 21% ee, respectively; entries
1 and 2 in Table 30). In contrast, far more palladium complexes
derived from phosphine—phosphites (see structures in Figure 33)
were evaluated, and these provided better results. For the reactions
indicated in Scheme 52, moderate to full conversions (from 37% to
100%) were obtained, with a broad range of ee’s (from 6% to 83%).
By comparison of the catalytic results obtained with these phos-
phine—phosphite ligands, several conclusions could be drawn. First,
it appeared that linking two oxygen atoms of the phosphite moiety
with an alkyl chain rather than a biaryl group was detrimental to both
activity and enantioselectivity (cf. entries 3 and 4 in Table 30).
For the ligands containing a chiral biarylphosphite fragment,
the influence of the biaryl group proved crucial to selectivity.
Indeed, the absolute configuration of the biaryl was shown to be
more influential than the structure of the ligand backbone in
terms of dictating the stereochemical outcome of the reaction
and therefore in determining the direction of stereoinduction (cf.
entries 5 and 6 and 7 and 8 in Table 30). However, in the case of
ligands 64a and 64b, the combination of a P-stereogenic
phosphine donor and a chiral backbone appeared to be more
influential (see entries 9 and 10 in Table 30 and Figure 33 for the
ligand structures). Thus, significant matched/mismatched effects
were observed. Additionally, upon evaluating structural varia-
tions in ligands 62—64 (see Figure 8 in section 2.1.2 for the
ligand structures), van Leeuwen et al. deduced that a substituent
at the backbone of the ligands controls the configuration of the
biaryl moiety when the latter is capable of interconverting but

2159 dx.doi.org/10.1021/cr100244e [Chem. Rev. 2011, 111,2119-2176



Chemical Reviews

et

37a (R,S)-BINAPHOS

v

37i (R,S)-Et,-BINAPHOS

o 2 2,

37b (R,S)-(3,5-Me,CqHs),-BINAPHOS  37h (R,S)-(c-Pen),-BINAPHOS

g

0 (R,S)-Hg-BINAPHOS

Figure 32. (R,S)-BINAPHOS and derivatives used in palladium complexes for catalyzing asymmetric alternating copolymerization of propene

with CO.

Scheme 46. Alternating Copolymerization of CO with Propene
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also affects the posmon of the phosphite moiety with respect
to the Pd center.’

The stereochemical outcome of palladium-mediated allylic
substitutions is known to depend on many parameters apart from
the absolute and relative conﬁ§uratlons of the different stereo-
genic elements of the ligand."*” For a polydentate ligand, these
may include the relative strengths of the trans influences ofits dif-
ferent bmdmg groups, as well as the size of its chelate or width of its
bite angle,"** all of which may interplay. Faraone et al. performed
two-dimensional NMR experiments on Pd(77°>-PhCHCHCHPh)
complexes of ligands 70a and 70b, which contain a single carbon
atom in the chain that tethers the phosphine to the phosphite.**
They observed a NOE correlation between one phenyl group of
the allyl moiety and a trimethylsilyl substituent of ligand 70b but
did not find a similar interaction for 70a (Scheme 53). Hence, for
nucleophilic attack, they expected a transition state of higher acti-
vation energy for 70b than for 70a. Since the enantiomeric ex-
cesses obtained with the two ligands were not significantly dif-
ferent, they concluded that dimethyl malonate preferentially
attacked trans to the phosphite (i.e., away from the trimethylsilyl
groups). Van Leeuwen et al. observed that the ligands 62a, 62b,
62e, and 62g, which have in common a stereogenic carbon of

Table 26. Asymmetric Alternating Copolymerization of
Propene with CO Catalyzed by Pd(II)—Phosphine—Phos-
phite Complexes

entry ligand  time (h)  yield (%) tacticity M, M,,/M,
1 37a%¢ 6 15 isotactic 16400 1.07
2 37b% 6 11 isotactic 13700 1.07
3 37h* 6 20 isotactic 15900 1.24
4 37i%° 24 7 atactic”® 1300 1.04

s 40 6 29 isotactic 26600 1.07
“Regioirregular and atactic polyketone was obtained.

identical configuration, all gave the final product with the same
absolute configuration, regardless of the nature of the phosphine
substituents and their arrangement around the phosphorus.
Thus, they inferred that the nucleophile attacks the allylpalla—
dium complex trans to the phosphine (Scheme 53).>

The electronic distinction between the coordinating groups of
a bidentate ligand is often invoked to rationalize the stereochem-
ical outcome of an allylic substitution reaction: regioselective
attack occurs trans to the donor having the stronger trans influence.

2160 dx.doi.org/10.1021/cr100244e [Chem. Rev. 2011, 111,2119-2176
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Nevertheless, the aforementioned examples suggest that, despite
the nearly identical electronic properties of the ligands, the nucleo-
philic attack is influenced by the length of the carbon tether be-
tween the phosphine phosphorus and the closest oxygen of the
phosphite (one carbon in 70a and 70b and three carbons in 62a,
62b, 62¢, and 62g). Thus, the chelate size seems to overpower the
apparently weak difference between the trans influences of the
phosphino and phosphite moieties.

The relative trans influences of the two phosphorus function-
alities were further studied by Vidal-Ferran et al. who synthesized
the ligands 66b—d, whose phosphino groups possess variable
electronic richness (see Table 30 for results on catalysis and Figure 33
for the ligand structures).* Since phosphines are better o-donors
and worst 7T-acceptors than phosphites,"** an enhancement in
differentiation between the trans influences of the two coordinat-
ing groups and, therefore, an increase in stereoselectivity were
anticipated in the order CF, H, and OMe (Table 31). This ex-
pected trend was indeed observed, with enantiomeric excesses of
64%, 80%, and 80% for the p-CF3, p-H, and p-MeO substituted
phosphino groups, respectively, in the allylic alkylation of 233
with dimethyl malonate (see entries 1, 2, and 3 in Table 31 for
results on catalysis and Figure 33 for the ligand structures), and
46%, 61%, and 81% ee, respectively, in the allylic amination of
233 with benzylamine for the same ligand series (entries 4, 5, and
6 in Table 31).

To gain further insight into the bases of the stereodirecting
mechanisms, Vidal-Ferran et al. performed ground-state calcula-
tions on [Pd(#7>-PhCHCHCHPh)(66b)]" (complex 235), which
may exist in solution as the following six most probable diastereoi-
somers: endo—anti—syn, endo—syn—anti, endo—?m—syn, exo—
anti—syn, exo—syn—anti, and exo—syn—syn.">> Calculations

Scheme 47. Alternating Copolymerization of Higher
Aliphatic 1-Alkenes with CO Catalyzed by a Pd(II)-(R,S)-
BINAPHOS Complex

0.20 mol %
[Pd(Me)(MeCN)(37a)]BAr.
R/\ + 4 >
"ot DCM, 25 °C
(208tM) ¢ = 3.5-(CFa),CoHal
221a R=Me
153b R =n-Bu

221b R =n-CygHyg

221c  R=n-CygHy7

153e R =t-Bu

221d R =(CH,),SiMe;
221e R =(CH,)sSiMe;
221f R =(CH,)Si(OMe);

Scheme 48. Asymmetric Alternating Copolymerization of
4-tert-Butylstyrene with CO Catalyzed by a Pd(I1)—(R,S)-
BINAPHOS Complex

t-Bu
t-Bu
0.90 mol %
[Pd(Me)(MeCN)(37a)|BAr,
_ DCM, 20 °C, 96 h )
(1 atm) [229a] = 11.0 M O/n
229a [Ar = 3,5-(CF3),CgHy] 230a

[®]p?% = —492 (c = 0.50, DCM)
M, =5600, M,/ M,=13

Scheme 49. Alternating Copolymerization of Styrene and Its
Derivatives with CO Catalyzed by a Pd(II)-(R,S)-BINAPHOS
Complex

R
0.20 mol %
[Pd(Me)(MeCN)(37a)]BAr,
+ >
DCM, 25°C
= (20 atm) [substrate] = 2.5 M

150a R=H [Ar = 3,5-(CF3),CgH3]

150b R =Me

229a R =t-Bu

229b R=CI

229¢ R=OMe

Table 28. Alternating Copolymerization of Styrene and Its
Derivatives with CO Catalyzed by a Pd(II) —(R,S)-BINA-
PHOS Complex

time g of polymer/ M,

entry  substrate (h) mol of Pd (M,,/M,) [®]p*
1 150a'* 24 5940 3900(1.8)  —451.54
2 150b'* 24 7440 4200(1.8)  —318.35
3 229a'% 3 2870 4900(1.3) —373.64
4 229a'% 6 2010 4500(1.4) —41824
5 2292'% 12 3450 3200(1.8)  —432.02
6 2292'% 24 5580 3900 (1.5)  —446.75
7 229b'% 24 2050 3100(L5)  —403.56"
8 229¢'% 24 c c c

“ Measured at ¢ = 0.30—0.50 in CHCl; at 25 to 27 °C, unless otherwise
stated. ” Measured at ¢ = 0.045 due to alow solubility of the polymer.  An
atactic homopolymer was obtained.

Table 27. Alternating Copolymerization of Higher Aliphatic 1-Alkenes with CO Catalyzed by a Pd(II) —(R,S)-BINAPHOS Complex

entry substrate [substrate] (M) time (h)
1 221a'® 1.2 (3atm) 24
2 221a'® 2.5 24"
3 153b'* 2.5 24
4 221b'® 2.5 24"
s 221 25 24"
6 153¢'* 17 120
7 2214 1.8 24
8 221e' 2.5 24
9 221F% 1.1 18

g of polymer/mol of Pd M, (M,,/M,) [®]p*
12600 43000 (1.1) —43.99
23300 20000 (1.7) —4391
44100 15000 (1.8) —45.95
59600 14000 (2.0) —63.49
40900 16000 (1.8) —7322
2500 6900 (1.3) —40.02
8900 nd* nd*
38900 11000 (1.6) —89.51
13400 35000 (1.5) nd?

“ Measured at ¢ = 0.49 to 0.51 in CHCI; at 26.8 °C.” At 40 °C. “ No polymeric material was obtained.  Not determined due to the poor solubility of the
polymer obtained. Formation of the polyketone was confirmed by IR. An inorganic polymer was gradually formed.
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revealed that an analysis of the stereochemical outcome of the
reaction based merely on the differentiation of the allyl unit due to
the trans influences of the phosphino and phosphite groups failed to
provide a full understanding of the stereochemical outcome.
Moreover, this work showed that the orientation of the allyl moiety
relative to the P—Pd—PO coordination plane may be more
influential than the electronic effects in terms of the stereodiscri-
minating mechanisms. When two vicinal allylic carbons tend to be
aligned with that plane in the starting palladium—allyl complex,
nucleophilic attack takes place preferably at the allylic terminus,
which is furthest out of the plane (carbons marked pro-(R) in 235-
endo—syn—syn and pro-(S) in 235-endo—anti—syn in Figure 34) 2
Thus, a subtle interplay between electronic and steric effects in the
[Pd(57’-PhCHCHCHPh)(66b)]" complexes appears to be deter-
minant for stereochemical induction.

As summarized in section 2.3, Reek, van Leeuwen, et al.
employed noncovalent interactions to prepare supramolecular

Scheme 50. Terpolymerization of Propene, 4-tert-Butylstyr-
ene, and CO Catalyzed by a Pd(II)-(R,S)-BINAPHOS
Complex

t-Bu
) + /; + CO
(

20 atm)

t-Bu

0.20 mol %
[Pd(Me)(MeCN)(37a)]BAr,

DCM, 20 °C a
[Ar = 3,5-(CF3),CgHa] — Yy Ty

unit A unit B
221a 229a 231

AlIB=0.79-23.7

phosphine—phosphite ligands (Figure 35), which they tested in
asymmetric palladium-mediated allylic substitutions.”>*** The
most representative catalysis results are summarized in Table 32.
The importance of the bridge length between the phosphino and
phosphite fragments was also demonstrated in this case: minor
variations in the chelate size led to different results in terms of
the enantiomeric excess and the sense of enantioinduction
(Table 32, Scheme 54).

For instance, whereas palladium complex derived from 124b,
u, which contains a meta-diphenylphosphinopyridine unit, gave
47% ee, its isomer 124c,u, whose phosphino group is in the para
position and, therefore, whose bridge between the phosphino
and phosphite moieties is longer, gave no enantioinduction (entries
1 and 2 in Table 32). In contrast, the presence of an additional car-
bon atom between the phosphino group and the pyridine ring in
124e,u completely reversed the enantioselectivity (compare entries
1 and 3 in Table 32). The position of the phosphite was also imp-
ortant: when the phosphite was in the meta- rather than the ortho-
position of the aryl-substituted porphyrin ring, a reversal and an
increase in enantiomeric excess was observed (ligands 124b,u and
124b,w, entries 1 and 4 in Table 32, respectively). Running the

Scheme 52. Palladium-Mediated Allylic Substitution of
Racemic 1,3-Diphenylallyl Acetate in the Presence of P—OP
Ligands

3 equiv. NuH
OAc cat. Pd / P-OP ligand (1:1) Nu
Ph/s\/ﬁph Ph)‘\/\ Ph
3 equiv. BSA, cat. KOAc
vent
rac-233 solven 234a NUH = CH,(CO,Me), (DMM)

234b NuH = NH,CH,Ph (BZA)

Table 29. Terpolymerization of Propene, 4-tert-Butylstyrene, and CO Catalyzed by a Pd(II) —(R,S)-BINAPHOS Complex

entry 221a (atm) 229a (M) time (h) ratio of A to B

1 1 1.02'%° 24 1.85
2 3 1.02"%° 24 11.0

3 6 1.02"%° 24 23.7

4 1 0.51'%° 24 3.38
5 1 2.04'%° 24 0.79
6 1 1.02'%° 3 1.67
7 1 1.02'%° 6 147
8 1 1.02"%° 12 1.50

yield (%)

221a 229a M, (M,,/M,) [a]p® (@]
314 5.6 8100 (1.5) —220 —249
310 3.1 28000 (1.2) —125 —-115
23.3 2.0 30200 (1.3) —98 —81
34.2 6.7 14800 (1.3) —191 —198
16.0 3.4 8500 (1.4) —206 —283

7.5 LS 8400 (1.2) —200 —239
11.6 2.6 9400 (1.3) —201 —246
15.1 3.4 10500 (1.3) —220 —269

“Measured at ¢ = 0.49—0.57 in CHCI, at 25.6—26.8 °C. " [®]p, = [0t]p - M/100, where M is the average molecular weight per unit.

Scheme 51. Terpolymerization of 1-Hexene, 4-tert-Butylstyrene, and CO Catalyzed by a Pd(II)—(R,S)-BINAPHOS Complex

t-Bu

0.20 mol %
n-Bu [Pd(Me)(MeCN)(37a)]BAr,

t-Bu

A+ J + co
(20 atm)

153b 229a

DCM, 20°C, 24 h
[Ar = 3,5-(CF3),CgH3] unit C unit B

232
C/IB=6.22

[@]p%® = —123 (¢ = 0.51, CHCl)

M, =14 000, M,,/M, = 1.50
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Figure 33. Selected P—OP ligands tested in palladium-mediated allylic substitution of 1,3-diphenylallyl acetate.

Table 30. Palladium-Mediated Allylic Substitution of Racemic 1,3-Diphenylallyl Acetate with Dimethyl Malonate in the Presence

of P—OP Ligands

entry ligand

152"
15b*
6 540
67a%
5 865 8c
5 8b58c
66a™
66b*
642>
64b>"

O ® NN LN AW N =

—_
o

reaction conditions

2.5 mol % catalyst, 0.2 M in DCM, rt, 2.5 h
2.5 mol % catalyst, 0.2 M in DCM, rt, 2.5 h
2.5 mol % catalyst, 0.2 M in DCM, rt, 24 h
2.5 mol % catalyst, 0.2 M in DCM, rt, S h
1 mol % catalyst, 0.4 M in DCM, 1t, 22 h
1 mol % catalyst, 0.4 M in DCM, rt, 22 h
2.5 mol % catalyst, 0.2 M in DCM, rt, 24 h
2.5 mol % catalyst, 0.2 M in DCM, rt, 1 h
1 mol % catalyst, 0.4 M in DCM, rt, 125 h
1 mol % catalyst, 0.4 M in DCM, 1t, 1.25 h

conv. (%)

>95
>95
37
>9S5
100
100
56
>9S5
61
74

% ee of 234a (config.)

16 (R)
21(R)
14 (R)
40(R)
20(5)

6(R)
56(9)
80 (R)
21(5)
79.(S)

reactions at —20 °C instead of room temperature gave higher
enantiomeric excesses (entries S—7 in Table 32).
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Reek, van Leeuwen, et al. obtained remarkable results
when applying their library of SUPRAPhos ligands to allylic
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Scheme 53. Influence of Chelate Size on the Regioselectivity of the Nucleophilic Attack in Allylic Substitutions Catalyzed by
Palladium Complexes of P—OP Ligands

3 equiv. DMM
cat. [Pd(n-C4Hg)Cll;
}OQC/\ P-OP Ligand (1:1 to Pd) CH(COMe),
= A
Ph Ph 3 equiv. BSA, cat. KOAc Ph Ph
rac-233 DCM, rt 234a
—+ —+
\/ S\ Phes 'x
\\ / Y, —& ~ R
4
*O O \ (/)/O/J\/w
Ph,P R-P__ _P
e / o p rY Pd \o\)\i\
\ \\
Ph Fpn b TR?
PhMP ﬂ 2
7 \ | (R?=t-Bu)

4

Nu

Ligand 70a (R" = H)

h‘) Oe

n

ee =71% (S)

Ligand 62a (Sp,S¢) R®=

1-Napht, R* = Ph

ee = 69% (S)

Ligand 70b (R' = TMS)  ee = 68% (S) Ligand 62b (Sp,Sc) R®=2-Anisyl, R*=Ph  ee=65% (S)
Ligand 62e (Sc) R®=R*=Ph ee =83% (S)
Ligand 62f (Rp,S¢) R®=t-Bu, R =Ph ee = 78% (S)
Ligand 62g (Sc) R®*=R*=tBu ee = 64% (S)

Table 31. Effect of Varying the para Substituent in Ligands 66b—d on the Enantioselectivity of the Reaction

entry ligand NuH reaction conditions conv. (%) % ee of 234 (config.)
1 66d* CH,(COOMe), 2.5 mol % catalyst, 0.2 M in DCM, rt, 1 h >95 64 (R)
2 66b™ CH,(COOMe), 2.5 mol % catalyst, 0.2 M in DCM, rt, 1 h >95 80 (R)
3 66c*° CH,(COOMe), 2.5 mol % catalyst, 0.2 M in DCM, rt, 1 h >95 80 (R)
4 66d*° PhCH,NH, 2.5 mol % catalyst, 0.2 M in DCM, rt, 24 h 3 46 (S)
5 66b*° PhCH,NH, 2.5 mol % catalyst, 0.2 M in DCM, rt, 72 h 3 61(S)
6 66c*° PhCH,NH, 2.5 mol % catalyst, 0.2 M in DCM, rt, 24 h 9 81(S)
pro-(R)e Most of the ligands gave modest results, except for those with

pro (R)D

0 O

SIS

235-endo-syn-syn

“ pro-(R)2 /' -
-

235-endo-anti-syn

&
) igﬂ&\

235-exo-syn-syn

235-exo-anti-syn

Figure 34. Calculated geometries for the diastereomeric Pd(1’-
PhCHCHCHPh) complexes derived from ligand 66b. Positions in the
allyl units, the nucleophile attack of which is favored due to bond elongation,
are marked with a yellow sphere. “Attack at the trans influence-favored Cyy1
leads to (R)-234a with DMM. Attacks with DMM at the Cayi that are
furthest out of the plane lead to (R)- or (S)-234a as indicated.

substitution-mediated kinetic resolution.>* They studied the
resolution of racemic cyclohexenyl acetate (236) in the presence
of malonate nucleophiles, evaluating 28 supramolecular P—OP
ligands 124 in the reaction with dimethyl malonate (Scheme SS).
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ortho-pyridyl-functionalized phosphino moieties, which yielded
highly enantioenriched (99% ee) (S)-cyclohexenyl acetate 236
plus the substituted product (R)-237 (from 12% ee to 32% ee) in
conversions from 69% to 84% (Table 33). The authors attributed
these notable results to the supramolecular nature of the ligand:
they envisioned that decoordination of the phosphine—pyridine
from zinc during certain stages of the catalytic cycle would enable
changes in the palladium coordination sphere.

In conclusion, rather few studies on palladium-mediated allylic
substitutions using P—OP ligands have been published. Clearly,
even the best of the P—OP ligands tested to date, which gave a
maximum enantiomeric excess of 83% in the allylic alkylatlon of
racemic 1,3-diphenylallyl acetate with dimethyl malonate,*" did
not perform as well as myriad other ligands in this reaction.'>> A
biaryl group (either a configurationally stable biaryl fragment or
an achiral one, whose configuration is determined by a proximal
stereocenter) has proven to be a better stereogenic relay than the
centrochiral aliphatic backbones of P—OP ligands in terms of
affording high enantioselectivities (compare the results of Far-
aone et al., van Leeuwen et al., Claver et al, and Vidal-Ferran
et al.) 39P4042252532,53¢58¢ oy e the aforementioned backbone
structures have not yet been optimized for this transformation.
Notably, such an optimization seems critical, insofar as the
influence on enantioselectivity of the electronic differentiation

dx.doi.org/10.1021/cr100244e |Chem. Rev. 2011, 111, 2119-2176
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Figure 35. The most representative supramolecular phosphine—phosphite ligands tested in palladium-mediated allylic substitutions.

Table 32. Influence of the Bridge Length between the Phos-
phine and Phosphite Moieties of SUPRAPhos Ligands on the
Stereochemical Outcome of the Reaction

entry ligand T (°C) % ee of 234a (config.)

1 124b,u® 25 47 (R)
2 124c,u52 25 rac

3 124¢,u** 25 40 (S)
4 124b,w™* 25 59(S)
5 124b,u”* —20 60 (R)
6 124e,u>* —20 44(S)
7 124b,w** —20 70(S)

Scheme 54. Influence of the Bridge Length between the
Phosphine and Phosphite Moieties of SUPRAPhos Ligands on
the Stereochemical Outcome of the Reaction

3 equiv. DMM
1 mol % [Pd(n3-C3H5)Cll,
6 mol % P-OP Ligand 124 CH(CO,Me),
ph/é\/\ Ph . ” Ph)*\/\ Ph
3 equiv. BSA, cat. KOAc
rac-233 [rac-233] = 0.01 M in DCM 2343
24 h, full conv.

between the phosphino and phosphite coordinating groups appears
rather unpredictable in comparison with other, more successful
chiral bidentate nonsymmetrical ligands (e.g,, phosphino-oxazo-
lines or phosphito-oxazolines). The nonsymmetrical nature of P—
OP remains underexplored in Pd-mediated allylic substitutions: the
two distinct donor groups of the ligand could be of great advantage
in the reaction of nonsymmetrical allyl moieties, which still remains
to be studied. Nonetheless, supramolecular P—OP ligands have
exhibited intriguing behavior in allylic alkylation-induced kinetic
resolution and deserve further attention in this context.

3.5.1. Comparative Table in Allylic Substitutions. The
use of chiral P—OP ligands in palladium-mediated asymmetric

Scheme 5S. Palladium-Mediated Kinetic Resolution of
rac-Cyclohexenyl Acetate Using SUPRAPhos Ligands

3 equiv. CHy(CO,Me),

OAc 1.0 mol % [Pd(n3-C3Hs)Cll CH(CO,Me),  OAc
2.4 mol % P-OP Ligand -
O e
20 equiv. DIPEA
rac-236 3 equiv. BSA, cat. KOAc (R)-237 (S)-236

[rac-236] = 0.25 mM in DCM, rt

Table 33. Palladium-Mediated Kinetic Resolution of Race-
mic Cyclohexenyl Acetate Using SUPRAPhos Ligands

conv. t % ee % ee of
entry ligand into 237 (%) (h) of (R)-237 (S)-236  s°
1 124a,u®* 81 0.6 13 99 6.4
2 124h,u®* 69 0.5 32 99 11.9
3 124i,u> 81 0.5 17 99 6.4
4 124j,u®* 84 0.5 12 99 5.6

* Selectivity factor (s) calculated according to Kagan et al. first-order model.'*¢

allylic substitution is not very extended, and Table 34 provides
comparison of the catalytic activity between the best performing
P—OP ligands and several other lead ligands (Figure 36) in the
palladium-mediated asymmetric allylic substitution on racemic
1,3-diphenylallyl acetate 233 with C- and N-nucleophiles.'>’
This transformation is a clear example in which the P—OP
ligands do not fulfill the steric and electronic requirements
around the palladium center to achieve the same level of
enantioselectivity that many structurally different lead ligands
in this transformation'>> give.

3.6. Rhodium-Mediated Hydroborations of Alkenes
Hydroboration of alkenes is a very appealing transformation to
synthetic chemists owing to the versatility of alkylboron com-
pounds, which can be converted into alcohols or amines, or be
used as partners in Suzuki—Miyaura—Heck coupling reactions.
Enantioselective metal-mediated hydroborations of olefins have
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Table 34. Comparison of the Enantioselectivities (% ee) Obtained with the P—OP Ligands to Those Obtained with Selected
Ligands in Palladium-Mediated Asymmetric Allylic Substitutions of 1,3-Diphenylallyl Acetate

ligands
products 147 246 238 239 240 58d 62e 66¢ 70a 124b,w
234a 93 () 99 (8)"* 97 (5)"? 99 ()¢ 90 (R)*! 42(8)%¢ 83 (8)*® 80 (R)* 71(8)* 59(8)%
234b 93 (R)'* 66 (R)>* 81(S)*
PCy, Scheme 56. Rhodium-Mediated Hydroboration of Styrene in
@/”’"Me the Presence of P—OP Ligands Developed by Schmalz et al.
= “PPh
Fe 2 P )PD 1. 2 mol % [Rh(cod),]BF
=7 2.2 mol % P-OP ligand
1.2 equiv. catecholborane OH
N [150a] = 1 M in DME, -78 °C . OH
JOSIPHOS (R,R)-Me-DUPHOS +
2. MeOH, NaOH, H,0,, rt
147 238
150a 241 242

Oﬁ/© % OO PPh,

N  PPh, Ph,P PPh, PPh;
o 99
PHOX (8,S)-CHIRAPHOS (R)-BINAP
239 240 246

Figure 36. Milestone ligands for palladium-mediated asymmetric allylic
substitutions of racemic 1,3-diphenylallyl acetate.

garnered particular interest, because they give the products under
milder conditions and with different chemo-, regio-, and stereo-
selectivities than in non-metal-mediated processes.'> Rhodium
as metal catalyst provides excellent enantioselectivities in the
hydroboration of styrene derivatives in the presence of commer-
cially available ligands such as BINAP and QUINAP or their
analogs.'**

Schmalz et al. have tested several enantiopure phosphine—
phosphite ligands in this asymmetric transformation. They em-
ployed a modular synthetic approach to prepare a vast library of
enantioenriched ligands, in which the chirality was provided solely
by the phosphite moiety (see Figure 14, section 2.2).500164 They
then assessed 12 of these ligands in a model reaction: the rhodium-
mediated hydroboration of styrene 150a with catecholborane
(Scheme 56) followed by oxidation to the corresponding alcohol-
(s) (see Table 35 for the results obtained with selected P—OP
ligands and Figure 37 for the ligand structures).>*

The enantiomeric excesses attained using rhodium complexes
derived from ligands with a nonbiaryl chiral moiety were much
higher for this reaction than in other asymmetric transformations
(compare the TADDOL-derived ligands 100a and 100b in en-
tries 1 and 2 with the BINOL-derived ligands 100d and 100e in
entries 3 and 4, Table 35). Very good enantioselectivity (91% ee)
and regioselectivity (95/5) were achieved using ligand 103a, albeit
with a nonoptimal yield (63%) (entry 6 in Table 35). This high
level of enantioselectivity is almost competitive with the levels
reached using either BINAP (from 93% to 96% ee)'®® or Togni’s
planar chiral phosphine—pyrazoline ligand (>98% ee).'®®

In addition to the model hydroboration of styrene, Schmalz
et al. employed one of their P—OP ligands (ligand 107a) to
prepare an anti-infective agent, which was also used as a pre-
cursor for the total synthesis of marine diterpenes.'®* In fact,
ligand 107a performed better than the traditionally used BINAP

2166

Table 35. Rhodium-Mediated Hydroboration of Styrene in
the Presence of P—OP Ligands Developed by Schmalz et al.

time ratio of % yield % ee of
entry  ligand (h) 241 to 242 of 241 241 (config.)
1 10025 2.5 95/5 81 77 (R)
2 100b°° 25 94/6 24 87 (R)
3 1004 2.5 95/5 80 13(R)
4 100e>® 2.5 89/11 75 17(S)
5 101b°% 2.5 95/5 25 38(S)
6  1032°® 35 95/5 63 91 (R)

in the hydroboration of the synthetic intermediate 243, furnish-
ing the borylated product 244 in 80% yield and with the rather
high enantiomeric excess of 93% (Scheme 57). Compound 244 was
then converted to the desired precursor 245 after double homo-
logation, Suzuki—Miyaura—Heck coupling, and cyclization.

In conclusion, although prediction of the stereochemical
outcome of the reaction in function of ligand structure remains
difficult, the modular nature of phosphine—phosphites has
proven invaluable for identifying efficient catalyst structures,
enabling very good results for cases in which classical ligands fail.

3.6.1. Comparative Table in Hydroborations. The con-
tribution of chiral P—OP ligands in rhodium-mediated hydro-
boration of alkenes is also scarce. Nevertheless, Table 36 shows
that the highest performing rhodium complex derived from P—OP
ligand 103a in the hydroboration of styrene 150a afforded similar
levels of enantio- and regioselectivity to the ones attained with
several other lead ligands (structures 246—248 in Figure 38).

3.7. Palladium-Mediated Hydrophosphorylations of Vinyl
Arenes

Following the pioneering examples of palladium-mediated
hydrophosphorylation of alkenes by Tanaka et al.,"*® the groups
of Beletskaya and Leitner jointly reported on the first asymmetric
version of this reaction.”>* They screened several known mono-
and bidentate ligands, including Pringle’s phosphine—phosphite
38 (see Figure 39 for the ligand structure) in the hydropho-
sphorylation of styrene 150a, identifying (R,S)-BINAPHOS
(37a) as the best (Scheme 58). At 70 °C, the products were
obtained with full conversion, a branched to linear ratio of 93/7,
and an enantiomeric excess for the branched product of 56%

dx.doi.org/10.1021/cr100244e |Chem. Rev. 2011, 111, 2119-2176
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Figure 37. Selected P—OP ligands in the rhodium-mediated hydroboration of vinyl arenes.

Scheme 57. Use of P—OP Ligand 107a in the Rhodium-Mediated Hydroboration of a Useful Synthetic Intermediate

1. 2.0 mol % [Rh(cod),]BF4

2.2 mol % 107a
= [243] = 0.7 M in DME, -45 °C

OMe 1.2 equiv. catecholborane

OMe 2. 2.3 equiv. pinacol
Me

243

244
93% ee (R)
80% yield

(entry 1 in Table 37). Increasing the temperature to 100 °C
allowed halfing the reaction time, although a drop in enantios-
electivity was observed; and changing for a 2:1 ligand to metal
ratio appeared detrimental to regioselectivity, albeit with a small
increase in enantioselectivity (compare entries 1 —3 in Table 37).
Other substrates than styrene led to rather similar levels of con-
version and regio- and stereoselectivity (entries 4—6 in Table 37).

The groups of Leitner and Lloyd-Jones later extended this
study by evaluating their library of sulfonylated analogs of
BINAPHOS 39a—k (see Table 38 for the catalysis results and

Figure 39 for ligand structures).”® The palladium precatalyst
[Pd(allyl)(CH3CN),]OTf performed better in terms of conver-
sion than [Pd(allyl)Cp] for the sulfonylated analogs of BINA-
PHOS 39 (compare entries 1 and 2 in Table 38). The introduc-
tion of a sulfonyl group was shown to strongly influence the
reaction outcome. The nature of the substituent at the sulfur atom
(R?) barely affected regioselectivity but did dramatically influence
catalyst activity and enantioinduction, despite the remoteness of
this substituent to both phosphorus atoms. In particular, when R>
was an alkyl group instead of a perfluoroalkyl one, conversion and
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Table 36. Comparison of the Regio- (b/I) and Enantioselectivities (% ee) Obtained with the P—OP Ligand 103a to Those
Obtained with Selected Ligands 246—248 in Rhodium-Mediated Asymmetric Hydroboration of Styrene 150a

ligands

246 247

248 103a

% ee b/1* % ee

150a 96 (R)'** >99/1'6% 88 (S)'¢”

“b/1 = ratio of branched to linear product.

97/3167 99 (5)166 nd166

% ee b/1* % ee b/1*

91 (R)>® 95/5%®

Me

20, CO
l PPh, l PPh, Fe

(R)-BINAP (S)-QUINAP Ar = 3,5-(CF3),-CgHg
246 247 248

Figure 38. Structures of representative examples of successful ligands in
asymmetric hydroboration.

enantioselectivity diminished (entry 4 in Table 38). The authors
studied other features of the ligand, showing that the (RR)-
diastereomer 39k provided equivalent conversion and regioselec-
tivity but a higher enantioselectivity than the (R,S)-diastereoi-
somer 39a (entry 9 in Table 38). The absolute configuration of the
product 251 was unchanged, demonstrating that the main stereo-
directing element in the structure of these ligands is the bina-
phthylphosphino fragment, and not the binaphthylphosphite. The
same conclusion could be reached upon comparing the enantio-
meric excesses obtained with Pringle’s ligand 38 (0% ee) and
(R,S)-BINAPHOS 37a (56% ee). Variations on the phenyl groups
of the phosphino moiety (achieved by introducing electron-donating
or electron-withdrawing substituents at the meta or para positions)
gave comparable results, with some improvement of enantioinduc-
tion, offering the highest enantiomeric excess (74%) in hydropho-
sphorylation of styrene reported to date (entry 7 in Table 38).

In conclusion, BINAPHOS-based phosphine—phosphites per-
formed better than several other kinds of ligands in the still under-
studied asymmetric palladium-mediated hydrophosphorylation of
vinyl arenes, providing the best enantioselectivity reported to date
for this transformation. Although higher enantiomeric excesses were
attained in the parent reaction of norbornene derivatives using a
JOSIPHOS-type ligand,'® BINAPHOS and related ligands should
soon give optimal results for a broad array of substrates, namely,
through synergy between the ligand’s stereogenic elements and its
steric and electronic properties.

3.8. Miscellaneous Reactions

Encouraged by the success of enantiopure P—OP ligands in
enantioselective processes like hydroformylation or hydrogena-
tion, various groups have tried to extend the use of phosphine—
phosphinites or phosphine—phosphites to other asymmetric
transformations. However, these studies remain as singular ex-
amples, as none of them have since been pursued.

Nozaki, Takaya, et al. assessed BINAPHOS in the relatively
understudied nickel- or palladium-mediated hydrocyanation of
norbornene (Scheme 59)."7° Although they obtained a range of
activities (from 4% to 69% yield) and modest enantioselectivities

Oy QD
ST GD Ok

) RoL

O
pphz OO

O
o

Figure 39. Selected P—OP ligands in the rhodium-mediated hydropho-
sphorylation of alkenes.

O
/
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39g Ar=4-Me-CgH,
39h Ar=3-Me-CgH,
39i Ar=4-MeO-CgH,
39j Ar=3-MeO-CgH,

(from 17% ee to 48% ee), they did glean valuable information
from complexation experiments with nickel or palladium, namely,
on the importance of the BINAPHOS to metal ratio and on the
influence of other suitable ligands in solution. The highest enantio-
meric excess in this study (48% ee) was in the same range as those
obtained by other groups that had used Pd/diphosphine (31% and
40% ee)'”" or Ni/diphosphite (38% and 55% ee)'”” catalysts.
Nozaki, Takaya, et al. also studied the hydroesterification (alk-
oxycarbonylation) of styrene 150a with heterogenized palla-
dium/BINAPHOS catalysts (Scheme 60)."”* The homogeneous
system alone, in which the catalyst was formed by mixing Pd-
(dba), with S equiv of (R,S)-BINAPHOS 37a, showed almost no
activity in the methoxycarbonylation of styrene 150a, even under
4S atm pressure of carbon monoxide; moreover, the regio- and
stereoselectivities were either null or very low. Contrariwise, the
same system immobilized onto a montmorillonite clay afforded
the expected products 256 and 257 with a combined conversion
of 52%, a branched to linear product ratio of 86/14, and a very
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Scheme 58. Hydrophosphorylation of Vinyl Arenes Catalyzed by a Pd—[(R,S)-BINAPHOS)] Complex

5.0 mol % [Pd(allyl)Cp] % 0

~P=
O o0 5.0mol% (R.S)-BINAPHOS 37a © © O\\P/O
AT + 4 Ar % AT o
O H [substrate] = 0.7 M in 1,4-dioxane
(0.5 equiv.)
150a Ar=Ph 250 251 252

229a Ar = p-(t-Bu)-CgHy
249a Ar = 2-Napht
249b Ar = 6-MeO-2-Napht

Table 37. Hydrophosphorylation of Vinyl Arenes Catalyzed by a Pd—(R,S)-BINAPHOS Complex

entry substrate T (°C) t (h)
1 15027 70 70
2 1502%% 100 35
3¢ 150a>* 100 35
4 22927 100 35
5 2492°% 100 35
6 249H> 100 35

“Reaction carried out with a 2/1 ligand to metal ratio.

conv. (yield) (%) ratio of 251 to 252 % ee of 251

>99 93/7 56
>99 (85) 89/11 42
>99 67/33 50
>99 (65) 91/9 54
>99 (80) 96/4 39
>99 (85) 91/9 29

Table 38. Palladium-Mediated Hydrophosphorylation of Styrene Using Ligands 39a,c,g—k

entry ligand

Nl IS e N S S

reaction conditions

ratio % ee
conv. of 251 of
(%)  to252 251

39a** 5.0 mol % [Pd(allyl)Cp], 5.0 mol % 39a, 100 °C, 35 h, 0.7 M in 1,4-dioxane 87 88/12 63
39a”® 5.0 mol % [Pd(allyl)(CH3CN),]OTf, 5.0 mol % 39a, 5.0 mol % [NaCH(CO,Me),], 100 °C, 18 h, 0.7 M in 1,4-dioxane ~ 94 84/16 61
39a”® 5.0 mol % [Pd(allyl)(CH;CN),]OTf, 5.0 mol % 39a, 5.0 mol % [NaCH(CO,Me),], 70 °C, 48 h, 0.7 M in 1,4-dioxane 10 82/18 68
39¢** 5.0 mol % [Pd(allyl)Cp], 5.0 mol % 39¢, 100 °C, 35 h, 0.7 M in 1,4-dioxane 42
39¢°® 5.0 mol % [Pd(allyl)(CH;CN),]OT, 5.0 mol % 39g, 5.0 mol % [NaCH(CO,Me),], 100 °C, 18 h, 0.7 M in 1,4-dioxane ~ 98 80/20 71
39h** 5.0 mol % [Pd(allyl)(CH;CN),]OTf, 5.0 mol % 39h, 5.0 mol % [NaCH(CO,Me),], 100 °C, 18 h, 0.7 M in 1,4-dioxane ~ 99 89/11 72
39i*® 5.0 mol % [Pd(allyl) (CH;CN),]OTH, 5.0 mol % 39i, 5.0 mol % [NaCH(CO,Me),], 100 °C, 18 h, 0.7 M in 1,4-dioxane 99 76/24 74

]

]

86/14 42

39%° 5.0 mol % [Pd(allyl)(CHsCN),]OT, 5.0 mol % 39j, 5.0 mol % [NaCH(CO,Me),], 100 °C, 18 b, 0.7 M in L4-dioxane 99 81/19 63
39k*® 5.0 mol % [Pd(allyl)(CH;CN),]OTf, 5.0 mol % 39k, 5.0 mol % [NaCH(CO,Me),], 100 °C, 18 h, 0.7 M in 1,4-dioxane ~ 99 82/18 72

low enantiomeric excess (6% ee) for 256. The lack of activity of
the homogeneous catalyst raised the question of whether BINA-
PHOS operates as a monodentate instead of a bidentate ligand,
owing to possible hydrolysis of the phosphite moiety in the acidic
reaction medium (benzene/methanol/concentrated hydrochlo-
ric acid, 100/2.4/1). The poor enantioselectivity, in comparison
with the >99% enantiomeric excess obtained with a PdCl,/
CuCl,/diphosphine system,'”* may explain why P—OP ligands
were not further tested in this reaction.

Murahashi et al. reported a process similar to the one des-
cribed above: the alkoxycarbonylation of the allylic phosphate cis-258
with a palladium—[(R,S)-BINAPHOS] catalyst (Scheme 61)."”
The product trans-259 was obtained via inversion of configuration
at the allyl carbon in 52% yield and with an enantiomeric excess
of 25%. The authors noted that (R,S)-BINAPHOS surprisingly
showed comparable activity and enantioselectivity to chiral mono-
dentate phosphorus ligands; contrariwise, chiral diphosphines
((R)-BINAP, (R,R)-DIOP, and (S,S)-CHIRAPHOS) appeared
unsuited to this reaction, since the formation of a chelate with
palladium saturated the coordination sites of the palladium—allyl
complex, preventing coordination of carbon monoxide. Addition-

Scheme 59. Hydrocyanation of Norbornene Mediated by
BINAPHOS-Based Nickel or Palladium Catalysts

0.3-0.5 mol % Ni- or Pd-precursor
E CN
H

(R,S)-BINAPHOS 37a
(1:1 or 2:1 to the metal)

Lb . H%N

100-120 °C
253 254 [253] = 0.6 M in benzene 255
(0.9 equiv.)
17-48% ee
4-69% yield

ally, the authors remarked that the absolute configuration of
product 259 was determined by the binaphthylphosphino moiety,
not the phosphite one. These observations may be again indicating
that in the reaction conditions (R,S)-BINAPHOS acts as a
monodentate ligand, due to cleavage of the phosphite unit.
Lastly, the phosphine—phosphinite ligand Sc was evaluated
in the rhodium-mediated asymmetric reductive amination of
phenylpyruvic acid 260 with benzylamine.**® A catalyst based
on P—OP ligand 5c showed high activity and a moderate
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Scheme 60. Hydroesterification of Styrene Employing a Pd/BINAPHOS Catalytic System Immobilized onto Clay

0.2 mol % of Pd/clay

A 1.0 mol % (R,S)-BINAPHOS 37a
Ph™ X

MeOH (6 equiv.), CO (45 atm)
150a conc. HCI
125°C, 24 h
[150a] = 0.1 M in benzene

CO,Me
NN & pp~COMe
256 257

conv. = 52%, ratio 256/257 = 86/14
256: 6% ee (R)

Scheme 61. Palladium/(R,S)-BINAPHOS-Catalyzed Ethox-
ycarbonylation of Allylic Phosphate 258

o 1.0 mol % Pdy(dba)-CHCl,
Il Ph ~CO,Et
PhUOP(OEtz) 2.0 mol % (R,S)-BINAPHOS 37a O
CO (100 atm)
cis-258 DIPEA (1 equiv.) trans-259
EtOH,0°C,4 h 52% conv.
25% ee

Scheme 62. Reductive Amination of Phenylpyruvic Acid
Catalyzed by a Rh/(P—OP Ligand) System

o 1.0 mol % [Rh(cod),]BF, NHBn
)J\ 1.0 mol % P-OP ligand 5¢ /\
Ph” ~CO,H Ph™ "CO.H
BnNH, (1.5 equiv.)
260 H, (59 atm) 261
rt, 24 h 98% yield
[260] = 0.3 M in MeOH 46% ee (S)

enantioselectivity in favor of the (S)-enantiomer of the product
261 (Scheme 62). However, the superior results attained with
the C,-symmetric diphosphines ((R,R)-NORPHOS, (R,R)-DE-
GUPHOS, and (S,S)-CHIRAPHOS) demonstrated that 5c was
not an optimal ligand for this reaction.

3.9. Most Recent Progress

In last stages of the preparation of this manuscript, the group
of Schmalz published a study on copper-mediated allylic alkyla-
tion of cinnamyl chlorides with Grignard reagents in the presence
of P—OP ligands.'”® The phosphine—phosphite ligands used
(104a, 105a, 108a—114a, 103d, 106d, 107d, 109d, and 113d),
and more precisely TADDOL-derived ligands 109a and 113a,
led from good to excellent results in terms of yields (up to 99%)
and regio- and enantioselectivities (up to 99/1 ratio in favor of
the branched adducts with up to >99% ee). The catalytic system
allowed for eflicient and selective transformation of a broad range
of functionalized substrates and variation on the nature of the
Grignard reagent.

In addition, the groups of Clarke and Pizzano recently re-
ported the hydroformylation of dimethylacrylamide mediated by
rhodium complexes derived from phosphine—phosphite ligands
72a, 72¢, 72¢, and 74a with very high ratios of branched to linear
products, but with low reactivity (up to 67% conversion) and
moderate enantioselectivity (up to 46% ee).'”” New P—OP
ligands derived from the ring-opening of epoxides have recently
been reported by Pizzano et al."”® The performance of these new
ligands in the Rh-catalyzed enantioselective hydrogenation and

hydroformylation of several representative olefins has been
analyzed.

Very recently, van Leeuwen et al. have synthesized novel
isostructural BINOL-derived enantiopure phosphine—phos-
phite ligands by condensation of chiral 3,3"-bis(trialkylsilyl)-
2,2'-bisnaphthol phosphorochloridites and phosphino phenol
derivatives.'”” These P—OP ligands were tested in the rho-
dium-mediated asymmetric hydroformylation of vinyl acetate
and several styrene derivatives. The highest recorded enantio-
selectivity (78% ee) was achieved with vinyl acetate.

Lastly, Pizzano et al. have reported the use of several phos-
phine—phosphite ligands in the iridium—mediated hydrogena-
tion of 2-methylquinoline (up to 73% ee).'® Furthermore, the
groups of Schmalz and Reek have screened a reduced library of
ligands 100—114 (see Figure 14) in the rhodium-mediated
enantioselective hydrogenation of functionalized alkenes (up to
92% ee).'®!

4. CONCLUSIONS AND OUTLOOK

Numerous phosphine—phosphinite and phosphine—phosphite
ligands are known in the literature. These have typically been
synthesized by preparation and subsequent O-phosphorylation of
the corresponding phosphino alcohols or their phenolic analogs.
Highly efficient synthetic transformations have enabled introduc-
tion of the phosphino and the phosphinite or phosphite function-
alities into many hydrocarbon skeletons. Complimentarily,
noncovalent and metal—ligand interactions have been used for
constructing the catalyst’s chiral backbone with unprecedented ease
via supramolecular-guided attachment of building blocks that con-
tain the phosphino and phosphite groups required for catalysis as
well as motifs necessary for the supramolecular assembly. The
repertoire of ligand scaffolds and molecular chirality in P—OP
ligands has expanded remarkably since the seminal work of the
Brunner,® Pringle,” and Takaya® groups.

Phosphine—phosphinites and phosphine—phosphites are in-
trinsically modular ligands: they contain two independent phos-
phorus coordination groups with electronic dissimilarity. In
addition to these P-binding groups, the ligand’s remaining
molecular fragments and stereogenic elements (modules) have
enabled the development of efficient catalytic systems for various
asymmetric transformations (e.g., hydrogenation, hydroformyla-
tion, conjugate addition, polymerization of alkenes with CO,
allylic substitution, and hydroboration) through steric and
electronic modification of the modules.

Compared with phosphine—phosphites, far fewer phos-
phine— phosphinite ligands have been reported and evaluated
in asymmetric catalysis. However, high-performing enantiopure
phosphine—phosphinite ligands have been developed for parti-
cular cases (e.g., hydrogenation).
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Asymmetric hydrogenation of functionalized alkenes is un-
doubtedly among the best-studied asymmetric transformations
and one for which myriad highly efficient metal catalysts have
been developed. Even in this highly competitive arena, P—OP
ligands have made a niche, rivaling so-called milestone ligands
(e.g., DIPAMP, DUPHOS, TCFP, JOSIPHOS) in terms of
conversion and enantioselectivity. The P—OP ligands studied
in asymmetric hydrogenation encompass diverse carbon back-
bones and stereogenic elements as well as different distances
between the two phosphorus functionalities, and many of them
provide a highly stereodifferentiating environment around the
catalytic rhodium metal center. Various structurally diverse
functionalized alkenes have been hydrogenated by rhodium
complexes of P—OP ligands with high enantioselectivities and
low catalyst loadings. In contrast, studies on asymmetric
hydrogenation of imines and heteroaromatic compounds cat-
alyzed by iridium complexes of P—OP ligands are still in their
infancy. The enantiomeric excesses achieved to date have been
good, but the modular design of P—OP ligands should enable
further enhancements.

Highly eflicient metal complexes of P—OP ligands have been
developed for hydroformylations and for polymerizations of
alkenes with CO. Despite the wide structural diversity of highly
efficient P—OP ligands for asymmetric hydrogenation, to date,
only BINAPHOS-type ligands have provided high enantioselec-
tivities in hydroformylations and in polymerizations of alkenes
with CO. Rhodium complexes of BINAPHOS-related ligands
catalyze hydroformylations of a vast array of alkenes with high
ratios of branched to linear product and with high enantioselec-
tivities. Analogously, palladium complexes of BINAPHOS ana-
logs offer excellent stereoregularity for alternating copolymers of
alkenes with CO.

The modular nature of P—OP ligands has facilitated their
optimization and a gain in the understanding of copper-
mediated conjugate additions, palladium-mediated allylic
substitutions, rhodium-mediated hydroborations, and palla-
dium-mediated hydrophosphorylations. Pioneering results
have been obtained in the last case, and will certainly be
followed by others. Moreover, in the other asymmetric trans-
formations, P—OP ligands are sometimes better ligands than
the more traditional bidentate or monodentate phosphorus
compounds.

Encouraged by the success of P—OP ligands in the aforemen-
tioned processes, and particularly in hydroformylations and
hydrogenations, various groups have tried to extend the use of
P—OP ligands to other transformations, including hydrocyana-
tions, hydroesterifications, ethoxycarbonylations, and reductive
aminations. However, work in these areas has yielded only
moderate enantioselectivities so far, and the studies remain as
singular examples.

Enantiopure phosphine—phosphinites and phosphine—
phosphites have gained an important role in asymmetric
catalysis. Given the wide repertoire of ligand scaffolds,
and the ever-increasing reports of their applications, one
can only imagine that the near future will witness several
new examples of successful application of this highly versatile
ligands.
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