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ABSTRACT
This thesis summarizes the author’s graduate research on catalytic asymmetric
hydrogenation at Penn State. The first chapter gives a brief review of ligand development in
asymmetric hydrogenation, with a focus on the long-term effort of the Zhang group in this area.
Several important factors for ligand design are discussed, including steric hindrance, electronic
control, and practical considerations. Chapter 2 delineates the development of a novel
triphosphorus bidentate phosphine-phosphoramidite ligand with pseudo C2-symmetry, from
initial design, through ligand synthesis and characterization, to its application in asymmetric
hydrogenation. A major success of this ligand is highlighted in asymmetric hydrogenation of
ortho substituted α-arylenamides with excellent enantioselectivity (up to 99.6% ee), which had
not been possible prior to this work. In Chapter 3, the development of conformationally rigid
spirocyclic monodentate phosphoramidite ligands is discussed. A highly efficient, large-scale
route for the synthesis of chiral spirocyclic diol is presented, followed by the discovery of an
interesting acid-mediated rearrangement of spirocyclic backbones. These spirocyclic ligands are
applied in highly enantioselective catalytic asymmetric hydrogenation and asymmetric conjugate
addition reactions.
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Chapter 1

Transition Metal Catalyzed Homogeneous Asymmetric Hydrogenation –
an Introduction

1.1 Overview
Transition metal mediated asymmetric hydrogenation is a highly efficient method for the
catalytic reduction of olefins, ketones, and imines into the corresponding chiral products with
hydrogen gas.1 Compared with other reduction methods, asymmetric hydrogenation offers several
desirable advantages. First, it has a broad substrate scope. To date a large variety of olefins,
ketones, and imines, either bearing functional groups or being unfunctionalized, have been
hydrogenated with excellent enantioselectivity (> 95% ee). Second, extremely high reactivity
(measured by turnover number (TON) and turnover frequency (TOF)) has been achieved in
hydrogenation reactions, which is a key prerequisite for practical manufacturing on a large scale.
In terms of atom efficiency, hydrogenation represents a clean process with the minimum
generation of by-products and waste. Thus, its environmental impact is much less than most
traditional organic reactions. For these reasons, asymmetric hydrogenation has become one of the
most important and widely used chemical transformations in the pharmaceutical and
agrochemical industries, where molecular chirality is demanded. Some well-known large-scale
processes include the production of L-DOPA by Monsanto,2 a key intermediate for carbapenems
by Takasago,3 as well as Metolachlor by Syngenta4 (Figure 1-1). The chiral centers of these
molecules are installed via highly efficient asymmetric hydrogenation of the corresponding
olefin, ketone, and imine, respectively.

MeO
OAc

HO
HO

OH
NH2

L-DOPA

O

TBSO

O

N

Cl

NH
O
key intermediate for
carbapenems

Metolachlor

Figure 1-1: Important chiral compounds produced via industrial scale asymmetric hydrogenation.

1.2 Historically important ligands and their impact on asymmetric hydrogenation
The synergistic operation of a transition metal and its associating ligand(s) is essential to
the success of asymmetric hydrogenations. The metal is the reactive center, around which a
cascade of reactions are promoted to add two hydrogen atoms to a double bond. From initial
capture of an unsaturated substrate and molecular H2, through breakage and reorganization of
their relevant bonds, to final release of a reduced adduct, a catalytic cycle around the metal is
completed. On the other hand, the ligand confers stability, reactivity, and selectivity to the
organometallic complex. Embedded in organic ligand(s), the transition metal becomes a
thermodynamically stable species that is homogeneous in the solvent. Ligands with suitable
electronic properties activate the metallic reaction center and facilitate various catalytic reactions
in the coordination sphere. Further, donor-acceptor bonding between the ligand(s) and the metal
is a unique bridge through which tuning the reactivity of the catalyst can be attained via
systematic modification of the ligand structure. Most important, it is the coordinating ligands that
create an asymmetric environment, which accounts for the observed chiral induction. Therefore,
developing highly reactive and selective chiral ligands is fundamental to transition metal
catalyzed asymmetric hydrogenation. The significance can be appreciated given the fact that most

2

breakthroughs achieved in this growing area have been associated with the discovery of new
metal-ligand systems showing unprecedented catalytic scope.1
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Figure 1-2: Historically important ligands for asymmetric hydrogenation.
The development of homogeneous asymmetric hydrogenation dates back to the 1960s
when Knowles5a and Horner5b independently reported the first chiral versions of Wilkinson’s
catalyst ([Rh(PPh3)3]Cl). Despite poor enantioselectivity (less than 15% ee), the underlying
philosophy of modifying an organometallic catalyst with chiral ligands initiated tremendous
effort in ligand development. To date, thousands of chiral ligands have been created for
asymmetric hydrogenation. Among them, a number of highly effective chiral ligands have had a
long-lasting impact on the history of asymmetric hydrogenation (Figure 1-2). In the early 1970s,
Kagan developed the first C2-symmetric chelating bisphosphine DIOP (1).6 This work showed
that without P-chirality, a chelating ligand with backbone chirality is capable of inducing high
enantioselectivity. Meanwhile, Knowles continued his studies on asymmetric hydrogenation and
developed an improved P-chiral monophosphine, CAMP. He soon found that the corresponding
3

bidentate version DIPAMP (2) is even more selective and reactive, which led to the first
industrial scale synthesis of L-DOPA via asymmetric hydrogenation.7 To illustrate the spatial
distribution of steric hindrance around the catalytic metal-ligand complex, he introduced the
widely accepted “quadrant diagram” concept.7b A major breakthrough came in 1980 when Noyori
and co-workers carried out pioneering studies on axially chiral BINAP (3).8 By proper selection
of metal precursor and experimental conditions, the Ru-BINAP catalytic system showed
unprecedented substrate scope for both functionalized olefins and functionalized ketones.3 This
work represents a major advance in the area of asymmetric hydrogenation, as ruthenium was
shown to be more powerful in the hydrogenation of ketonic functionalities than rhodium. Further
expansion of the substrate scope to unfunctionalized simple ketones was later accomplished with
a Ru-BINAP-diamine system operating through a novel metal-ligand bifunctional mechanism.3
Thus, a diversity of chiral alcohols as important building blocks now can be prepared efficiently
by Ru-catalyzed hydrogenation reactions. Due to their milestone contributions to this important
area, Knowles2 and Noyori3b were awarded the 2001 Nobel Prize (together with Sharpless).
Parallel to Noyori’s research, significant progress was also made in Rh- and Ir-catalyzed
asymmetric hydrogenation with the introduction of many efficient chiral ligands, especially
DuPhos (4),9 BPE (5),9 Josiphos (6),10 and PHOX (7) (Figure 1-2).11 In 1991, Burk developed
conformationally rigid electron-rich bis(phospholane) DuPhos (4) and BPE (5) for Rh-catalyzed
hydrogenation of various functional olefins.9 The structures of 4 and 5 were termed modular
because their chiral environment can be changed through structural modification of the R group.
The concept of modular ligands is also embodied in the C1-symmetric planar chiral ferrocenebased Josiphos (6) ligand family.10a Because its two chelating donors can be easily modified, a
large ligand series has been prepared to fit the steric and electronic requirements of different
substrates.10b The bulky electron-rich ferrocene backbone turns out to be a beneficial platform for
various transition metal catalyzed reactions.
4

Another important class of chiral modular ligands is P, N-ligand PHOX (7) developed by
Pfaltz and others, which effectively mimics Crabtree’s catalyst for the hydrogenation of multisubstituted olefins.11 Its two chelating donors are both sterically and electronically unequivalent,
allowing Ir-catalyzed asymmetric hydrogenation of imines and unfunctionalized olefins with
excellent enantioselectivities.11 Recently, the success of modular monodentate phosphorous
ligands 8 revised a long held perception that monodentate ligands are less effective in chiral
induction than the corresponding bidentate analogs. It was demonstrated that these highly
modular, easily accessible monodentate ligands are viable candidates for hydrogenation
reactions.12
As Knowles pointed out,7b “Since achieving 95% ee only involves energy differences of
about 2 kcal, which is no more than the barrier encountered in a simple rotation of ethane, it is
unlikely that before the fact one can predict what kind of ligand structures will be effective.”
Indeed, so far ligand design remains an empirical rather than a rational approach, where a useful
ligand can only be discovered through extensive trial and error. Fortunately, the success of these
seminal ligands 1 ~ 8 have served as inspiring prototypes upon which further modification can
often lead to improved catalytic efficiency. Hence thousands of effective chiral ligands have been
reported based either on de novo design or by structural modifications of proven motifs.1

1.3 The chiral ligand toolbox approach for asymmetric hydrogenation
Considering the extreme structural diversity of prochiral substrates, it is impossible (at
least as of now) to find one versatile ligand or metal-ligand complex affording good
enantioselectivities for all cases. In other words, no universal ligand exists. However, given a
library of chiral ligands with sufficient structural diversity, it should be possible to find out the
optimal catalytic system for a specific substrate. This strategy is defined as the chiral ligand
5

toolbox approach.13 As shown in Figure 1-3, this strategy involves (1) design and synthesis of
new ligands, (2) exploring the newly developed ligands in asymmetric hydrogenation, and (3)
expanding the substrate scope of existing ligands. In this way, the problem of asymmetric
hydrogenation of those challenging substrates as well as new ones can be solved.
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A growing chiral ligand toolbox
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Figure 1-3: A chiral ligand toolbox approach for asymmetric hydrogenation.
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Figure 1-4: A chiral ligand toolbox developed by Zhang's lab for asymmetric hydrogenation.
Dedicated to the advancement of asymmetric hydrogenation, our group has developed a
large variety of chiral ligands in the past decade, including P-chiral ligands 9-11, bisphospholanes
12-16, axially chiral ligands 17-30, ferrocene-based ligands 31 and 32, DIOP-type ligands 33-37,
and P, N-ligands 38 and 39 (Figure 1-4).14 They have been successfully applied in highly
enantioselective hydrogenation of various olefins, ketones, and imines, some of which had not
previously been hydrogenated with good results. Although the structures of these ligands are
diversified, they have been developed according to some basic principles of ligand design in
terms of steric, electronic, and practical factors.
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1.3.1 Steric hindrance
Steric hindrance is probably the most important element in chiral induction. Upon
coordination, nearly all chelating ligands of either P-chirality, or backbone chirality, or both,
display an asymmetric steric environment as characterized by a quadrant diagram (Figure 1-5). It
is believed that this asymmetric pattern is responsible for enantiodifferentiation between the reand the si-faces of a prochiral substrate. Generally, the effectiveness of chiral induction will be
weakened for those ligands with a flexible structure. Therefore, it is advantageous to choose
conformationally rigid ligand structures that are less prone to deformation, or even worse,
racemization.

Figure 1-5: Front view of molecular model of (S)-BINAP (3) and its quadrant diagram.
In our research on ligand development for asymmetric hydrogenation, one primary
principle is increasing conformational rigidity of a flexible ligand structure. Compared with the
original ligands, the modified ones usually show enhanced enantioselectivity. For example, the
flexible conformation of DIOP (1) can be rigidified via either cyclization of its backbone or
introduction of additional chiral centers near the chelating sites (Figure 1-6). The resultant ligands
BICP (36)15 and DIOP* (33)16 showed better enantioselectivity than 1 in Rh-catalyzed
asymmetric hydrogenation of enamides. It is noted that new ligands developed by this approach
will not simply “improve” the old ones, but in a more significant sense, make breakthroughs by
8

demonstrating an entirely new substrate scope. An illustrative ligand is PennPhos (12),17 a
phosphabicyclic ligand with a more rigid conformation than DuPhos (4) due to its fused bicyclic
motif. As such, 12 gives excellent selectivities (up to 99% ee) toward challenging simple aryl
alkyl and alkyl alkyl ketones, cyclic enamides, and cyclic enol acetates.
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Figure 1-6: Develop conformationally rigid BICP (36) and DIOP* (33) based on DIOP (1).

Figure 1-7: (a) Flexible conformation of BINAP due to backbone rotation around the connecting
bond; (b) Top view of Cn-TunePhos model showing the dual functions of restrictive bridge.
More insightful results have been obtained in the development of TunePhos. Following
the success of Noyori’s BINAP (3) in Ru-catalyzed asymmetric hydrogenation,3 a large number
of biaryl ligands have been reported.18 Generally, all these ligands possess a C(sp2)-C(sp2) single
bond around which the two aryl moieties can rotate with little restriction (Figure 1-7(a)). This
9

rotational flexibility can lead to a less effective steric environment for chiral induction, especially
at elevated temperatures. Applying our first principle, we designed modular TunePhos (17-24) by
connecting the two aryl moieties with a tunable bridge.19a The additional linkage not only reduces
its conformational rotation but also defines the dihedral angle with better precision; by adjusting
the length of the linking bridge, for example, from C1 to C6, optimization of the dihedral angle
can be accomplished (Figure 1-7(b)). MM2 calculations indicated that the series of Cn–TunePhos
(17-24) covers a wide range of dihedral angle (from 60° to 106°); to each ligand, a discrete value
is assigned by the restrictive tether. Thus, hydrogenation of various substrates allowed us to study
the effect of dihedral angle on enantioselectivity in a systematic way.19 For example, Rucatalyzed hydrogenation of four different substrates with 17-24 confirmed the existence of an
optimal dihedral angle; with the optimal ligand(s), excellent results have been achieved that are
comparable or superior to the flexible biaryl ligand BINAP (3) and MeO-BIPHEP (Figure 1-8).

Figure 1-8: Effect of dihedral angle on enantioselectivity.
Another method to implement rigidity in an axially chiral ligand is by fixing the
conformational mobility of its P-substituents. The preceding quadrant analysis of BINAP (Figure
1-5) indicates the importance of equatorial P-phenyl groups for chiral induction. Thus, the
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enantiodifferentiating capability can be strengthened by attaching rigid substituents at the
proximate 3,3′-positions. Consistent with this postulate, significant chiral enhancement was
observed in the development of o-Ph-HexaMeO-BIPHEP (26),20 o-Ph-BIPHEP (27),21 oBINAPHOS (28),22 and o-BIPNITE (29)22 (Figure 1-4), all of which gave much better
enantioselectivity than the parent ligands. For instance, highly enantioselective (98% ee) Rhcatalyzed hydrogenation of a challenging cyclic enamide has been achieved with (S)-26, an
atropisomeric bisphosphine equipped with phenyl groups at the 3,3′-positions; in contrast, the
unsubstituted ligand (S)-40 gave only moderate selectivity (65% ee).20
To understand this remarkable “ortho effect”, computational studies have been performed
to compare the asymmetric environment of (S)-26 with that of (S)-40. Compared with the
unrestrained equatorial P-phenyl groups of the latter, those of the former are compressed and
accordingly oriented parallel to the ortho substituents, protruding further forward with decreased
conformational mobility (Figure 1-9).
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Figure 1-9: MM2 calculations of Rh/(S)-40 and Rh/(S)-26 complexes. (Methoxy groups and non3,3′-hydrogen atoms are omitted for clarity).
In a relevant study, the influence of ortho substituents of o-BINAPO (25) on its
enantioselectivity has been quantified.23 As shown in Figure 1-10, it is clear that placement of
planar rigid aryl groups, instead of smaller methyl groups at the ortho positions, leads to dramatic
improvement of stereoselectivity.
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Figure 1-10: Chiral enhancement of o-BINAPO (25) via ortho substitution.

1.3.2 Electronic modulation
While steric factors within a chiral ligand influence chiral induction, its electronic
properties mainly determine reactivity. For Rh-based catalytic systems, highly electron-donating
ligands tend to facilitate oxidative addition of H2 onto the transition metal and the subsequent
migratory insertion of hydride, thereby accelerating the overall hydrogenation reaction.
According to the electronic richness of the P donor, chiral ligands can be roughly classified into
three categories. The first group is diaryl phosphines, represented by DIOP (1),6 DIPAMP (2),7
and BINAP (3),8 which were developed in the early studies on Rh-catalyzed hydrogenation
13

reactions. The second group is the more electron-donating dialkyl phosphines, such as DuPhos
(4),9 PennPhos (12),17 and Binaphane (16),24 which have been successfully applied in the
asymmetric hydrogenation of a diversity of olefins and ketones. Recently, electron-rich trialkyl
phosphines have been developed as the third generation of chiral ligands bearing a sterically
hindered tert-butyl P-group. Typical examples include BisP*,25 TangPhos (9),26a DuanPhos
(10),27a Binapine (11),28 and Trichickenfootphos.29 The highly electron-donating nature, plus a
well-defined chiral environment, makes these ligands extremely reactive while maintaining
excellent enantioselectivity. Among them, TangPhos (9) has been proven to be a versatile Pchiral ligand that is effective toward a broad range of substrates, including functionalized olefins,
ketones, and imines (Figure 1-11).26
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Figure 1-11: Highly efficient asymmetric hydrogenation with Rh/TangPhos system.

1.3.3 Practical considerations
From a practical viewpoint, a desirable chiral ligand shall be easily prepared from
inexpensive starting material, available as both enantiomers, and tolerate a moderate or higher
level of air and/or moisture exposure. Although TangPhos (9) has found wide application in
asymmetric hydrogenation, it was prepared as only one enantiomer due to the use of (-)-sparteine
for asymmetric deprotonation.26a In addition, it is an air-sensitive solid that must be
inconveniently handled in an inert atmosphere. To address these issues, we added two fused
aromatic rings to its backbone. This slight modification turned out to be quite beneficial27a in that
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(1) the resultant DuanPhos (10) can be prepared as both enantiomers by a convenient route
without the use of expensive chiral reagents (Scheme 1-1), (2) 10 is a more rigid ligand and
accordingly often gives better enantioselectivities than 9, and (3) 10 is an air-stable solid that
undergoes oxidation very slowly in air.
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Scheme 1-1: Efficient synthesis of DuanPhos (10) enantiomers.
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Scheme 1-2: Efficient synthesis of C3*-TunePhos (30).
Another important example is the development of C3*-TunePhos (30).30 Like other biaryl
ligands, the synthesis of Cn-TunePhos (17-24) involves a resolution step. To extend the ligand
family to other P-substituted members, various resolution parameters, such as resolving reagent
and solvent, must be optimized to obtain an acceptable optical purity. In addition, the maximum
50% yield for this single step makes the whole route inefficient. To overcome these drawbacks,
we synthesized C3*-TunePhos (30) featuring a highly divergent late stage assembly of the Psubstituent. Since its axial chirality is generated through diastereoselective coupling from the
chiral linker, no tedious resolution is required (Scheme 1-2). Moreover, as in the case of DIOP*,
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the additional chiral centers reduce conformational flexibility of the C3 linker, resulting in an
even more rigid structure. As expected, such improvement constitutes a systematic optimization
approach in asymmetric hydrogenation of some challenging substrates, such as aryl α- and β-keto
esters, for which flexible ligands such as BINAP fail to offer satisfactory results (Figure 1-12).

Figure 1-12: Systematic optimization of biaryl ligands in Ru-catalyzed hydrogenation reactions.

1.3.4 Summary
In this section, our group’s long-term effort in ligand development has been reviewed in
brief, from which some lessons can be learned for future research. With few exceptions, the
ligands listed in Figure 1-4 benefit from conformational rigidity or reduced conformational
flexibility. Their success has undoubtedly demonstrated the value of rigid structures in ligand
design. Further, matching of the electronic properties of a ligand with that of a substrate ensures
maximum reactivity. Nevertheless, overemphasis on these principles will cause the inevitable
16

neglect of several other key factors, including accessibility (whether the designed ligand can be
prepared easily), stability (whether it is stable under various conditions), reactivity and scope
(whether and how it will form reactive catalytic species with transition metals; what type of
substrates it will be good for), and modularity (whether the structural motif can be evolved into a
broad ligand series for fine-tuning its steric and/or electronic properties). The past has witnessed
tremendous progress in asymmetric hydrogenation because of the development of many powerful
chiral ligands.1 As more useful ligands and their applications are discovered, our knowledge of
ligand design will continue to grow.

1.4 Application of catalytic asymmetric hydrogenation in the synthesis of chiral molecules
Because of its broad substrate scope, catalytic asymmetric hydrogenation has been widely
used in both academic research and industry for highly efficient synthesis of various chiral
molecules. By the use of chiral ligands developed in our group, we have been able to synthesize
many pharmaceutically important chiral building blocks, including amino acids, amines, alcohols,
esters, acids, and amino alcohols in a highly efficient way (Figure 1-13).14 For example, chiral γamino alcohols 42 are key intermediates to the antidepressants 41a-d, which can be prepared by
asymmetric hydrogenation of amino ketones. We found that the Rh/10-system showed excellent
results for this transformation: up to 6000 turnovers and 98% ee have been achieved (Figure 114).27b As the most wanted drug (> 10 billion dollars per year) for the treatment of
hypercholesterolemia, atorvastatin calcium (Lipitor®) (43) functions as a single enantiomer. In
the convergent synthesis of 43,31 enantiomerically pure (S)-ethyl 4-chloro-3-hydroxybutanoate
(45) is the key chiral intermediate, which can be prepared via Ru-catalyzed asymmetric
hydrogenation of ethyl 4-chloroacetoacetate (44). By the use of the Ru/19 system, excellent

17

enantioselectivity (>98% ee) has been achieved at 45,000 turnovers at complete conversion
(Figure 1-15).
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COOEt

Figure 1-14: Synthesis of antidepressants via asymmetric hydrogenation of β-amino ketones.
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1.5 Objectives of this graduate research
Intrigued by the power of asymmetric hydrogenation, the author has been motivated to
pursue research in this area and has focused on developing chiral ligands. In practice, three
interrelated aspects of hydrogenation research need to be addressed as outlined in Figure 1-3.
Namely, (1) to develop new effective chiral ligands, (2) to test newly developed ligands in
asymmetric hydrogenation of standard substrates, and (3) to further explore challenging
substrates whose asymmetric hydrogenation has not been solved. As will be presented in the
following chapters, efforts toward these goals have resulted in development of two chiral ligand
systems32,33 and a solution to a difficult problem in asymmetric hydrogenation.32a Yet the most
interesting part of this research, in the author’s opinion, might be as Sharpless commented, “The
goal is always finding something new, hopefully unimagined and, better still, hitherto
unimaginable.”
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Chapter 2

Development of Triphosphorus Bidentate Phosphine-Phosphoramidite
Ligands for Asymmetric Hydrogenation

2.1 Introduction
The symmetry of a chiral ligand determines the possible number of competitive
diastereomeric hydrogenation pathways. For a C2-symmetric ligand, its two P-donors are
equivalent and indistinguishable for an incoming substrate. The observed sense of
enantioselectivity depends on which prochiral face of the substrate can interact favorably with the
organometallic catalyst and undergo further hydrogen addition. This structural symmetry
simplifies ligand design and synthesis, and also provides ideal models for mechanistic and
theoretical studies. As discussed in Chapter 1, the majority of chiral ligands for asymmetric
hydrogenation have been developed with C2-symmetry, which is exemplified by some preeminent
ones including DIOP, DIPAMP, BINAP, and DuPhos (Figure 1-2).
C1-symmetric ligands are equally important but receive less attention, despite the fact that
several important ones such as BPPM (1),1 Josiphos (2),2 PHOX (3),3 and Trichickenfootphos (4)4
(Figure 2-1) have been successfully applied in various hydrogenation reactions for which
traditional C2-symmetric ligands often give inferior results. For instance, Rh-catalyzed
asymmetric hydrogenation of the challenging tetra-substituted substrate 5 has been studied with
only a few ligands. A literature survey reveals that built on the same backbone, C1-symmetric
ligands such as desymmetric BisP* (7) and Trichickenfootphos (4) gave better ee’s than their C2symmetric counterparts BisP* (6) and MiniPhos (8) (Figure 2-2).4-7 An explanation for this result
is that although a C1-symmetric ligand may bring about up to four competing diastereomeric

hydrogenation pathways, its two unequal chelating donors can exert an electronic bias for the way
a substrate is allowed to approach the metal. According to the Respective Control Concept,8 the
olefinic bond will preferentially adopt a coordination position trans to the more electronically
donating phosphine. This configuration leads to more compact metal-substrate chelation,
meanwhile aligning the substrate within the quadrants governed by the cis donor. In this way,
steric hindrance from this chelating site will be amplified and accordingly lead to better
enantioselectivity. Further, it is possible to optimize reactivity and enantioselectivity by adjusting
the two chelating donors individually.9
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Figure 2-1: Representative C1-symmetric ligands in asymmetric hydrogenation.
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Recently BINOL-based C1-symmetric hybrid ligands such as 9-14 have emerged as
useful ligands for asymmetric hydrogenation (Figure 2-3).10-15 Cooperation between the axial
chirality of BINOL and other chiral element(s) in the ligand framework is the key to success.
Compared with traditional C2-symmetric ligands, these desymmetric ligands are easily prepared
via modular routes, which is convenient for structural modification. Besides, they possess
considerable air-stability, and they are easier to use than those highly reactive but less stable
ligands such as DuPhos and BPE (Figure 1-2). However, so far the substrate scope demonstrated
by these ligands is still limited compared with that of C2-symmetric ones. Thus the concern in this
context is how to develop a new effective BINOL-based chelating ligand that shows unique
applications which have not been attained so far by other known ligand systems in asymmetric
hydrogenation,.
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Figure 2-3: Representative BINOL-based hybrid ligands for asymmetric hydrogenation.
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2.2 Mechanism-inspired ligand design
In 2000, three research groups independently reported the use of monodentate
phosphorus ligands in asymmetric hydrogenations. Excellent ee’s were obtained in Rh-catalyzed
hydrogenation of α-dehydroamino acids with BINOL-based phosphites 15,16 phosphonites 16,17
and phosphoramidites 1718 (Figure 2-4). Due to their highly modular structures, these ligands are
easily prepared in one or two simple steps from readily available chiral BINOL. With the help of
a parallel reactor, a large library of monophosphorus ligands bearing diverse P-substituents can be
prepared quickly.19 In situ formation of catalytic complexes, followed by parallel hydrogenation
and automatic product analysis, renders this class of ligands very suitable for high throughput
screening.20
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Pringle (2000)16a
Reetz (2000)16b

monophosphite 16
Reetz (2000)17

R
P N

O

R

Monophos (17)
de Vries & Feringa (2000)18

Figure 2-4: BINOL-based monodentate ligands for asymmetric hydrogenation.
Mechanistic studies have determined that the active catalytic species during
hydrogenation is composed of two monophosphorus ligands.21 Not surprisingly, despite the
apparent difference between bidentate and monodentate ligands, these catalysts share the
common feature of two P-donors bound to the metal. In conjunction with the proposed
mechanism, further progress was made in the strategy of combining a mixture of two different
monodentate

ligands

La

and

Lb

for

Rh-catalyzed

hydrogenation

reactions.22

If

a

heterocombination of catalytic species (Rh(La)(Lb)) is more reactive and enantioselective than
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two homocombined catalysts (Rh(La)(La) vs Rh(Lb)(Lb)), better catalytic performance can be
observed. A salient advantage of this combinatorial approach lies in facile access to catalyst
diversity without the need to synthesize new ligands, as pairwise heterocombination of ligands
will generate new catalytic entities in a larger number than by homocombination (Figure 2-5).
Furthermore, it was found that the addition of an achiral monophosphine can significantly
improve the catalytic performance of a chiral monodentate ligand. For example, Rh-catalyzed
asymmetric hydrogenation of α-methylcinnamic acid was studied with Monophos (17). In
contrast to the poor results by the ligand alone, a dramatic increase in reactivity and
enantioselectivity was observed upon addition of PPh3 (Figure 2-6).23 Based on this discovery, a
ton-scale asymmetric hydrogenation process has been developed en route to the renin inhibitor
Aliskiren.24

Figure 2-5: Combinatorial approach leads to great catalyst diversity via heterocombination of
monodentate ligands.
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Figure 2-6: Addition of PPh3 dramatically improves Rh/Monophos catalytic system.23
Inspired by these interesting results, we wondered whether a new chelating ligand could
be made to simulate the catalytic Rh/Monophos/PPh3 system, in analogy to the way P, N-ligand
1925 mimics the coordination environment of Crabtree’s catalyst 18.26 Also, covalent connection
of two chelating partners will effect a more rigid ligand structure, which is beneficial for chiral
induction. Thus by merging the structures of Monophos (17) and PPh3, a new bidentate ligand
was designed (Figure 2-7).
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Figure 2-7: Design of a new chelating ligand by merging the structures of Monophos and PPh3.

2.3 Ligand synthesis and characterization

2.3.1 Preliminary studies
Although atropisomeric BINOL and its derivatives have been widely applied as chiral
ligands in asymmetric catalysis,27 no attempt had been made to attach a chelating P-donor to its
ortho position.28 Thus, we decided to explore this type of unknown ligand. The initially designed
bidentate phosphine-phosphoramidite ligand 20 was synthesized in a straightforward route
(Scheme 2-1). Protection of the hydroxyl groups of (R)-BINOL (21) was followed by lithiation
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with n-BuLi and subsequent quenching with Ph2PCl. Removal of the methoxymethyl (MOM)
groups of 23 was carried out in hot HCl/MeOH to afford 24. The desired phosphinephosphoramidite 20 was then prepared by heating a solution of 24 and hexamethylphosphorous
triamide (HMPT) in toluene at 110 °C.

Scheme 2-1: Synthesis of phosphine-phosphoramidite 20.
Because monosubstitution of BINOL reduces its symmetry from C2 to C1, a new P
stereogenic center is created at the phosphoramidite site. Coexistence of axial chirality of the
biaryl backbone and a new P-chirality could lead to two diastereomers. Indeed, both 1H- and 31PNMR confirmed the product 20 is a diastereomeric mixture with an approximate ratio of 3.4:1. A
computational study (semi-empirical AM1 method) was carried out to probe their structures. As
shown in Figure 2-8, there is a remarkable difference in the relative orientation of the two Pdonors of (R, SP)-20 and (R, RP)-20. In the optimized structure of (R, SP)-20, the two phosphines
are in a cis relationship, which facilitates coordination to the metal in a bidentate fashion. In
contrast, the other diastereomer (R, RP)-20 impedes cooperative chelation by diverting the
phosphoramidite donor away from the phosphine. Thus, the major diastereomer exhibiting
smaller coupling constant (3.9 Hz) is assigned as (R, RP)-20.29,30 This side product is
thermodynamically less favored than (R, SP)-20 and probably arises from a kinetically controlled
substitution reaction. In both of the possible intermediates leading to final cyclization, the lone
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pair of electrons of the phosphoramidite prefer to be away from those of the phosphine (Figure 29). Therefore, (R, RP)-20 is formed as the major product, albeit it’s less stable (ΔΔHf = 16 kJ/mol)
owing to a steric interaction between its dimethylamino group and the downward P-phenyl
substituent. Since the two diastereomers of 20 cannot be readily separated by column
chromatography, we attempted to enrich the desired (R, SP)-20 through thermal equilibration.
Unfortunately, variable temperature 31P-NMR showed that the seven-membered phosphoramidite
ring is rather stable; incubation of the ligand mixture at 365.5 K (92.5 °C) for 30 min showed no
appreciable change in the spectrum. Heating 20 in toluene at 110 °C overnight gave no
improvement either.

Figure 2-8: NMR and computational results for diastereomeric (R, SP)-20 and (R, RP)-20.
a
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Figure 2-9: Preferred conformation of reactive intermediates leading to the major diastereomer (R,
RP)-20.
With the designed ligand 20 in hand, asymmetric hydrogenation of several standard
substrates was tested. To our surprise, the diastereomeric ligand mixture gave excellent results
(up to 97.6% ee) in Rh-catalyzed hydrogenation of α-phenyl enamides and two itaconate
derivatives (Figure 2-10). Generally, the observed enantioselectivity is attributed to the major
component (R, RP)-20, which behaves like a monodentate ligand bearing a bulky substituent (PPh2) at the ortho position. The sense of chiral induction is consistent with a recent report using
various monosubstituted monodentate ligands for asymmetric hydrogenation.31 However, the 31PNMR spectrum of a 1:1 mixture of [Rh(COD)2]BF4 and 20 showed an intricate pattern of
resonance signals indicative of the formation of several organometallic intermediates. Since the
catalytic performance of the desired species (R, SP)-20 is unclear from these data, it was necessary
to revise the original plan and develop a pure, well-defined chiral ligand.

hydrogenation condition: [Rh(COD)2]BF4/20/substrate = 1:1:100, 25 psi H2, 20 h
COOMe
NHAc
71.8% ee (S)
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COOMe
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Figure 2-10: Asymmetric hydrogenation with diastereomeric 20.

34

COOH

2.3.2 Triphosphorus ligand with pseudo C2-symmetry32
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The aforementioned situation can be avoided if two identical phosphines are attached to
both of the ortho positions of BINOL. This modification eliminates P-chirality and restores the
backbone to pseudo C2-symmetry. Nevertheless, several critical questions needed to be answered:
(1) Is the redesigned ligand bidentate or tridentate in nature? (2) If it works as the former, which
two among the three P-donors will preferentially chelate with the metal? (3) Will the less
coordinated phosphine compete to form another diastereomeric metal complex, either
intramolecularly33 or intermolecularly?34
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Scheme 2-2: Synthesis of triphosphorus phosphine-phosphoramidite 25a.
Bearing these questions in mind, we synthesized a triphosphorus phosphinephosphoramidite ligand 25a (Scheme 2-2). As expected, P-chirality was removed, and only one
stereomer of 25a was detected by
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P-NMR. The optimized structure of 25a (Figure 2-11) is

interestingly reminiscent of a merged structure from both of the diastereomers of 20: among the
three P-donors, two of them (P1 and P2) are oriented in a cis configuration similar to that found
35

in (R, SP)-20, whereas the third one (P3) resembles the phosphine donor of (R, RP)-20, which is
less likely to form effective chelation with P1. The 31P-31P coupling constants found in 25a match
those acquired in diastereomeric (R, SP)-20 and (R, RP)-20 very well.

Figure 2-11: Optimized geometry of triphosphorus phosphine-phosphoramidite 25a (semiempirical AM1 method). 31P-NMR chemical shift data: P1: 149.5 ppm (d); P2: -16.9 ppm (d); P3:
-12.6 ppm (d).
To our delight, upon mixing 25a with an equivalent amount of [Rh(COD)2]BF4, a welldefined Rh/25a complex was formed.
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P-NMR showed that both P1 and P2 are involved in

chelation with the Rh. The chemical shift of the electron-rich phosphine P2 moves downfield
from -16.9 ppm to 26.2 ppm, indicating strong σ → π* donation of electrons from phosphine to
Rh. On the other hand, the central P1 shows nearly an unchanged chemical shift but a much
larger JRh-P coupling constant than P2, a feature characteristic of electron-deficient
phosphoramidite donors.35 Recalling the respective control concept,8 this remarkable electronic
difference is expected to promote chiral induction during asymmetric hydrogenation. Most
important, the third phosphine donor P3 remains completely uncoordinated and appears as a sharp
singlet in the 31P-NMR spectrum. Therefore, a well-defined triphosphorus bidentate coordination
36

mode was established! To see whether the free phosphine P3 has the potential to form an
intermolecular chelate with a second metal atom, a 2:1 mixture of [Rh(COD)2]BF4 and 25a was
stirred in CD2Cl2 for 30 min and subjected to a 31P-NMR examination. It was found that in the
presence of excess Rh precursor, the triphosphorus bidentate mode is not disrupted. According to
the optimized geometry of 25a, the inertness of P3 toward Rh is probably due to its hindered
steric environment. Hydrogenation with this solution produced a fine black precipitate of Rh
metal, indicating the maximum capacity of 25a is only one metal per ligand.

Figure 2-12: Well-defined Rh/25a complex was observed by 31P-NMR.
Direct structural information provides further insight into the chiral coordination
environment around the metal center. For this purpose, a single crystal of the PdCl2·25a complex
was grown from CH2Cl2/hexane and subjected to an X-ray diffraction experiment.36 In line with
NMR and computational results, the solved structure (Figure 2-13) revealed a well-defined chiral
coordination environment around the square planar d8 palladium (Pd(1)), which incorporates two
properly oriented P donors (P(1) and P(2)) within a six-membered chelation ring in the presence
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of a third spectator phosphine (P(3)). Fused to the chelation ring is a neighboring sevenmembered ring (P(2)-O(2)-C(3)-C(12)-C(14)-C(13)-O(1)) that imposes a specific spatial
arrangement of the two substituents (O(2) and N(1)) on P(1). As a consequence, O(2) is pulled
back from the top right quadrant whereas the dimethylamino group (Me2N(1)-) protrudes forward
to block the bottom right quadrant. Hence P-chirality has been regenerated via highly selective
chelation of Pd with P1 and P2. According to the CIP sequence rule, its absolute configuration
can be assigned as RP. At the other side, two phenyl groups on P(2) accommodate quasiequatorial and quasi-axial conformations, respectively, the former blocking the top left quadrant
and the latter leaving the bottom left quadrant accessible. Due to the modular synthetic route to
25a (Scheme 2-2), its chiral environment can be modified at either the phosphoramidite site or
3,3′-positions of the BINOL backbone, with the additional advantage of electronic differentiation
from the two distinct chelating donors.
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Figure 2-13: ORTEP representation of PdCl2·25a at 50% probability for the drawing of thermal
ellipsoids (solvents and hydrogen atoms are omitted for clarity) and its quadrant diagram.
Selected bond lengths (Å): Pd(1)-Cl(1) 2.319, Pd(1)-Cl(2) 2.355, Pd(1)-P(2) 2.281, Pd(1)-P(1)
2.212.

2.3.3 Structural modification of 25a
Structural modification of 25a at both the central and the peripheral P-donors was carried
out to investigate the structure-enantioselectivity relationships. Depending on the N-substituent,
there are two methods to prepare triphosphorus phosphine-phosphoramidite ligands (Scheme 23). While heating 27 with HMPT or HEPT produced 25a and 25b, respectively, the ligands with
other N-substitution were prepared from the common intermediate 28. Nucleophilic substitution
reactions at -78 °C led to the desired ligands with excellent conversion, as indicated by in situ 31PNMR. Like Monophos (17),18 these ligands are air-stable and can be purified by flash column
chromatography.
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Scheme 2-3: Structural modification of the phosphoramidite site of 25a.
Variation of the substituents at the ortho positions of the biaryl backbone was also
explored. The synthesis of 29 is similar to that of 25a, except that Xyl2PCl was used as the
starting material instead of Ph2PCl. A more challenging task was the synthesis of air-sensitive
ligand 30. In the first step, the increased bulkiness of tBu2PCl tends to reduce the efficiency of the
double phosphination. Under the initial experimental conditions, there was always a significant
amount of a mono-substituted side product in the reaction mixture. It was found that the presence
of ether is responsible for the reduced reactivity. Thus a modified procedure was developed,
which involves first removal of ether, then introduction of THF as the solvent, and finally
addition of tBu2PCl. Stirring the reaction mixture at elevated temperature (60 °C) overnight
allows the reaction to go to completion. In situ 31P-NMR indicated an excellent ratio of di- vs.
mono-substitution. BH3 was then added to form an air-stable adduct with the di-tert-butyl
phosphine moiety, which can be purified by trituration with acetone and further recrystallization
from CH2Cl2/hexane. In the step for deprotection, various conditions were tested. The best
method was found to be simultaneous removal of both the borane and MOM groups with HBF4.37
In this way, intermediate 34 (air-sensitive) was obtained in moderate yield. In the last step,
condensation of 34 with HMPT at 60 °C afforded the desired product 30 in good yield.
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Scheme 2-4: Structural modification of ortho positions of 25a.

2.4 Application of triphosphorus bidentate phosphine-phosphoramidite ligands in
asymmetric hydrogenation

2.4.1 α-Aryl enamides

2.4.1.1 Background
Enantiomerically pure α-1-arylalkylamines are important building blocks for the
synthesis of various biologically active compounds for pharmaceutical applications. For example,
Cinacalcet hydrochloride (35) (Sensipar®) is an effective calcium-sensing receptor (CaSR)
agonist for the treatment of hypercalcemia and hyperparathyroidism (Figure 2-14).38 Repaglinide
(36) (Prandin®) is widely used for the treatment of type II diabetes.39 Among several synthetic
strategies such as resolution, chiral auxiliary, and asymmetric catalysis, transition metal catalyzed
asymmetric hydrogenation of α-arylenamides is a highly efficient method. Its success relies on (1)
a high yield, scalable, and robust route for the preparation of enamide substrates, and (2) a highly
reactive and enantioselective metal-ligand catalytic system for asymmetric hydrogenation.
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In the past decade, progress has been made in the synthesis of enamides.40 Thus, the
central challenge is to develop new effective chiral ligands for highly enantioselective
hydrogenation.41 Originating from Kagan’s work on DIOP,42 a breakthrough was made in 1996
when Burk reported the application of phosphocyclic Me-BPE and Me-DuPhos for highly
enantioselective Rh-catalyzed hydrogenation of a variety of α-arylenamides (up to 98.5% ee).43 In
this paper, two important features were noted. First, the catalytic system tolerates β-substituent on
the olefinic bond, and both (Z)- and (E)-enamides are hydrogenated with the same sense and
degree of chiral induction. Thus advantage can be taken of using a mixture of isomeric enamides
for asymmetric hydrogenation, which obviates the need to prepare configurationally pure
substrates. Another noteworthy observation is the detrimental effect of an ortho substituent on the
aryl group on enantioselectivity. Compared with a para- or a meta-substituent, the presence of an
ortho substituent leads to a significant drop in ee.
Inspired by the initial progress, a large number of chiral ligands4,5,14,44-63 have been
developed for asymmetric hydrogenation of this type of substrate with excellent
enantioselectivities (≥ 95% ee, see Figure 2-15). Despite great structural diversity, all these
ligands embody the two features described earlier in Burk’s paper. Namely, good tolerance of βsubstitution at the olefin bond but poor selectivity toward ortho substitution on the aryl side. The
negative influence of ortho substitution on stereoselection is evident by comparing the ee values
given by a chiral ligand for both an ortho-substituted enamide and the benchmark substrate 37a
(Table 2-1). According to the compiled results, all these ligands suffer from a deterioration of ee
due to the introduction of an ortho substituent, particularly for ortho methyl, ortho methoxy, and
ortho chloro groups. In addition, considering 1-naphthyl as a special case of ortho-substitution, it
is not unexpected to obtain poor enantioselectivity in asymmetric hydrogenation of 1-naphthyl
enamide 58h.
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Figure 2-15: Representative chiral ligands capable of inducing 95% ee or higher in asymmetric
hydrogenation of the standard substrate 37a. Ligands tolerating β-substitution of enamide are
marked with .
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The detrimental effect of ortho substituents can also be seen in Figure 2-16. As the
substituent R is moved from the para or the meta position to the ortho position, a significant drop
in ee occurs.70a A more drastic situation was found in the Rh/TangPhos catalytic system. When
the enamide structure changes from a 2-naphthyl group to a 1-naphthyl group, a reversal of
enantioselectivity (from 99% ee (R) to 74.8% ee (S)) occurred.32a
Table 2-1: Detrimental effect of ortho substitution at the aryl group of 37a on Rh-catalyzed
asymmetric hydrogenation of α-arylenamides 58a-58e, 58h.
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Figure 2-16: Influence of substitution pattern on enantioselectivity in Rh-catalyzed asymmetric
hydrogenation of α-arylenamides.
The pivotal influence of ortho substitution shows the delicate energetic balance of
enantiodifferentiation. Thanks to Imamoto and coworkers’ systematic research, a rationale has
been advanced. Mechanistic studies showed that for electron-rich trialkyl phosphines such as
BisP* (6) and Miniphos (8), hydrogenation reactions proceed by a dihydride mechanism, which
involves initial oxidative addition of a hydrogen molecule to Rh followed by substrate
coordination. Subsequent migratory insertion is the key enantiodifferentiating step and accounts
for the origin of enantioselectivity.69 In the hydrogenation of enamides,69b Imamoto and
coworkers identified two competing hydride insertion pathways A and B (Figure 2-17): for a
simple arylenamide like 37a, minimization of steric interactions between the substrate-made
chelate ring and the P-substitutes of BisP* favors the formation of the (R)-product via
intermediate A1; on the other hand, a bulky R-substituent, such as a tert-butyl group, on the
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substrate will switch the pathway to a less congested dihydride intermediate B1, thus affording
the opposite (S)-selectivity.69d In the case of ortho-substituted enamides, the efficiency of
hydrogenation through pathway A is partially compromised due to the increased steric hindrance
of the R-substituent, so that remarkably low ee values are obtained compared with other
substituted enamides.
In summary, prior to the present work, there had been no effective solution to asymmetric
hydrogenation of α-arylenamides bearing ortho functionality. Mechanistic studies shed light on
the root of this difficulty. To tackle this challenging problem, new ligands with better
enantiodifferentiating ability are required.
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Figure 2-17: Mechanism of stereoselection in Rh/BisP* catalyzed hydrogenation of enamides.
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2.4.1.2 Results of asymmetric hydrogenation of α-arylenamides with triphosphorus bidentate
ligands
The catalytic performance of the newly designed triphosphorus bidentate phosphinephosphoramidite ligand 25 was first tested in Rh-catalyzed hydrogenation of several standard αarylenamides. Initial studies on the Rh/25a system using the benchmark substrate 37a showed a
strong solvent effect reminiscent of the monodentate ligand systems18 (Table 2-2): aprotic
solvents such as CH2Cl2 and toluene give excellent results (entries 1-2); those with increased
polarity tend to give lower enantioselectivities (entries 3-5); whereas in the protic solvent MeOH
a further decrease in ee occurs (entry 6). Increasing hydrogen pressure led to a minor
deterioration in ee (entries 1, 7, and 8). Compared with Monophos (17), the diphenylphosphorus
group in 25a plays an important role in achieving high enantioselectivities as well as high
reactivities (entry 9, TON = 1000). Under the same hydrogenation conditions, other ligands also
gave comparably excellent results (entries 10-14) except for 30 (entry 15), which showed no
reactivity even under forcing conditions (60 °C, 20 bar H2). Generally, smaller N-substituents on
the phosphoramidite donor (25a, 25b, and 29) tend to give better ee’s. Furthermore, several other
enamides were hydrogenated smoothly with high ee’s (entries 16-20). It is noted that a
comparably high level of selectivity was also achieved in isomeric β-substituted substrates 37g37j. Since β-substitution increases steric hindrance of the reducible C=C bond, higher hydrogen
pressure (5 bar) was applied to make the reaction go to completion.
A
A
A
A
a
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Table 2-2: Rh-catalyzed asymmetric hydrogenation of standard α-arylenamides 37a-37j with
triphosphorus bidentate ligands.a

Encouraged by this initial success, we then focused on the hydrogenation of those
challenging ortho substituted arylenamides and 1-naphthyl enamides 58a-58h, which are useful
synthetic intermediates for pharmaceutical products. For example, asymmetric hydrogenation of
1-naphthyl enamide 58h leads to (R)-1-(1-naphthyl)ethylamine, a key precursor to Cinacalcet
hydrochloride (35) (Scheme 2-5).38 Compared with most unhindered arylenamides, asymmetric
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hydrogenation of those substrates bearing ortho functionalities had been met with limited success
(Table 2-1).
As suggested by Imamoto and coworkers, two competitive hydride insertion pathways
operate simultaneously to account for the low ee’s observed in the hydrogenation of 2-methoxy
and 2-chloro substituted phenylenamides with BisP* (6) and MiniPhos (8).69b
To address this challenging problem, we tested the new triphosphorus bidentate
phosphine-phosphoramidite ligand together with TangPhos (38) (a broad-scope chiral ligand
previously developed in our lab44). To our delight, with only one exception (58e) the new ligands
25a, 25b, and 29 gave unprecedented enantioselectivities for these ortho substituted enamides.
The results are superior to those given by TangPhos (38) (Table 2-3). In particular, 25a
accomplished nearly complete enantioselection for 58b and 58d, which are difficult substrates for
traditional electron-rich or conformationally rigid C2-symmetric chiral ligands. Further
improvement for the hydrogenation of 58a and 58h can be achieved by either lowering the
temperature (0°C), or by structural variation (i.e., use 25b or 29 instead), or choosing a different
solvent (entry 8).
We have compared our results with the highest ee’s reported by other groups using other
ligands under a variety of reaction conditions (Table 2-1). In each case, our results are
comparable or superior to the best results reported in literature. These results demonstrate that
the new ligands 25 and 29 bearing a novel combination of phosphine and phosphoramidite units
are unique in asymmetric hydrogenation of hindered enamides.
To evaluate their potential application in industry, we have studied the hydrogenation of
58h with Rh[(COD)25a]BF4 at reduced catalyst loading (TON = 1000) in TFE. It was found that
under 80 bar of H2, 93% of 58h was converted to 60h with 88.2% ee within 24 hours. The
product was obtained via flash column chromatography in 90% yield. Recrystallization from
toluene gave the enantiomerically pure (> 99.8% ee) amide in 71% yield as colorless crystals.
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Notably, ortho-bromo-substituted enamide 58e is resistant to hydrogenation; the color of the
reaction solution changed from light yellow to green, indicating the occurrence of an unknown
side reaction.

NHAc

NH2

NHAc

H
N
• HCl

H2

CF 3

Cinacalcet hydrochloride (35)

Scheme 2-5: Asymmetric hydrogenation route to Cinacalcet hydrochloride (35).
And we
Table 2-3: Asymmetric hydrogenation of ortho substituted α-arylenamides 58a-58h.a
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Due to the importance of chiral 1-naphthylethylamines in drug synthesis, we paid special
attention to asymmetric hydrogenation of 58h. An interesting solvent effect was discovered
during optimization of the experimental conditions. As shown in Table 2-4, in chlorinated
hydrocarbons, excellent ee’s were obtained (entries 1, 2), whereas much lower selectivity (4% ~
36% ee) and decreased reactivity (70% ~ 90% conversion) were found in nonpolar aromatic
solvents (entries 3, 4) and polar aprotic acetone, EtOAc, and THF (entries 5-7). When strongly
coordinating solvents were used, the Rh/25a catalyst was deactivated without the formation of
any hydrogenated product (entries 8-10). To our surprise, a reversal of enantioselectivity was
observed in alcohols, including methanol, ethanol, n-propanol, isopropanol, and tert-butanol
(entries 11-17). Lowering the temperature to 0 °C further enhanced this opposite chiral induction
(entries 12 vs. 13, 14 vs. 15). Interestingly, in sharp contrast to the (S)-selectivity observed in
common alcohols, halogenated alcohols such as 2,2,2-trifluoroethanol (TFE), 2,2,3,3-tetrafluoro1-propanol, and 2,2,2-trichloroethanol showed excellent (R)-selectivity under the same
hydrogenation conditions (entries 18-20).
A
A
A
A
A
A
A
A
A
A
A
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Table 2-4: Dramatic solvent effect leading to reversal of enantioselectivity in Rh/25a catalyzed
hydrogenation of 1-naphthyl enamide 58h.a
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2.4.1.3 Discussion of mechanism and origin of enantioselectivity
a) Background survey
So far, two mechanisms have been proposed for Rh-catalyzed asymmetric hydrogenation
(Figure 2-18). The first one was Halpern’s Unsaturated Mechanism based on Rh/diaryl
bisphosphine catalytic systems.70 In this mechanism, substrate coordination to Rh precedes the
rate-determining step of oxidative addition of a hydrogen molecule. Importantly, instead of the
thermodynamic stability of the initially formed Rh-bisphosphine-substrate complex B1, it is the
kinetic reactivity for the formation of the highly reactive Rh-bisphosphine-substrate-dihydride
intermediate C1 that determines enantioselection. Although the more stable diastereomeric
complex B1 can be isolated and characterized by NMR and X-ray diffraction experiments, it
represents a less reactive species whereas the actual hydrogenation product comes from the other
much more reactive diastereomer that is elusive to detect.
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Figure 2-18: Unsaturated mechanism and dihydride mechanism in Rh-catalyzed asymmetric
hydrogenation.
Parallel to the unsaturated mechanism, Imamoto and coworkers proposed a Dihydride
Mechanism characterized by initial formation of Rh-dihydride intermediate B2 followed by
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substrate coordination (Figure 2-18).69 Subsequent migratory insertion is proposed to be the key
enantio-differentiating step. This pathway has been successfully applied to electron-rich trialkyl
bisphosphines such as BisP* (6),5 MiniPhos (8),7 and Trichickenfootphos (4).69f In contrast to the
unsaturated mechanism, this mechanism focuses on the thermodynamic stability of C2 as a
reasonable estimation of the kinetic barrier for the rate-determining hydride insertion step
(Hammond postulate).

In the case of certain hindered enamides bearing bulky α-trialkyl

substituents such as a tert-butyl or adamantyl, an alternative mechanism through C3 may
dominate to alleviate the otherwise overcrowded coordination sphere of C2 (Figure 2-17).69d As a
consequence, the opposite sense of chiral induction will be observed. This model has been used to
explain the low ee’s obtained in the asymmetric hydrogenation of ortho substituted α-aryl
enamides by invoking a simultaneous operation of both pathways (Figure 2-17).69b
b) Unsaturated mechanism or dihydride mechanism?
In-depth mechanistic studies including kinetic measurements, multinuclear NMR, and
quantum mechanical calculations are beyond the scope of this research. However, based on the
experimental results in hand, it is useful to propose a mechanism to rationalize the origins of the
stereoselection. Because the new phosphine-phosphoramidite ligand 25 is more electron-deficient
than diaryl bisphosphines such as Chiraphos,71 one might assume that Rh-catalyzed
hydrogenation with 25 operates through the unsaturated mechanism. This fundamental
assumption is confirmed by considering the observed lack of reactivity of ortho-bromosubstituted α-phenylenamide 58e (Table 2-3, entry 5 by 25a, 25b, and 29). If the reaction
proceeds through the unsaturated mechanism; after substrate coordination, the neighboring ortho
bromo group will coordinate to Rh (Scheme 2-6). This pentacoordinate intermediate will quickly
undergo oxidative addition of the labile Ph-Br bond to generate a saturated hexacoordinate Rh(III)
species, which is inactive for the subsequent hydrogen addition. Thus, the unsaturated mechanism
is consistent with the observed effect.
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On the other hand, if the dihydride mechanism is at work, there would be no chance for
such side reaction to occur, because the Rh(III) dihydride species B2 (see Figure 2-18) has
reached its highest oxidation state and cannot undergo another oxidative addition reaction. Thus
via this pathway, no inhibition could be observed, which contradicts the experimental result.
Hence the dihydride mechanism is precluded. Interestingly, electron-rich TangPhos (38)
hydrogenates 58e smoothly, albeit with only moderate ee (Table 2-3, entry 5 by 38). Since this Pchiral ligand possesses similar electronic properties as Imamoto’s BisP* (6), it probably mediates
hydrogenation of 58e via the dihydride mechanism.
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Scheme 2-6: Deactivation of the unsaturated mechanism with ortho-bromo-substituted α-phenyl
enamide (58e).
c) Chiral environment of triphosphorus ligands – a reassessment
Reexamination of the crystal structure of PdCl2·25a (Figure 2-13) provides new insights
into the chiral environment of these triphosphorus ligands. As shown in Figure 2-19, the
uncoordinated free phosphine is actually quite close in space to the coordination sphere. For
example, the distance from Pd to the phosphine atom is 5.499 Å, while from Pd to the nearest
carbon on one of its phenyl substituents is 5.414 Å. Located within such close proximity, the
influence of this uncoordinated phosphine cannot be neglected. A top view of the complex
(Figure 2-19) indicates that its quasi-axial edge-on phenyl protrudes forward, much further than
the dimethylamino group at the central phosphoramidite site. Within allowable deviation, a
similar chiral environment is expected for the isoelectronic square planar Rh(I) complex.
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Imagining the moment the catalyst engages an incoming substrate, the “unused” phosphine
actually plays a critical role in exerting steric hindrance with the primary blocking phenyl group
at the top right corner of the metal. Meanwhile, the other two coordinating phosphines apply
electronic differentiation of the two vacant coordination sites, so that during coordination the
substrate has to place its olefin bond trans to the electron-rich phosphine while cis to the
phosphoramidite donor (respective control concept).8 This arrangement will bring the coordinated
substrate under direct steric control by the spectator phosphine.

Figure 2-19: Reexamination of the single crystal structure of PdCl2·25a reveals an unusual chiral
steric environment.
To investigate the steric effect of the P-substituents at the 3,3′-positions of the BINOL
backbone, ligand 30, bearing bulky di-tert-butyl phosphines, was synthesized (Scheme 2-4).
However, no catalytic reactivity was observed with this ligand during attempted hydrogenation
(Table 2-2, entry 15). MM2 calculations were performed to obtain the optimized geometry of
PdCl2·30. According to the results (Figure 2-20), the spectator phosphine with bulky tert-butyl
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groups has a highly hindered environment around the coordination sphere. Therefore, any sizable
substrate (compared with the coordinating Cl) cannot access the metal and accordingly gives no
hydrogenation product.

Figure 2-20: Optimized geometry (MM2 method) of PdCl2·30 indicates a highly hindered steric
environment that prevents substrate coordination.
d) Proposed mechanism and origin of enantioselectivity
Based on the chiral environment of 25a deduced from the X-ray structure, a possible
mechanism is proposed in Figure 2-21. The first step is substrate coordination to form two
diastereomeric Rh-substrate complexes 61 and 62. If the substrate coordinates to the catalyst on
the Si face of the olefin bond, there will be steric repulsion between the phenyl group of 37a and
the primary blocking group from 25a. This arrangement results in a less stable intermediate 62
existing as the minor species in equilibrium with 61. However, the situation is completely
reversed in the second (rate-determining) step. Although 61 has the substrate phenyl group
comfortably in the bottom right quadrant, when moving on the way toward the dihydride species
63 it has to overcome an extremely high energy barrier posed by the blocking phenyl group. Even
if 63 is formed, it is quite unstable because both the substrate phenyl and the Rh-enamide
chelation ring suffer from unfavorable steric interactions with the primary and the second
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blocking groups. Therefore, 63 is disfavored both kinetically and thermodynamically. In contrast,
the minor species 62 proceeds via a more favorable pathway to the highly reactive 64. This
kinetically preferred intermediate 64 also is much more stable than its diastereomer 63 due to
minimal steric repulsions. Thus, in the second step, 64 is formed predominantly. Once passing
this point of no return, an irreversible reaction sequence of migratory insertion and reductive
elimination will ensue to afford the observed (R)-product in 99% ee. This mechanism is
illustrated in Figure 2-22, which shows distinct energy profiles of the major and the minor
manifolds through which a hydrogenation reaction will proceed.
Interestingly, the proposed mechanism for asymmetric hydrogenation of α-arylenamides
coincides well with the anti-lock-and-key model for the original unsaturated mechanism for
asymmetric hydrogenation of α-dehydroamino acid esters.70a Namely, the less stable catalystsubstrate adduct gives the majority of hydrogenated product. In agreement with the mechanism,
Landis and Halpern reported that increasing hydrogen pressure led to a decrease in
enantioselectivity, but this effect can be compensated by increasing temperature.70b However,
with a highly asymmetric distribution of steric and electronic properties among its three
phosphines, the present catalytic system differs in that lowering the reaction temperature
increases enantioselectivity (Table 2-3, entry 1 by 25a and entry 8 by 58h). This contrasting
behavior implies that for the present system along the major manifold the energy barrier from 61
to 63 is more important than the interconversion between 61 and the minor species 62. Thus
accumulation of 61 at lower temperature is outweighed by further elevation of the energy barrier
to 63.
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Figure 2-21: Proposed mechanism for Rh/25a catalyzed hydrogenation of α-phenylenamide 37a.
And we
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Figure 2-22: Schematic reaction coordinate profiles for the key enantiodifferentiating reactions of
Rh/25a catalyzed hydrogenation of 37a.
e) Effect of the ortho substituents
In the dihydride mechanism, the presence of an ortho substituent in the aryl moiety
serves as simply a steric factor.69b It is believed that the increased steric hindrance of the enamide
substrate causes simultaneous operation of two competitive pathways. Recently, a remarkable
deuterium isotope effect was reported in the Rh/BisP* catalyzed hydrogenation of these
substrates. Based on the observed effect, a possible hydrogen bond between the Rh hydride and
the ortho substituent (OMe or Cl) was proposed.69e As for the present Rh/25a catalytic system,
however, these ortho substituents, especially o-OMe and o-Cl, led to even higher ee’s (Table 2-3,
entries 2 and 4, 99.4% ee and 99.6% ee by 25a) than the unsubstituted 37a (Table 2-2, entry 1,
99.0% ee). The difference is seen better if the results are expressed as an enantiomeric ratio (er =
the ratio of the two hydrogenated enantiomers). Thus o-OMe and o-Cl substituted enamides 58b
and 58d gave around 332:1 and 499:1 er’s, much higher than the 199:1 er by 37a. The question is,
“why do these ortho groups show a positive effect on enantioselectivity?”
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Figure 2-23: Chelation of o-Cl and o-OMe of the enamide substrates retards the following
oxidative addition of hydrogen molecule.
Molecular modeling reveals that these two ortho substituents, as in the case of orthobromo substituted enamide 58e, can coordinate to the vicinal Rh center with their lone pair of
electrons (Figure 2-23). In a sense, substrates 58b and 58d behave like a “tridentate ligand”,
which form a stable pentacoordinate Rh(I) complexes with square pyramidal configurations. Now
that the 18-electron Rh catalyst is coordinatively saturated, the incoming hydrogen molecule has
to displace the chelating ortho donor for its occupancy of the coordination site. The overall effect
is increased stability of intermediate 61′ but decreased reactivity toward hydrogen addition along
the major manifold (Figure 2-24). Notably, such tridentate coordination by the substrate is not
possible in the diastereomeric species 62 due to inappropriate conformation of the chelating
substrate. Thus the minor manifold is not affected and the combined result is the observed
enhancement of enantioselectivity.
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Figure 2-24: Schematic reaction coordinate profiles indicating the effect of chelating ortho
substituent of the enamide substrates.

2.4.2 α-Aryl enol acetates
Asymmetric hydrogenation of α-aryl enol acetates with the triphosphorus ligands also
gave excellent results (Table 2-5). Using 2-naphthyl enol acetate 65a as the benchmark substrate,
screening of solvents was carried out with the Rh/25a catalyst. Similar to α-arylenamides, the
highest enantioselectivity (up to 98.4% ee) was achieved in weakly coordinating solvents CH2Cl2
and TFE (entries 1 and 7). Compared with the amide group of enamides, the ester group of an
enol acetate is relatively weak in coordination with the metal.41 When the solvent becomes a more
strongly coordinating ligand, it becomes increasingly difficult for the enol acetate to displace the
coordinated solvent molecules. Thus, lower reactivity and enantioselectivity were observed when
THF, acetone, and MeOH were used as the solvent (entries 3-6).
A
A
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Table 2-5: Asymmetric hydrogenation of α-aryl enol acetate 65 with Rh/25 catalytic system.a

We also tested other triphosphorus ligands in the optimal solvent TFE. Among them 29
gave the best result (98.6% ee, entry 12). To our knowledge, this is among the best results for this
substrate (TangPhos (38): 97% ee72; DuanPhos (39): 98% ee45). Again, the highly hindered ligand
30 gave no hydrogenation product (entry 13). Other enol acetates 65b-65e were also
hydrogenated with excellent ee’s (entries 14-17). It is noted that the challenging 1-naphthyl enol
acetate 65e was hydrogenated in 96.4% ee, which is the best result reported so far (the only
reported result:43 94% ee by Et-BPE, and 93% ee by Me-DuPhos).
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2.4.3 α-Dehydroamino acid methyl esters and itaconic acid derivatives32b
In the Rh-catalyzed hydrogenation of α-dehydroamino acid methyl esters and itaconate
derivatives, CH2Cl2 is the solvent of choice for most bidentate9,12,14 and monodentate18,58,61,63
phosphoramidite ligands. For the present catalytic system, desirable performance was also found
in the hydrogenation of α-arylenamides if CH2Cl2 or TFE was used as solvent (see Table 2-2).32a
Interestingly, hydrogenation of the benchmark substrate 67a with Rh(COD)2BF4/25a revealed an
unusual solvent effect. Both CH2Cl2 and TFE gave poor enantioselectivities (Table 2-6, entries 1
and 8 by 25a, 48.6% ee and 54.6% ee, respectively), while remarkable improvement was seen in
toluene, THF, EtOAc, and MeOH (entries 2-4 and 7 by 25a). To our surprise, excellent
enantioselectivities were obtained in ketonic solvents such as acetone and methyl ethyl ketone
(MEK) (entries 5 and 6 by 25a, 97.4% ee and 98.2% ee, respectively). Thus, acetone was chosen
as solvent for the subsequent hydrogenation of 67b-67k with 25a-25d. As shown in Table 2-6,
25c and 25d outperform 25a and 25b in most cases, which tends to support the initial assumption
that increasing steric hindrance or conformational rigidity on the phosphoramidite site could
enhance enantioselectivity. However, no ligand gives consistently superior results and
occasionally 25a or 25b showed the best selectivity among the whole series (entries 11 by 25b
and 15 by 25a).

This phenomenon indicated that chiral induction by 25 is still substrate-

dependent. In other words, the ligand structure has to match the steric requirements of the
substrate to achieve high enantioselectivity. Generally, asymmetric hydrogenation with the
triphosphorus ligands is insensitive to the substitution pattern at the β-phenyl group, and excellent
results (96.8% ee ~ 99.4% ee) were attained for both aromatic (67a-67i) and aliphatic (67j-67k)
substrates, which are comparable to the results given by other bidentate9,12,14 and
monodentate18,58,61,63 phosphoramidite ligands.
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Table 2-6: Rh-catalyzed asymmetric hydrogenation of α-dehydroamino acid methyl esters 67.a

Hydrogenation of itaconate derivatives 69a-69d with 25a revealed a more dramatic
solvent effect. In the case of dimethyl itaconate 69a, both CH2Cl2 and TFE gave excellent
enantioselectivities (Table 2-7, entries 1 and 8 of 70a, 96.6% ee and 99.2% ee, respectively),
whereas an abrupt drop in the ee value was seen in toluene, THF, and MeOH. It was unexpected
that reversed enantioselectivities were observed by the use of EtOAc, acetone, and MEK, leading
to the opposite S configuration in the product 70a (entries 4-6 of 70a, 11.6% ee, 39.6% ee, and
30.4% ee, respectively). A similar trend was found in the hydrogenation of 70b, showing the
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reversed S selectivity with up to 71.2% ee by the use of MEK (entry 6 of 70b). Such a strong S
preference is in sharp contrast to the nearly perfect R selectivity provided by CH2Cl2 and TFE
(entries 1 and 8 of 70b, 99.6% ee and 99.4% ee, respectively). For the other two substrates 70c
and 70d, opposite enantioselectivities were also obtained. The other ligands 25b-25d also gave
reversed stereoselection in MEK, although to a less remarkable extent.
Table 2-7: Rh-catalyzed asymmetric hydrogenation of itaconates 69a-69d.a

.
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2.5 Conclusion
A rational approach for ligand design was attempted in this work, with the risk of
uncertainty that one might conceive of when launching a new project. The initially designed
bisphosphine 20 was found as a diastereomeric mixture in which the desired ligand exists in
minor amount. Thus, the ligand had to be modified into a triphosphorus ligand with pseudo-C2symmetry. Gratifyingly, the redesigned triphosphorus bidentate phosphine-phosphoramidite
ligands demonstrated excellent enantioselectivities toward a variety of functional olefin substrates,
including α-arylenamides, α-aryl enol acetates, α-dehydroamino acid methyl esters, and itaconate
derivatives. In particular, asymmetric hydrogenation of ortho substituted α-arylenamides has been
accomplished with excellent enantioselectivity (up to 99.6% ee) for the first time. Thus a longstanding problem in asymmetric hydrogenation is solved. Interestingly, all of the three
phosphines of this new ligand turned out to be critical to achieve the unprecedented
stereoselection in a highly synergistic way – two phosphines are responsible for electronic
orientation through chelation with Rh, and the third one, although uncoordinated and once
thought to be “a spectator”, is responsible for effective steric control. The advantage of the
asymmetric steric and electronic properties found in the present chiral ligand over those
traditional C2-symmetric ligands is clearly seen in the hydrogenation of enamides.
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Experimental section

A. General
All reactions were carried out using standard Schlenk techniques unless mentioned
otherwise. The degassed dry solvents are used for all experiments. Chemicals and ligands were
purchased from Aldrich, Acros, or Strem Inc. NMR data were recorded on Bruker DPX-300,
CDPX-300, and Avance-360 spectrometers. MS data were recorded on KRATOS mass
spectrometer for LR-APCI and HR-APCI. Optical rotation was recorded on a Perkin-Elmer 241
polarimer. Molecular mechanics calculations were carried out with CAChe® program (Fujitsu
Ltd.). Semi-empirical calculations were carried out with Spartan® (Wavefunction Inc.). The
initial molecular conformations were acquired via MMFF method. Thin layer chromatography
(TLC) was performed on EM reagents 0.25 mm silica 60-F plates. Flash column chromatography
was performed using 200-400 mesh silica gel from Natland International Inc. Chiral GC analysis
was carried out on a Hewlett-Packard 6890 gas chromatograph equipped with a chiral capillary
column (carrier gas: He at 1 mL/min). Chiral HPLC analysis was carried out on a Waters 600
chromatograph at 25 °C. X-ray single crystal diffraction experiments were carried out on a
Bruker AXS APEX X-ray diffractometer equipped with a Bruker SMART APEX CCD area
detector system.
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B. Ligand synthesis and characterization

(R)-2,2′-Bis(methoxymethoxy)-1,1′-binaphthyl (22). A flame-dried three neck round
bottom flask (1000 mL) was charged with NaH (95% purity, 15.0 g) and 250 mL of THF. After
the system was cooled to 0 °C, (R)-BINOL (21) (0.124 mol, 35.6 g) was added in portions, with
the evolution of a large amount of gas. After stirring for 30 min, MOMCl (0.298 mol, 22.6 mL,
24.0 g) was added at 0 °C, and the reaction mixture was stirred at room temperature overnight.
After evaporation of the solvent and excess reagents, the residue was dissolved in EtOAc, washed
with water, and dried over Na2SO4. After concentration, the product 22 was obtained as a white
powder, which is pure enough to be used for the next step (45.5 g, 98%). (22 can be further
recrystallized from CH2Cl2/hexane as colorless crystals.) 1H-NMR (CD2Cl2, 300 MHz): δ 3.18 (s,
6H, 2 Me), 5.03 (d, J = 6.8 Hz, 2H, CH2), 5.09 (d, J = 6.8 Hz, 2H, CH2), 7.09–7.99 (m, 12H,
ArH).

(R)-2,2′-Bis(methoxymethoxy)-3-diphenylphosphino-1,1′-binaphthyl

(23).

To

a

solution of 22 (2.67 mol, 1.000 g) in 15 mL of THF was added n-BuLi (2.5 M in hexane, 3.02
mmol, 1.05 mL) at room temperature. After stirring for 2 h, ClPPh2 (3.20 mmol, 0.595 mL) was
added at 0 °C, and the color of the solution changed from dark gray to wine red. The reaction
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mixture was then stirred overnight. After the reaction was quenched with saturated aqueous
NH4Cl solution, the mixture was extracted with EtOAc, and the organic layer was washed with
water and brine, and dried over Na2SO4. After evaporation of the solvent, flash column
chromatography of the residue (EtOAc/hexane = 1:12) afforded the product 23 as a white powder
(413 mg, 28%).

(R)-3-Diphenylphosphino-1,1′-binaphthyl-2,2′-diol (24). To a solution of 23 ( 0.448
mmol, 250 mg) in 30 mL of MeOH was added 10 drops of concentrated HCl, and the mixture
was stirred at 60 °C for 2 h. TLC indicated the hydrolysis was complete. After evaporation of the
solvent, the residue was passed through a silica gel plug (eluent CH2Cl2) to remove polar
impurities. Recrystallization of the concentrated crude product from CH2Cl2/hexane afforded the
product 24 as light yellow crystals (128 mg, 61%).

O,O′-(3-Diphenylphosphino)-1,1′-dinaphthyl-2,2′-diyl)-N,N-dimethylphosphorus
amidite ((R, Sp)-20 and (R, Rp)-20). A solution of 24 (0.191 mmol, 90 mg) and HMPT (0.228
mmol, 42 µL) in 5 mL of toluene was stirred in a Schlenk tube at 110 °C for 12 h. After removal
of the solvent by evaporation, the residue was passed through a silica gel plug (eluent CH2Cl2) to
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afford the diastereomeric product 20 as a white powder (90 mg, 87%). 1H-NMR (300 MHz,
CD2Cl2): δ 2.42 (d, J = 9.3 Hz, 3H of (R, Sp)-20), 2.73 (d, J = 9.3 Hz, 3H of (R, Rp)-20), 7.31-8.03
(m, 31H of both (R, Sp)-20 and (R, Rp)-20). 31P-NMR (146 MHz, CD2Cl2): δ -17.5 (d, J = 19.8
Hz), -13.5 (d, J = 3.9 Hz), 147.9 (d, J = 3.9 Hz), 148.7 (d, J = 19.8 Hz).

PPh2
OMOM

1. nBuLi (3 eq), Et2O/THF, r.t.

OMOM

OMOM

2. Ph2PCl (3 eq), 0°C to r.t.

OMOM

(70%)

PPh2

22

26

(R)-2,2′-Bis(methoxymethoxy)-3-bis(diphenylphosphino)-1,1′-binaphthyl (26). To a
solution of BINOL-MOM 22 (10 mmol, 3.74 g) in Et2O (170 mL, 17 mL/mmol of 22) was added
n-BuLi (2.5 M in hexane, 30 mmol, 12 mL) at room temperature. The mixture was stirred for 3 h.
Then THF (110 mL, 11 mL/mmol of 22) was added, and the mixture was stirred for 1 h. After the
reaction mixture was cooled to 0 °C, ClPPh2 (30 mmol, 5.56 mL) was quickly added. The
solution was stirred for 1 h, and quenched with saturated aqueous NH4Cl. The solvent was
evaporated, and the residue was extracted with EtOAc twice. The combined organic layers were
washed with water, brine, and dried over Na2SO4. After evaporation of the solvent,
recrystallization of the crude product from CH2Cl2/hexane afforded the product 26 as light yellow
crystals (5.18 g, 70%). 1H-NMR (300 MHz, CD2Cl2): δ 2.75 (s, 6H), 4.68 (dd, 4H, J1 = 18 Hz, J2
= 3 Hz ), 7.23-7.44 (m, 28H), 7.62-7.65 (d, 2H, J = 9 Hz). 13C-NMR (75 MHz, CD2Cl2): δ 56.85,
56.91, 99.13, 99.23, 125.47, 126.41, 127.23, 128.44, 128.94, 128.96, 129.94, 129.06, 129.34,
129.39, 131.20, 133.22, 134.38, 134.49, 134.65, 134.76, 134.76, 136.88, 155.58. 31P-NMR (146
MHz, CD2Cl2): δ -14.69 (s). HRMS (M+Na+): calculated: 765.2300; found: 765.2279.
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(R)-3,3′-Bis(diphenylphosphino)-1,1′-binaphthyl-2,2′-diol (27). A flame-dried argon
filled Schlenk flask was charged with 26 (400 mg, 0.539 mmol), MeOH (50 mL), and 10 drops of
concentrated HCl (aqueous 35 wt%). The reaction mixture was stirred at 60 °C for 1 h. After the
mixture was cooled to room temperature, the solvent was removed by evaporation, and the
residue was dissolved in EtOAc. Degassed saturated aqueous NaHCO3 solution and brine were
used to washed the organic solution. Then the solution was dried over Na2SO4. After the solvent
was removed by evaporation, the residue was passed through a short column of silica gel (eluent
CH2Cl2) to afford the product 27 as a white powder (278 mg, 79%). 1H-NMR (300 MHz, CD2Cl2):
δ 5.49 (s, 2H), 7.11-7.13 (m, 2H), 7.29-7.32 (m, 4H), 7.40-7.46 (m, 22H), 7.63-7.67 (m, 2H). 13CNMR (75 MHz, CD2Cl2): δ 111.68, 111.70, 124.17, 124.47, 128.05, 128.87, 128.93, 129.03,
129.12, 129.43, 129.52, 129.74, 129.76, 134.08, 134.18, 134.30, 134.35, 134.56, 134.87, 153.88.
31

P-NMR (146 MHz, CD2Cl2): δ -17.43 (s). HRMS (M+H+): calculated: 655.1956; found:

655.1926.

(R)-O,O′-(3,3′-Bis(diphenylphosphino)-1,1′-dinaphthyl-2,2′-diyl)-N,Ndimethylphosphorus amidite (25a). A solution of 27 (563 mg, 0.86 mmol) and
hexamethylphosphorous triamide (HMPT, 0.2 mL, 1.12 mmol) in toluene (20 mL) was stirred at
110 °C overnight. After the solvent was evaporated, the residue was purified by flash
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chromatography on silica gel (EtOAc/hexane = 1:15) to afford the product 25a as a white powder
(550 mg, 88%). 1H-NMR (300 MHz, CD2Cl2): δ 2.54 (d, J = 9.3 Hz), 7.24-7.46 (m, 28H), 7.617.68 (m, 2H). 13C-NMR (75 MHz, CD2Cl2): δ 35.77, 35.86, 36.01, 36.14, 122.63, 128.68, 128.74,
128.82, 128.84, 128.91, 128.98, 129.05, 129.08, 129.10, 129.20, 133.52, 133.78, 133.97, 134.23,
135.04, 135.32. 31P-NMR (146 MHz, CD2Cl2): δ -16.98 (d, JP-P = 17.9 Hz), -12.62 (d, JP-P = 4.5
Hz), 149.53 (d, JP-P = 16.9 Hz). HRMS (M+H+): calculated: 728.2037; found: 728.2014.

PPh2
OH

PPh2
O

HEPT (1.2 eq)

OH toluene, 110°C
PPh2
27

Et
P N

O

(80%)

Et

PPh2
25b

(R)-O,O′-(3,3′-Bis(diphenylphosphino)-1,1′-dinaphthyl-2,2′-diyl)-N,Ndiethylphosphorus amidite (25b). A solution of 27 (253 mg, 0.39 mmol) and
hexaethylphosphorous triamide (HEPT, 0.15 mL, 0.54 mmol) in toluene (10 mL) was stirred at
110 °C overnight. After the solvent was evaporated, the residue was purified by flash
chromatography on silica gel (EtOAc/hexane = 1:10) to afford the product 25b as a white powder.
(234 mg, 80%) 1H-NMR (300 MHz, CD2Cl2): δ 0.92 (t, J = 7.1 Hz), 2.95 (m, 4H), 7.22-7.51 (m,
28H), 7.59-7.67 (m, 2H). 13C-NMR (75 MHz, CD2Cl2): δ 15.39, 15.44, 15.49, 40.27, 40.32, 40.56,
40.61, 124.87, 128.64, 128.73, 128.77, 128.83, 128.87, 129.03, 129.06, 129.09, 129.13, 133.55,
133.82, 134.00, 134.28, 134.99, 135.27, 137.07. 31P-NMR (146 MHz, CD2Cl2): δ -13.05 (d, JP-P =
30.3 Hz), -11.43 (s), 150.57 (d, JP-P = 30.1 Hz). HRMS (M+H+): calculated: 756.2350; found:
756.2328.
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(R)-O,O′-(3,3′-Bis(diphenylphosphino)-1,1′-dinaphthyl-2,2′-diyl)-chlorophosphine
(28). A mixture of 27 (1.27 g, 1.95 mmol) and PCl3 (60 mL) was stirred at 80 °C overnight. After
excess PCl3 was removed in vacuo, azeotropic distillation with dry toluene (20 mL) for three
times afforded the product 28 as a white powder (1.39 g, 95%). 31P-NMR (146 MHz, CD2Cl2): δ 16.28 (s), -14.49 (s), 179.01 (t, J = 11.0 Hz).

PPh2
O
P Cl
O
PPh2

PPh2
O

LiNR2 , -78°C

P NR 2
O

(78% f or 25c)
(72% f or 25d)
(63% f or 25e)

PPh2
25c-25e

28

General procedure for the synthesis of 25c-25e. Freshly prepared lithium amide (2
equiv.) in THF was added dropwise to a solution of 28 (1 equiv.) in THF (25 mL) at -78 °C. The
reaction mixture was stirred overnight and allowed to warm to room temperature. The solvent
was evaporated and the residue was subjected to flash column chromatography on silica gel
(EtOAc/hexane = 1:15) to afford the product 25c-25e as white powders.
PPh2
O
P N
O
PPh2
25c

Analytical data for 25c: 1H-NMR (300 MHz, CD2Cl2): δ 0.91 (s, 6H), 1.29-1.42 (m, 6H),
3.25-3.37 (m, 2H), 7.16-7.61 (m, 30H).

13

C-NMR (75 MHz, CD2Cl2): δ 23.38, 24.16, 24.85,

45.64, 45.82, 124.77, 128.71, 128.74, 128.81, 128.84, 129.00, 129.06, 129.09, 129.15, 129.40,
76

129.51, 133.65, 133.93, 133.98, 134.25, 134.98, 135.25, 151.91, 152.14, 152.48. 31P-NMR (146
MHz, CD2Cl2): δ -14.38 (d, JP-P = 29.7 Hz), -12.65 (s), 151.70 (d, JP-P = 30.9 Hz). HRMS (M+H+):
calculated: 784.2663; found: 784.2680.

Analytical data for 25d: 1H-NMR (300 MHz, CD2Cl2): δ 1.21 (s, br, 4H), 1.51 (s, br,
2H), 2.98 (m, 4H), 7.27-7.69 (m, 30H).

13

C-NMR (75 MHz, CD2Cl2): δ 25.14, 27.09, 27.14,

29.93, 45.27, 45.32, 45,60, 124.78, 126.48, 128.55, 128.60, 128.64, 128.70, 128.83, 128.88,
128.94, 128.96, 128.98, 129.03, 133.31, 133.58, 134.95, 135.23, 136.94, 151.35, 151.37, 152.06.
31

P-NMR (146 MHz, CD2Cl2): δ -14.43 (d, JP-P = 24.5 Hz), -12.49 (d, JP-P = 4.3 Hz), 145.17 (dd,

J1P-P = 22.7 Hz, J2P-P = 3.6 Hz). HRMS (M+H+): calculated: 768.2350; found: 768.2350.
PPh2
O
P N
O
PPh2
25e

Analytical data for 25e: 1H-NMR (300 MHz, CD2Cl2): δ 1.26-1.27 (m, 2H), 1.68-1.72
(m, 2H), 2.77-2.82 (m, 2H), 3.14-3.17 (m, 2H), 7.23-7.65 (m, 30H).

31

P-NMR (146 MHz,

CD2Cl2): δ -15.92 (d, JP-P = 17.8 Hz), -12.85 (s), 151.16 (d, JP-P = 17.5 Hz).

1,1-Dichloro-N,N-diethylphosphinamine. With vigorous stirring a solution of PCl3 (1
mol, 137 g, 87.5 mL) in 200 mL of ether was added slowly to a solution of HNEt2 (2 mol, 146 g,
207 mL) in 400 mL of ether at -30 °C over 1 h. The mixture was stirred at room temperature for 3
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h. Then the insoluble salt was removed by filtration. After evaporation of ether, distillation of the
residue under reduced pressure afforded the product as a colorless oil (155 g, 88%).

31

P-NMR

(146 MHz, CDCl3): δ 162.30 (s).

Me
Br

1. Mg
2. Cl2PNEt2
3. HCl

Xyl2PCl

(43%)
Me

Chlorobis(3,5-dimethylphenyl)phosphine. Mg turnings (66 mmol, 1.58 g) and 20 mL
of THF were placed in a three neck flask equipped with a condenser and a dropping funnel. A
solution of 3,5-dimethyl-bromobenzene (60 mmol, 8.15 mL) in 40 mL of THF was placed in the
dropping funnel. 1 mL of the solution was first added into the flask. After the addition of a small
amount of I2, the remaining solution in the dropping funnel was added slowly into the flask over
30 min. Then the reaction mixture was refluxed for another 30 min. After the mixture was cooled
to 0 °C, a solution of Cl2PNEt2 (29 mmol, 10.1 g, 8.47 mL) in 30 mL of THF was added, and the
mixture was stirred at room temperature for 2 h. The reaction mixture was concentrated, and
diluted with 80 mL of cyclohexane. Filtration of the mixture through Celite (washed twice with a
total of 80 mL of cyclohexane) gave a clear green-yellow solution. Dry HCl gas was bubbled
through the solution from a pressurized cylinder for 1 h, followed by bubbling with N2 for
another 1 h. The solution was filtered and transferred to another Schlenk flask via a cannula.
After removal of the solvent in vacuo, the product Xyl2PCl was obtained as an off-white viscous
liquid (3.57 g, 43%). 1H-NMR (300 MHz, CD2Cl2): δ 2.42 (s, 12H), 7.16 (s, 2H), 7. 35 (d, J = 8.1
Hz). 31P-NMR (146 MHz, CD2Cl2): δ 83.77 (s).
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(R)-2,2′-Bis(methoxymethoxy)-1,1′-binaphthyl-3,3′-diyl)bis(bis(3,5dimethylphenyl)phosphine (31). To a solution of BINOL-MOM 22 (1.26 g) in Et2O (57 mL)
was added n-BuLi (2.5M in hexane, 4.2 mL) at room temperature, and the mixture was stirred for
3 h. Then THF (37.0 mL) was added and the mixture was stirred for 1 hour. After the reaction
mixture was cooled to 0 °C, ClPXyl2 (10.1 mmol, 2.80 g) was quickly added. The solution was
stirred at room temperature overnight. After the solvent was evaporated, the residue was diluted
with CH2Cl2, washed with aqueous NH4Cl and brine, and dried over Na2SO4. After evaporation
of the solvent, the crude product was purified by passing through a short silica gel plug.
Recrystallization of the crude product from CH2Cl2/hexane afforded the product 31 as light
yellow crystals (1.69 g, 59%). 1H-NMR (300 MHz, CD2Cl2): δ 2.29 (d, 24H, J = 19.8 Hz), 2.66 (s,
6H), 4.66 (s, 4H), 6.98-7.65 (m, 22H). 31P-NMR (146 MHz, CD2Cl2): δ -14.30 (s).

(R)-3,3′-Bis(bis(3,5-dimethylphenyl)phosphino)-1,1′-binaphthyl-2,2′-diol (32). To a
solution of 31 (0.5 mmol, 428 mg) in 25 mL of MeOH was added 0.21 mL of concentrated HCl.
The reaction mixture was stirred at 60 °C for 1 h while the solution gradually changed from
turbid to clear. After evaporation of the solvent, the residue was diluted with CH2Cl2, washed
with saturated NaHCO3 and brine, dried over Na2SO4, and concentrated. Flash column
chromatography of the residue (eluent CH2Cl2) afforded the product 32 as a white powder (305
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mg, 80%). 1H-NMR (300 MHz, CD2Cl2): δ 2.28 (t, 24H, J = 0.6 Hz), 5.32 (q, 2H, J1 = 2.4 Hz, J2
= 1.2 Hz), 7.01-7.70 (m, 22H). 31P-NMR (146 MHz, CD2Cl2): δ -17.041 (s).

(R)-O,O′-(3,3′-Bis(bis(3,5-dimethylphenyl)phosphino)-1,1′-dinaphthyl-2,2′-diyl)N,N-dimethylphosphorus amidite (29). A solution of 32 (109 mg, 0.236 mmol) and HMPT
(51.3 μL, 0.283 mmol) in toluene (8 mL) was stirred at 110 °C overnight. After removal of the
solvent, the residue was purified by flash chromatography on silica gel (EtOAc/hexane = 1:15) to
afford the product 29 as a white powder (185 mg, 93%). 1H-NMR (300 MHz, CD2Cl2): δ 2.152.34 (m, 24H), 2.55 (d, 6H, J = 9.3 Hz), 6.90-7.69 (m, 22H). 31P-NMR (146 MHz, CD2Cl2): δ 17.23 (d, J = 17.8 Hz), -13.30 (s), 149.03 (d, J = 17.8 Hz).

Borane-protected (R)-2,2′-bis(methoxymethoxy)-3-bis(di-tert-butylphosphino)-1,1′binaphthyl (33). To a solution of 22 (5 mmol, 1.87 g) in 90 mL of ether (18 mL/mmol of 22) was
added n-BuLi (2.5M in hexane, 20 mmol, 8 mL) at room temperature, and the mixture was stirred
for 4 h. After removal of ether in vacuo, the residue was dissolved in 80 mL of THF. After the
solution was cooled to 0 °C, ClPtBu2 (22.5 mmol, 4.3 mL) was added dropwise. Then the
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reaction mixture was stirred at 60 °C overnight. In situ 31P-NMR indicated the formation of the
unprotected 33 as a singlet at 15.8 ppm. The system was cooled to 0 °C, followed by dropwise
addition of BH3·THF (1 mol/L solution, 30 mmol, 30 mL). The reaction mixture was stirred for 4
h before the solvent was evaporated. The residue was diluted with CH2Cl2, washed with water
and brine, and dried over Na2SO4. After evaporation of the solvent, trituration of the residue with
acetone gave the crude product as a white powder. (Attempted flash column chromatography of
the phosphine-borane adduct led to decomposition). Further recrystallization of the crude product
from CH2Cl2/hexane afforded 33 as air-stable light yellow crystals (2.31g, 45%). 1H-NMR (300
MHz, CD2Cl2): δ 1.36-1.46 (m, 42H), 2.81 (s, 6H), 4.74 (s, 4H), 6.98 (d, 2H, J = 8.4 Hz), 7.297.45 (m, 4H), 7.99 (d, 2H, J = 7.5 Hz), 9.20 (d, 2H, J = 15.6 Hz). 31P-NMR (146 MHz, CD2Cl2):
δ 60.71 (br).

(R)-3,3′-Di-tert-butylphosphino)-1,1′-binaphthyl-2,2′-diol (34). 3 mL of HBF4·Et2O
was slowly added to a solution of 33 (0.724 mmol, 500 mg) in 16 mL of CH2Cl2 at -20 °C. The
mixture was stirred at room temperature for 24 h. Degassed aqueous NaHCO3 solution was
slowly added at 0 °C and the mixture was stirred at room temperature for 1 h. During this period,
a lot of gas evolved. When stirring was stopped and phase separation occurred, the organic layer
was transferred via a cannula to another Schlenk flask charged with Na2SO4. 30 min later, the
dried solution was transferred to a third Schlenk flask and concentrated in vacuo. The residue was
purified by passing through a silica gel plug under argon (eluent ether). Removal of solvent in
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vacuo afforded the product 34 as an air-sensitive light yellow powder (210 mg, 32%). (the
oxidized product shows a singlet at 68.41 ppm in

31

P NMR spectrum). 1H-NMR (300 MHz,

CD2Cl2): δ 1.30-1.37 (m, 36H), 7.06 (d, 2H, J = 7.2 Hz), 7.20-7.7.31 (m, 4H), 7.86-7.8.03 (m,
4H), 8.29 (d, 2H, J = 2.4 Hz). 31P-NMR (146 MHz, CD2Cl2): δ -4.58 (s).

(R)-O,O′-(3,3′-Di-tert-butylphosphino-1,1′-dinaphthyl-2,2′-diyl)-N,Ndimethylphosphorus amidite (30). A solution of 34 (235 mg, 0.409 mmol) and HMPT (0.89 μL,
0.491 mmol) in toluene (12 mL) was stirred at 110 °C overnight. After evaporation of the solvent,
the product 30 was obtained as an off-white powder via evaporation in a high vacuum at 80 °C
for 8 h (366 mg, 92%). (This product quickly decomposes on silica gel.) 1H-NMR (300 MHz,
CD2Cl2): δ 1.32-1.38 (m, 36H), 2.57 (d, J = 9.1 Hz), 7.09-7.99 (m, 10H). 31P-NMR (146 MHz,
CD2Cl2): δ -12.54 (d, J = 20.1 Hz), -18.92 (s), 145.97 (d, J = 20.59 Hz).

Ph Ph
P

*

BF4

2

O
O
P3
Ph 2

Rh(COD)
P1
N

Me

Me

General procedure for the preparation of [Rh(25)(COD)]BF4 complex. To a stirring
solution of triphosphorus ligand 25 (1 equiv.) in 1 mL of CH2Cl2 was added a solution of
[Rh(COD)2]BF4 (1 equiv.) in 1 mL of CH2Cl2 at room temperature. The mixture was stirred for
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30 min and then 8 mL of hexane was added. The yellow precipitate was filtered, washed with
hexane (2 x 8 mL), and dried in vacuo.
Table 2-8: 31P-NMR (146 MHz, CD2Cl2) data of [Rh(25)(COD)]BF4.

Preparation of PdCl2·25a complex for X-ray diffraction. A Schlenk tube were charged
with PdCl2 (17.7 mg), 25a (72.8 mg), and 1.5 mL of CH2Cl2. The mixture was stirred at 60 °C for
1 h, and the insoluble was removed by filtration. After cooled to room temperature, 3 mL of
hexane was carefully introduced and the system was left overnight for crystal formation.

C. Substrate synthesis

O
Ar

N

NH2OH·HCl
Me

pyridine, EtOH, reflux

Ar

OH
Ac2O, HOAc
Me

Fe, TMSCl (cat.)

Ar

NHAc

General procedure for the synthesis of α-arylenamides. A mixture of an aryl methyl
ketone (1 equiv.), NH2OH·HCl (2.13 equiv.), pyridine (0.15 mL/mmol of the ketone), and ethanol
(1.5 mL/mmol of the ketone) was refluxed overnight. After the system was cooled to room
temperature, the solvent was evaporated. The residue was diluted with CH2Cl2, washed with 1 N
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HCl solution, water, and brine, dried over Na2SO4, and concentrated. The crude product is pure
enough to be used for the next step.
A Schlenk flask was charged with the ketoxime (1 equiv.), toluene (1.5 mL/mmol of the
oxime), acetic anhydride (3 equiv.), acetic acid (3 equiv.), and iron powder (2.1 equiv.). After the
addition of 2 drops of TMSCl, the mixture was stirred at 70 °C for 5 h. After the mixture was
cooled to room temperature, it was filtered through a plug of Celite. The filtrate was washed with
2 N NaOH solution, water, brine, dried over Na2SO4, and concentrated. Flash chromatography of
the residue afforded the desired enamide product. Further purification was done by
recrystallization of the enamide from EtOAc.
Me
NHAc
58a

Analytical data for 58a: 1H-NMR (300 MHz, CD2Cl2): δ = 2.01 (s, 3H), 2.34 (s, 3H),
4.62 (s, 1H), 5.99 (s, 1H), 7.73 (b, 1H), 7.19-7.26 (m, 4H).
OMe
NHAc
58b

Analytical data for 58b: 1H-NMR (300 MHz, CD2Cl2): δ = 2.02 (s, 3H), 3.84 (s, 3H),
4.86 (s, 1H), 5.97 (b, 1H), 6.93-7.00 (m, 2H), 7.31-7.36 (m, 3H).
F
NHAc
58c

Analytical data for 58c: 1H-NMR (300 MHz, CD2Cl2): δ = 1.89 (s, 3H), 4.94 (s, 1H),
5.77 (s, 1H), 7.04-7.71 (m, 2H), 7.29-7.38 (m, 2H), 8.17 (b, 1H).
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Cl
NHAc
58d

Analytical data for 58d: 1H-NMR (300 MHz, CD2Cl2): δ = 2.02 (s, 3H), 4.76 (s, 1H),
5.93 (s, 1H), 6.84 (b, 1H), 7.04-7.71 (m, 2H), 7.29-7.42 (m, 4H).
Br
NHAc
58e

Analytical data for 58e: 1H-NMR (300 MHz, CD2Cl2): δ = 2.09 (s, 3H), 4.74 (s, 1H),
5.93 (s, 1H), 6.75 (b, 1H), 7.21-7.40 (m, 3H), 7.58-7.61 (m, 1H).
NO2
NHAc
58f

Analytical data for 58f: 1H-NMR (300 MHz, CD2Cl2): δ = 1.94 (s, 3H), 4.76 (s, 1H),
5.54 (s, 1H), 7.31 (s, 1H), 7.48-7.54 (m, 2H), 7.60-7.65 (m, 2H), 7.87-7.90 (m, 1H).

13

C-NMR

(75 MHz, CD2Cl2): δ = 23.93, 104.68, 124.31, 129.72, 132.13, 133.41, 133.63, 139.26, 148.48,
168.89. HRMS (M+Na+): calculated: 229.0589, found: 229.0571.
CF3
NHAc
58g

Analytical data for 58g: 1H-NMR (300 MHz, CD2Cl2): δ = 1.99 (s, 3H), 4.70 (s, 1H),
5.90 (s, 1H), 6.80 (s, 1H), 7.47-7.71 (m, 4H). 13C-NMR (75 MHz, CD2Cl2): δ = 24.26, 103.88,
122.68, 126.31, 126.48, 126.55, 126.62, 126.69, 128.23, 128.63, 129.02, 131.98, 132.33, 137.81,
137.84, 139.49, 169.04. HRMS (M+Na+): calculated: 252.0612, found: 252.0614.

NHAc
58h
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Analytical data for 58h: 1H-NMR (300 MHz, CD2Cl2): δ = 2.01 (s, 3H), 4.85 (s, 1H),
6.21 (s, 1H), 6.85 (b, 1H), 7.47-7.55 (m, 4H), 7.86-7.91 (m, 2H), 8.07-8.10 (m, 1H).

COOMe
COOMe
69a

TsOH·H2O
HCOOH, 100°C, 10 min

COOH
COOMe
69c

3-(Methoxycarbonyl)but-3-enoic acid (69c). A solution of dimethyl itaconate 69a
(0.126 mol, 20.0 g) and p-toluenesulfonic acid monohydrate (0.053 mol, 10.0 g) in 80 mL of
formic acid was stirred at 100 °C for 10 min. The mixture was poured into 200 mL of ice water,
and extracted with CH2Cl2 (50 mL x 3). The combined organic layers were dried over Na2SO4
and concentrated. Distillation of the residue under reduced pressure gave the crude product,
which was further purified via flash column chromatography to afford the product 69c as a
colorless oil (6.5 g, 34%). 1H-NMR (300 MHz, CD2Cl2): δ 3.42 (d, J = 0.69 Hz, 2H), 3.78 (s, 3H),
5.78 (d, J = 0.93 Hz, 1H), 6.35 (d, J = 0.27 Hz, 1H), 11.8 (s, 1H).

D. General procedure for asymmetric hydrogenation
A stock solution of Rh/25 complex (2 × 10-3 mol/L) was made by stirring Rh(COD)2BF4
and 25 at 1:1.1 molar ratio in CH2Cl2 at room temperature for 1 h. The required amount of
catalyst solution (0.5 mL, 0.001 mmol) was transferred via a syringe to the vial charged with a
substrate (0.1 mmol) and the solvent (2.5 mL). The vial was placed in a steel autoclave into which
hydrogen gas was charged at desired pressure. After the reaction mixture was stirred at room
temperature for 24 h, the hydrogen gas was released carefully. The solution was concentrated and
the residue was passed through a short silica gel column to remove metal complex. The purified
solution was analyzed by chiral GC or HPLC to determine ee.
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To prepare a racemic sample, a solution of [Rh(COD)2]BF4 (1 equiv.) and rac-BINAP (1
equiv.) in 2 mL of CH2Cl2 was stirred at room temperature for 30 min before it was transferred to
the vial charged with a solution of α-arylenamide substrate (100 equiv.) in CH2Cl2. The mixture
was subjected to hydrogenation condition to get the desired racemate. The racemic samples of αdehydroamino acid methyl esters and itaconic acid derivatives were prepared by Pd/C catalyzed
hydrogenation reactions.

E. Chiral GC and HPLC conditions for the determination of ee
Me
NHAc
59a

59a: GC, β-dex 390, 150 °C, tS = 22.8 min, tR = 23.8 min.
Me
Me

NHAc
59b

59b: GC, β-dex 390, 140 °C, tS = 51.3 min, tR = 54.9 min.
Me
NHAc
F3 C
59c

59c: GC, β-dex 390, 150 °C, tS = 30.8 min, tR = 32.4 min.
Br

NHAc
59d

59d: GC, γ-dex 225, 170 °C, tminor = 40.4 min, tmajor = 43.5 min.
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NHAc
Br
59e

59e: GC, γ-dex 225, 170 °C, tminor = 52.5 min, tmajor = 54.6 min.
Me
NHAc
59f

59f: HPLC, (R,R)-Poly Whelk-0 from Regis Technologies Inc., 1 mL/min, iPrOH/hexane
= 70:30, tS = 5.78 min, tR = 50.03 min.
Et
NHAc
F3 C
59g

59g: GC, β-dex 390, 160 °C, tS = 23.4 min, tR = 24.7 min.
Et
NHAc
MeO
59h

59h: HPLC, (R,R)-Poly Whelk-0 from Regis Technologies Inc., 1 mL/min,
iPrOH/hexane = 90:10, tS = 12.37 min, tR = 35.78 min.
Et
NHAc
59i

59i: HPLC, (R,R)-Poly Whelk-0 from Regis Technologies Inc., 1 mL/min, iPrOH/hexane
= 80:20, tS = 6.82 min, tR = 59.90 min.

NHAc
59j

59j: GC, β-dex 390, 150 °C, tS = 43.7 min, tR = 45.7 min.
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Me
NHAc
60a

60a: GC, γ-dex 225, 140 °C, tS = 54.6 min, tR = 58.7 min.
OMe
NHAc
60b

60b: GC, γ-dex 225, 150 °C, tS = 45.2 min, tR = 47.1 min.
F
NHAc
60c

60c: GC, γ-dex 225, 150 °C, tS = 21.2 min, tR = 26.8 min.
Cl
NHAc
60d

60d: GC, γ-dex 225, 150 °C, tS = 53.8 min, tR = 62.5 min.
Br
NHAc
60e

60e: GC, γ-dex 225, 170 °C, tminor = 48.8 min, tmajor = 51.6 min.
NO2
NHAc
60f

60f: GC, γ-dex 225, 170 °C, tminor = 48.8 min, tmajor = 51.6 min.
CF3
NHAc
60g

60g: GC, γ-dex 225, 150 °C, tminor = 22.5 min, tmajor = 23.9 min.
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NHAc
60h

60h: GC, γ-dex 225, 180 °C, tS = 54.9 min, tR = 60.0 min.

OAc
66a

66a: GC, β-dex 390, 2 mL/min, 140 °C, tS = 59.4 min, tR = 61.1 min.

OAc
66b

66b: GC, β-dex 120, 120 °C, tS = 12.2 min, tR = 12.7 min.

OAc
F
66c

66c: GC, β-dex 390, 140 °C, tS = 6.5 min, tR = 6.9 min.

OAc
Cl
66d

66d: GC, β-dex 390, 150 °C, tS = 11.1 min, tR = 11.6 min.
OAc

66e

66e: GC, Chirasil-L-Val, 120 °C, tS = 37.9 min, tR = 38.6 min.
A

90

Table 2-9: GC conditions for amino acid methyl esters 68.
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Determination of conversion and ee for itaconate derivatives (70)
GC, γ-dex 225, 2 mL/min, tR = 13.0 min, tS = 13.6 min, tSM = 19.9 min.

Conversion (%) =

AGC, product
AGC, product + 0.93 ∗ AGC, SM

∗100%

(AGC, product, AGC, SM are the areas of product and starting material determined on GC. The
factor 0.93 was calibrated with NMR analysis.)
a
Table 2-10: Conversion data.
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Chapter 3

Development of Spirocyclic Monodentate Phosphoramidite Ligands for
Asymmetric Hydrogenation and Conjugate Addition Reactions

3.1 Introduction
Atropisomeric BINOL is an important chiral auxiliary,1 based on which both bidentate
BINAP2 and monodentate phosphoramidite Monophos3 have been developed. The former and its
analogs have been widely applied in Ru-catalyzed asymmetric hydrogenation,4 while the latter
represents a highly modular monophosphine that is suitable for high throughput screening in Rhcatalyzed asymmetric hydrogenation.5 However, there is considerable degree of conformational
flexibility in the structure of BINOL, since its two halves may rotate around the connecting
C(sp2)-C(sp2) bond with little restriction. In this regard, a more rigid chiral diol shall be more
effective in chiral induction than BINOL. Thus we designed a spirocyclic diol 1, which is
composed of a quaternary carbon center to enforce a highly rigid conformation (Figure 3-1).
From 1, further transformations would lead to bidentate ligand 2 and monodentate ligand 3 for
asymmetric hydrogenation.

OH
OH

O

enhance rigidity with
quaternary carbon center
HO

C

OH

=

O

OH
OH

O
O

BINOL

1

O
PPh2
PPh2

BINAP

O

O
Ph2P

P N
O

O

R
P N

PPh 2

O

R

O
O
2

Monophos

3

Figure 3-1: Design of conformationally rigid spirocyclic diol for asymmetric hydrogenation.
The target molecule 1 was synthesized and resolved in our lab several years ago (Scheme
3-1).6 The spirocyclic backbone was constructed via nucleophilic addition of lithiated 8 to 2methoxyxanthone (7). Acid-mediated cyclization and subsequent demethylation gave the product
1, which was further resolved via its diastereomeric esters. Overall, the route is not efficient in
terms of yield and operational simplicity. To prepare 6, an anionic Fries rearrangement was
employed at low temperature.7 However, exact control of the low temperature (from -100 °C to 70 °C) is inconvenient for large-scale preparation and the yield is quite low. Also, resolution via
chemical derivatization with (-)-menthyl chloroformate (11) is a tedious procedure involving
fractional crystallization. Finally only a small amount of one diastereomer (12b) was obtained as
single crystals for X-ray characterization (Figure 3-2). Since this method cannot supply enough
amount of resolved 1 for the following ligand synthesis, this project was suspended.
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O

OCH3 HCl, HOAc

MeO

2. 7

pyridine⋅HCl
reflux

O
9

O

RO

OR +
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O
12b
O
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Scheme 3-1: Original synthesis and resolution of 1.

Figure 3-2: ORTEP representation of X-ray single crystal structure of 12b.
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During this period several new spirocyclic ligands were reported by other groups (Figure
3-3). In 1997 Chan developed spirOP (13) from chiral spiro[4.4]nonane-1,6-diol for highly
enantioselective hydrogenation of α-dehydroamino acids.8 Soon after this work, Birman designed
and synthesized another C2-symmetric spirocyclic diol 14.9 Improved resolution10 of 14 enabled
Zhou and coworkers to prepare a series of spirocyclic ligands, both bidentate (16)11a and
monodentate (15),11b,c for asymmetric hydrogenation. Following a strategy similar to the synthesis
of 14, they also prepared 9,9′-spirobifluorene-1,1′-diol (17),11d from which conformationally rigid
bisphosphines 18 were derived for Ru-catalyzed hydrogenation reactions.11e Encouraged by these
results, we decided to resume the study on 1. The objectives of this project are: (1) to develop a
better synthetic route to optically pure 1; (2) to prepare new chiral ligands based on 1; and (3) to
apply these rigid ligands to asymmetric hydrogenation.

OH OH

Ph 2P
PPh2
O O
O
P N
O
spirOP (13)
OH
OH

HO

OH

17

Ar2P

PAr2

18

15

PAr2
PAr2

14

16

Figure 3-3: Chiral ligands based on spirocyclic diols.
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3.2 Ligand synthesis

3.2.1 Synthesis and resolution of spirocyclic diol 112a,c

3.2.1.1 Short route
The original synthesis of 9,9′-spirobixanthene13 involved the reaction of a Grignard
reagent with xanthenone to form a tertiary alcohol. Subsequent cyclization in the presence of
acetic acid produced the spirane molecule. Considering the C2 symmetric structure of 1, we
envisioned double cyclization of a ketone14 would be a more efficient approach. Among the two
possible ways to disconnect the spirocyclic backbone (Figure 3-4), method a requires protection
of the positions para to the methoxy groups in the aromatic rings before cyclization occurs.15 On
the other hand, there is no competing cyclization in method b. Therefore, method b is a preferred
strategy to construct the desired spirocyclic molecule.

CH3O
O
HO

O
b a
OH

CH3O

a
b

OCH3

O

OCH3

O

O

a
O
1

O
10
Tw o para positi ons must be protected
to el iminate side r eacti ons.

b
O

O

O

CH3O

2

+
O

CH3O OCH3
19

Figure 3-4: Retrosynthetic analysis of 1.
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O
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The synthesis commenced with 3-phenoxyanisole (8).16 Symmetric ketone 19 was
prepared in a moderate yield by linking two equivalents of lithiated 8 with methyl chloroformate
at -78 °C (Scheme 3-2). In the next step, treatment of 19 with acid was expected to produce the
spirane precursor 10. However, a number of reagents (H2SO4, HCl, polyphosphoric acid, acetic
acid, and trifluoroacetic acid) were tested, and none of them led to the desired product.17
Interestingly, we found that by the use of AlCl3, 1 was prepared directly from 19 without going
through the protected precursor 10; as an important Lewis acid, AlCl3 promotes not only FredielCrafts alkylations but also methyl ether cleavage.18

CH3O

PhO

O

O

OPh

1. nBuLi, THF, -78°C

1. AlCl3, toluene, reflux

2. ClCO2Me, THF, -78°C

2. HCl (conc.), reflux

8

62%

CH3O OCH3

rac -1

72%

19

Scheme 3-2: Short synthesis of 1 via double cyclization of 19.12a

3.2.1.2 Large-scale route
Although the two step synthesis of 1 (Scheme 3-2) is highly convergent without the extra
protection and deprotection steps that are required for the preparation of 14 and 17, the Lewisacid mediated simultaneous cyclization and demethylation involve a harsh work up with
concentrated hydrochloric acid and tedious column chromatographic separation. These drawbacks
make this synthesis unsuitable for large-scale preparation of 1. In searching for a practical
synthesis of 1, we revised the original route (Scheme 3-1) and developed a convenient four step
procedure without the use of column chromatography (Scheme 3-3).12c Inspired by recent
advances in synthetic chemistry utilizing a directed metalation strategy,19 we found that 7 can be
prepared directly from 3-phenoxyanisole (8) via tandem directed ortho metalation (DoM) and
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directed remote metalation (DreM).20 Thus, intermediate 20 (Figure 3-5) was generated via DoM
by regioselective deprotonation of 8 with n-BuLi at -78 °C and then quenching with an equivalent
amount of dimethylcarbamyl chloride. Without being isolated, 20 was in situ deprotonated by
LDA via DreM. Intramolecular nucleophilic addition, followed by aqueous workup, afforded the
product 7 in good yield. With 7 in hand, the next two steps are the same as in the original route.
Improvement was made to simplify the operation, especially the purification method. The target
molecule 1 was prepared in four steps in an overall yield of 35%. Because no column
chromatography was needed, the route is scalable and over 100 g of 1 has been made in one
batch.

1. nBuLi, THF, -78°C
2. Me2NCOCl, THF, -78°C
3. LDA, THF, 0°C

OMe

O

PhO

OMe O
lithiated 8, THF, -78°C
O

89%

8

7

MeO

OMe

reflux
83%

pyridine⋅HCl
reflux

O
10

OMe

O
9

O
HCl, HOAc

79%

MeO HO

1

59%

Scheme 3-3: Practical synthesis of 1 in large scale (> 100 g).
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Figure 3-5: Mechanism of tandem DoM and DreM for the synthesis of 7.

3.2.1.3 Resolution
In order to prepare chiral ligands, racemic 1 had to be resolved into its enantiomers. Since
chemical derivatization to form diastereomers was not the method of choice for large-scale
resolution, an alternative method – co-crystallization of racemic 1 with a chiral resolving reagent
– was studied.21 After an extensive screening, it was found that N-benzylcinchonidinium chloride
(21) selectively precipitates one enantiomer of 1 as co-crystals in acetonitrile, leaving the other
enantiomer enriched in the mother liquor. To determine the absolute configuration of the
separated enantiomer, a single crystal of the precipitated molecular complex of 1 and 21 (1:1
molar ratio) was grown from acetonitrile solution for X-ray diffraction. Based on the known
absolute stereochemistry of 21, the configuration of 1 was assigned to be (R) (Figure 3-7). To
obtain the pure S enantiomer, N-benzylquininium chloride (21) was added to the mother liquor
and the solution was refluxed for 12 h. After the solution was cooled to room temperature, (S)-1
precipitated as co-crystals with 22 (Figure 3-8). Further treatment of the co-crystals of (R)-1:21 or
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(S)-1:22 with aqueous HCl and EtOAc afforded (R)-1 and (S)-1 in 79% and 78% yield,
respectively. The resolution procedure is illustrated in Figure 3-6.

rac-1
21 (reflux in MeCN)

H

N

HO

Cl

H
S-1
(in solution)

R-1:21
HCl, EtOAc

R -1
(organic layer)
79%

22 (reflux in MeCN)

N
N -benzylcinchonidinium chloride (21)

S-1:22

21
solution
(recovered)

H

87%

MeO
S-1
(organic layer)

22
(recovered)

78%

75%

N

HO

HCl, EtOAc

H

Cl

N
N-benzylquininium chloride (22)

Figure 3-6: Resolution of 1 through sequential co-crystallization with N-benzylcinchonidinium
chloride (21) and N-benzylquininium chloride (22) in acetonitrile.
And we
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Figure 3-7: ORTEP representation of co-crystal of (R)-1 and N-benzylcinchoninium chloride (21)
(1:1) at 50% probability for the drawing of thermal ellipsoids (hydrogen atoms are omitted for
clarity).

Figure 3-8: ORTEP representation of co-crystal of (S)-1 and N-benzylquininium chloride (22)
(1:1) at 50% probability for the drawing of thermal ellipsoids (hydrogen atoms are omitted for
clarity).
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3.2.2 Acid-mediated rearrangement of spirocyclic backbone
During the development of the large-scale synthetic route (Scheme 3-3) to 1, we found
that when trifluoroacetic acid (TFA) was used for the cyclization of 9, an isomerized compound
1,3′-dimethoxy-9,9′-spirobixanthene (23) was produced instead of the desired 10 (Scheme 3-4).
Further refluxing of 23 in TFA led to 3,3′-dimethoxy-9,9′-spirobixanthene (24), which was
detected through 1H NMR by a characteristic singlet corresponding to its two methoxy groups at
3.79 ppm, relatively downfield as compared with the 3.25 ppm singlet of the methoxy groups of
10. 2D COSY NMR revealed a significant difference in the proton coupling systems of the
normal product 10 and the isomer 24 (Figure 3-9). Unlike the two proton coupling systems in 10,
an isolated proton Ha on the ring A of 24 was detected, which is only coupled to its meta proton
Hb. Further deprotection of 24 with BBr3 led to a new C2-symmetric diol 25,22 whose structure
was proven by X-ray diffraction (Figure 3-10).

O

9

TFA

MeO

reflux
O

O

OMe

OMe

O

TFA

BBr3

reflux

-78° C to r.t.

86%

MeO

O

23

87%

24

Scheme 3-4: Unexpected synthesis of 9,9′-spirobixanthene-3,3′-diol (25).
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HO

O
25

OH

Figure 3-9: 2D COSY NMR spectra of 10 and 24.
AND WE
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Figure 3-10: ORTEP representation of co-crystal of (S)-25 and N-benzylcinchoninium chloride
(21) (1:1) at 50% probability for the drawing of thermal ellipsoids (hydrogen atoms are omitted
for clarity).
The driving force for this rearrangement reaction was investigated by computational
chemistry (Figure 3-11). We found that the transformation from 10 through 23 to 24 lowers the
system energy by around 25 kJ/mol. Thus this reaction is a favorable exothermic process. The
lower stability of 10 and 23 compared with 24 is probably due to the repulsion between the lone
pair of electrons of the methoxy O atom and the diphenyl ether O atom, resulting in a slight
distortion of the spirocyclic backbone as seen from their optimized geometries (Figure 3-11).
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Figure 3-11: Computational results of three spirocyclic isomers 10, 23, and 24.
Although the detailed mechanism remains to be elucidated, it can be reasoned that a
cationic rearrangement is probably involved. Different from the use of HCl and HOAc where the
insoluble product 10 precipitates from the reaction mixture, TFA as a strongly acidic solvent (pKa
= -0.25 in water) can dissolve and stabilize the cationic intermediates. It is well known that
alkylaromatics, especially sterically hindered t-buylbenzene,23 disproportionate and rearrange
under strongly acidic conditions via a cationic mechanism.24 Presumably, the sterically hindered
tetraphenyl-substituted spiro carbon of 10, once formed, can form a stable triphenylmethyl cation
26 with TFA. This intermediate, however, is energetically disfavored for conversion back to 10
because of the considerable steric hindrance caused by the meta methoxy when the phenyl
substituent approaches the carbocation (Figure 3-12). A better pathway is through conformational
adjustment of 26 to effect attack at the reactive center by the other side of the phenyl substituent.

112

As a result, intermediate 23 was formed. This process occurs again in the other half of 10,
eventually leading to the formation of 24.
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Figure 3-12: Proposed mechanism for the rearrangement from 10 to 24.
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3.2.3 Synthesis of spirocyclic ligands

3.2.3.1 Monodentate phosphoramidite ligands

OH
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O
(2)

P N
O
OH
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O

P(NR2)3
reflux

(1)

O

HNR1R2

O

catalyst

O

R1
P N

O

PCl3
base/reflux

(R = Me, Et)

P NR2

P Cl
O

R2
HNR1R2

O

base

O

P N

R1
R2

OH

(4)

PCl3

HNR1R2
base

R1
Cl2P N
R2

OH

base

O

R1
P N

O

R2

Scheme 3-5: Synthetic methods for the preparation of monodentate phosphoramidite ligands.
Several methods have been developed for the synthesis of monodentate phosphoramidite
ligands (Scheme 3-5).3b The simplest ligand 28a and 28b were prepared routinely according to
method (1) by heating a solution of (R)-1 and hexamethylphosphorous triamide (HMPT) or
hexaethylphosphorous triamide (HEPT) in toluene at 110 °C (Scheme 3-6). Compared with the
synthesis of Monophos,25 prolonged reaction time was required for good conversion (followed by
in situ 31P-NMR). In addition, these rigid ligands were found to easily decompose on silica gel
during flash column purification. Thus, they were obtained in low to moderate yield (47% and
27% yield for 28a and 28b, respectively), which is much lower than the yield of preparing 3
(90% yield obtained in a control experiment). According to semi-empirical calculations (Figure
3-13), it is clear that in order to form the spirocyclic ligands, the orthogonal spirane backbone has
to adopt a strained conformation to bond with the phosphoramidite donor. By comparison, the
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formation of Monophos (in Figure 3-1) involves facile rotation of the two naphthyl groups of
conformationally flexible BINOL. Therefore, the present spirocyclic ligands are less stable than
BINOL-based Monophos, which probably accounts for the low isolated yields.

O

OH
OH

HMPT or HEPT

O

toluene, 110°C, 72 h

O

O
O

R
P N
R

O

(R)-1
(R)-28a: R = Me, yield 47%
(R)-28b: R = Et, yield 27%

Scheme 3-6: Synthesis of spirocyclic phosphoramidite ligand 28a and 28b.

Figure 3-13: Conformational change in the spirane backbone from 1 to 28a.
The high rigidity of 1 also caused some difficulty in the synthesis of more bulky
phosphoramidites 28c-28e. Attempted transamination26 of 28a with various amines in the
presence of a catalytic amount of tetrazole gave no product (method (2)). When method (3) was
tried, the desired chlorophosphite 30 was not observed; instead, 29 was the only product
according to in situ

31

P-NMR (Scheme 3-7, route (a)). If PCl3 and NEt3 were used, a complex

mixture was observed (route (b)). Finally, we found that by sequential addition of nBuLi (1
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equiv), PCl3 (1 equiv), and nBuLi (1 equiv), 30 was formed in good conversion. However, the
next step was still problematic. Fortunately, the last method, which is usually applied for the
synthesis of highly hindered phosphoramidites, works in this case.27 Thus, sterically hindered
spirocyclic ligands 28c-28e was prepared in acceptable yields (Scheme 3-8).
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O
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O
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O
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Scheme 3-7: Attempted synthesis of spirocyclic phosphoramidite ligands other than 28a and 28b
via method (3).
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Scheme 3-8: Synthesis of spirocyclic phosphoramidite ligand 28c-28e via method (4).

116

3.2.3.2 Attempts to synthesis spirocyclic bisphosphine
We also attempted to synthesize spirocyclic bisphosphine 2, which should be useful for
Ru-catalyzed asymmetric hydrogenation.11a,e Thus (R)-1 was converted into bistriflate 31 for
subsequent transition metal catalyzed cross-coupling reactions (Scheme 3-9). However, several
methods28 were tried to prepare 32, but none gave the desired product in satisfactory yield. The
most common method – Pd-catalyzed phosphination28a – turned out to be ineffective with the
spirocyclic precursor 31. Heating the reaction mixture at 100 °C for 48 h gave mainly monohydrolyzed product, together with a small amount of the desired 32 that is contaminated by an
unknown species. Preparative TLC had to be used to obtain pure 32, and its structure was
confirmed by X-ray diffraction (Figure 3-14). The low reactivity of Pd-based catalytic systems
toward 31 is in sharp contrast to the excellent yields reported in Hayashi’s original paper28a and in
Zhou’s recent synthesis of 16 and 18 from the corresponding spirocyclic diols 14 and 17.11a,d This
result implies that the O atom of the diphenyl ether in the spirane backbone of 31 may interfere
with the Pd catalyst.

O

Pd(OAc)2, dppb, Ph2P(O)H

OTf

i Pr2NEt, DMSO, 100°C, 48 h
(R)-1

Tf 2O

O

OTf

pyridine, 0°C
83%

OTf

O

12%

O

Pd(PPh 3)4, dppp, Ph 2PH

31

iPr2NEt, DMSO, 100°C

32
no reaction

Ni(dppe)Cl2, Zn dust, Ph2PCl

no reaction

DMF, 100°C

Scheme 3-9: Attempted synthesis of spirocyclic bisphosphine 2 via bistriflate 31.
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P(O)Ph 2

Figure 3-14: X-ray single crystal structure of 32 at 50% probability for the ORTEP representation
of thermal ellipsoids (hydrogen atoms are omitted for clarity).
We also tried to make dibromide 33,29 which would be converted to 2 via Br-Li exchange
at low temperature followed by quenching with Ph2PCl.2 However, the spirane backbone
decomposed at high temperature without the formation of 33 (Scheme 3-10).
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X
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(R)-1

O
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OSiMe3
OSiMe 3

THF
O

PBr3, Δ

X

33

decomposition

34

Scheme 3-10: Attempted synthesis of spirocyclic dibromide 33.
In view of the difficulty in accessing 2 from 1, we tried another route (Scheme 3-11). In
this strategy, a diphenylphosphine oxide moiety was first attached to the benzene ring to form 36,
which would be converted to the symmetric ketone 38. Acid catalyzed double cyclization would
form the spirane backbone. Thus the precursor 36 was synthesized from 3-bromoanisole (35) in
three steps. However, in the key step the desired ketone 38 could not be generated even under
forcing conditions. The only product obtained was the mono-substituted ester 37, which is
resistant to further addition of lithiated 36. When triphosgene (0.2 equiv) was tested, a complex
mixture was observed. The X-ray crystal structure of 37 helps explain its low reactivity. As
shown in Figure 3-15, both sides of the ester carbonyl are shielded by the diphenylphosphine
oxide and the phenoxide groups. Since lithiated 36 is a bulky reagent, its access to the highly
hindered carbonyl is extremely difficult.
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2. Ph2PCl
3. H2O2
Br
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Ph2P

OH
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O
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1. LDA (1.05 equiv), -78°C
O
Ph2P

2. ClCOOMe (0.5 equiv),
-78°C to 60°C

O
O

PPh2

X

lithiated 36 (1 equiv)

O
Ph2P

OPh
O

PhO OPh
38

OMe
37 (the only product)

Scheme 3-11: Attempted synthesis of the symmetric ketone 38.

Figure 3-15: X-ray single crystal structure of 37 at 50% probability for the ORTEP representation
of thermal ellipsoids (hydrogen atoms are omitted for clarity).

3.3 Application of spirocyclic monodentate phosphoramidite ligands in asymmetric catalysis

3.3.1 Asymmetric hydrogenation
Transition-metal catalyzed asymmetric hydrogenation relies on chiral ligands for
effective enantiodifferentiation. Since DIOP was discovered by Kagan in 1971,30 a large number
of bidentate ligands, especially bisphosphine ligands with C2-symmetry, have been developed for
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asymmetric hydrogenation of various functional olefins.31 In comparison, monodentate ligands
had been much less successful due to the conformational flexibility of their metal complexes.
However, recent advances32 indicate that monodentate ligands, especially monodentate
phosphoramidites (Figure 3-16), are viable candidates for asymmetric hydrogenation. For
example,

Feringa

and

coworkers

have

developed

Monophos

(39),3

catechol-based

phosphoramidite 40,33 and water-soluble PegPhos (41).34 Based on spirocyclic backbones, Zhou
et al. reported SIPHOS (15)11b and an analogous ligand 4235 for asymmetric hydrogenation of αdehydroamino acids. Recently, Ding developed the new monodentate phosphoramidite ligands
DpenPhos (43) and CydamPhos (44) for highly enantioselective hydrogenation reactions.36
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Figure 3-16: Monodentate phosphoramidite ligands in asymmetric hydrogenation.
To demonstrate the utility of our spirocyclic monodentate ligands, we tested Rh/28
catalytic system in asymmetric hydrogenation of α-dehydroamino acid derivatives 45a-45g and
itaconic acid (47). Ligand screening showed that 28a gave the best result (Table 3-1, entries 1-3).
Like other monodentate phosphoramidites, weakly coordinating CH2Cl2 was found as the solvent
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of choice (entries 1 vs. 4-6). Under the optimal conditions, the Rh/28a catalytic system was
applied to other substrates. The results (entry 7 to 12) proved 28a to be an effective monodentate
ligand in Rh-catalyzed asymmetric hydrogenation of α-dehydroamino acid derivatives (up to 99%
ee). When itaconic acid (47) was used in the hydrogenation, 97.9% ee of 48 was achieved (entry
13). This result (with 1% catalyst loading) is comparable with the results given by other
monodentate phosphorus ligands (e.g., Monophos, 97% ee with 5% catalyst loading;3b SIPHOS,
94.7% ee with 5% catalyst loading11b).
Table 3-1: Asymmetric hydrogenation of α-dehydroamino acid derivatives and itaconic acid with
Rh/28a catalytic system.a
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Due to the electron-deficient nature of phosphoramidite ligands, the hydrogenation
reaction is believed to involve the unsaturated mechanism37 (see section 2.4.1.3(a) in Chapter 2).
Successful application of the combinatorial strategy in ligand screening38 supports the assumption
that two monodentate ligands are incorporated in an active metal catalyst during hydrogenation
reactions. To investigate the chiral environment of Rh(28a)2+, the structure of an isoelectronic
complex PdCl2·(28a)2 was optimized using the MM2 method. The results (Figure 3-17) indicated
a well-defined C2-symmetric chiral coordination environment, with two diagonal quadrants
blocked by the rigid backbone of 28a. A possible mechanism is proposed in Figure 3-18. In the
first step, the substrate 45a is coordinated to the Rh catalyst. Among the two possible
diastereomeric catalyst-substrate adducts, 51 is less stable due to steric repulsion between its ester
moiety and the spirane backbone of 28a. Going through manifold B, the next step of oxidative
addition of hydrogen is also disfavored because the Rh-enamide chelation ring suffers from
severe steric hindrance posed by the ligand backbone. Therefore, manifold A is the favorable
pathway, which leads to the observed (S)-product.
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Figure 3-17: Optimized geometry of PdCl2·(28a)2 and its quadrant diagram.
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Figure 3-18: Proposed mechanism of Rh/28a catalyzed hydrogenation of 45a.

3.3.2 Asymmetric conjugate addition
Enantioselective conjugate addition of organometallic reagents to α,β-unsaturated ketones
is an important synthetic method for the construction of carbon-carbon bonds bearing a new
stereogenic center.41 Parallel to the development of chiral auxiliaries and stoichiometric
reagents,42 the more challenging catalytic strategy for this transformation has recently become an
125

actively studied area. Among the many catalytic systems reported so far, chiral monodentate
phosphoramidite ligands combined with copper salts have shown excellent enantioselectivities in
the conjugate addition of organozinc reagents to enones,43 dienones,44 nitroolefins,45 lactams,46
malonates,47 and Meldrum’s acid derived acceptors.48 A common structural feature of these
trivalent phosphorous ligands is the existence of a C2-symmetric diol-based framework as well as
a sterically demanding chiral secondary amine moiety. Representative ligands include the
BINOL-based phosphoramidites 39,43a-f biphenol-based 5343g,45c and 54,43h,45d and SPINOL-based
1543i (Figure 3-19). Encouraged by these results, we decided to test the present spirocyclic
phosphoramidite ligands in copper-catalyzed conjugate addition of diethylzinc to cyclic enones.
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Figure 3-19: Representative chiral monodentate phosphoramidite ligands for copper-catalyzed
enantioselective conjugate addition.
Spirocyclic ligands 28a-28e were first tested in copper-catalyzed conjugate addition of
diethylzinc to cyclohex-2-enone 55, a benchmark substrate for the quick determination of ligand
efficiency. As shown in Table 3-2, the combination of Cu(OTf)2 (3% mol) and ligand 28a-28c
(6% mol) led to only low enantioselectivities at 0 °C (entries 1-3). Under the same reaction
conditions, however, good enantioselectivity (93% ee, entry 4) was achieved by the use of ligand
28d bearing a bulky chiral amine. In contrast, the use of its diastereomer 28e resulted in only 10%
ee. These results indicate that a stereochemically matched structure is important to induce high
enantioselectivities. Our investigation is in agreement with what was reported in other
copper/phosphoramidite catalytic systems.41b,43b,43i Having identified 28d as the best ligand,
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further enhancement of enantioselectivity can be achieved by lowering the reaction temperature.
When the reaction was carried out at room temperature, the ee dropped dramatically to 75%. On
the other hand, at -20 °C and -30 °C, the enantioselectivity improved to 94% ee and 96% ee,
respectively (entries 7-8). Another tunable factor is the copper salt, which also plays an essential
role in accounting for high catalytic activity and enantioselectivity.41b Recent mechanistic studies
via EPR experiments49 provided unequivocal evidence in favor of the earlier assumption43d,43g that
an initial alkyl transfer from dialkylzinc to copper precursor generates a highly reactive Cu/Zn
cluster involved in the subsequent oxidative addition. Because the real catalytic species is the in
situ reduced CuI complex, both CuI and CuII salts can be successful in this reaction. Therefore, a
number of copper catalysts were tested. Although (CuOTf)2·toluene led to much lower ee (entry
9) than its divalent counterpart, both CuOAc and

Cu(OAc)2·H2O gave excellent

enantioselectivities (entries 10-11). High ee was also achieved when Cu(MeCN)4ClO4 was used
(entry 12). However, the use of Cu(MeCN)4PF6 is detrimental to the reaction, leading to only
52% ee (entry 13). This dramatic influence of copper salts on enantioselectivity demonstrated that
although Cu(OTf)2 is the most commonly used precursor, some other copper salts, especially Cu
carboxylates, can be more effective.41b,43g
A
A
A
A
A
A
A
A
a
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Table 3-2: Copper-catalyzed enantioselective conjugate addition of diethylzinc to cyclohex-2enone (55) with spirocyclic phosphoramidite ligands 28a-28e.a

The other two cyclic enones 57 and 59 were also tested with this catalytic system. When
57 was used, high ee was observed. In contrast, side reactions dominate in the case of 59,
resulting in low yield and enantioselectivity (Scheme 3-12).
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O

O
CuOAc (3 mol%), 28d (6 mol%)
ZnEt2 (1.5 equiv), toluene, -20°C

57

58
Yield 94%, ee 98%

O

O
Cu(MeCN)4ClO4 (3 mol%), 28d (6 mol%)
ZnEt2 (1.5 equiv), toluene, -20°C

59

60
Yield 8%, ee 66%

Scheme 3-12: Copper-catalyzed enantioselective conjugate addition of diethylzinc to cyclohept-2enone (57) and cyclopent-2-enone (59) with spirocyclic ligand 28d.

3.4 Conclusion
A conformationally rigid spirocyclic diol (9,9′-spirobixanthene-1,1′-diol) was synthesized
and resolved in a highly efficient route, from which a series of monodentate phosphoramidite
ligands were prepared. The Rh/28a catalytic system has been applied in highly enantioselective
hydrogenation of α-dehydroamino acids and itaconic acid, while 28d was successfully applied in
Cu-catalyzed conjugate addition of ZnEt2 to cyclic enones with excellent enantioselectivity (up to
99% ee).
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Experimental section

A. General
All reactions were carried out using standard Schlenk techniques unless mentioned
otherwise. The degassed dry solvents were used for all experiments. Chemicals and ligands were
purchased from Aldrich, Acros, or Strem Inc. NMR data were recorded on Bruker DPX-300,
CDPX-300, and Avance-360 spectrometers. MS data were recorded on KRATOS mass
spectrometer for LR-APCI and HR-APCI. Optical rotation was recorded on a Perkin-Elmer 241
polarimer. Molecular mechanics calculations were carried out with CAChe® program (Fujitsu
Ltd.). Semi-empirical calculations and quantum mechanics calculations were carried out with
Spartan® (Wavefunction Inc.). The initial molecular conformations were acquired via MMFF
method. Thin layer chromatography (TLC) was performed on EM reagents 0.25 mm silica 60-F
plates. Flash column chromatography was performed using 200-400 mesh silica gel from Natland
International Inc. Chiral GC analysis was carried out on a Hewlett-Packard 6890 gas
chromatograph equipped with a chiral capillary column (carrier gas: He at 1 mL/min). Chiral
HPLC analysis was carried out on a Waters 600 chromatograph at 25 °C. X-ray single crystal
diffraction experiments were carried out on a Bruker AXS APEX X-ray diffractometer equipped
with a Bruker SMART APEX CCD area detector system.
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B. Ligand synthesis and characterization
CH 3O

PhO

O

OPh

1. nBuLi, THF, -78°C
2. ClCO 2Me, THF, -78°C

O
8

CH 3O

62%

OCH 3

19

Bis(2-methoxy-6-phenoxyphenyl)methanone (19). To a solution of 8 (10.0 g, 25.0
mmol) in dry THF (80 mL) was slowly added n-BuLi (2.5 M in hexane, 20 mL, 50 mmol) at -78
°C over 15 min. The solution was stirred at -78 °C for 30 min, warmed to room temperature and
stirred for 2 h. The solution was then recooled to -78 °C, and transferred via a cannula to a
solution of methyl chloroformate (1.94 mL, 25 mmol) in dry THF (40 mL) at -78 °C. The mixture
was stirred overnight. The reaction was quenched by slowly addition of 20 mL of aqueous NH4Cl
(saturated) at 0 °C. After the solvent was evaporated, the residue was extracted with EtOAc. The
organic layer was washed with water and brine, dried over Na2SO4, and concentrated. The
product 19 was collected by filtration and dried in vacuo (6.6 g, 62%). 1H-NMR (360 MHz,
CD2Cl2) δ 3.69 (s, 6H, ArO-CH3), 6.39, 6.40 (d, 2H, J = 8.3Hz, Ar-H), 6.61, 6.63 (d, 2H, J =
8.3Hz, Ar-H), 6.76-6.79 (m, 4H, Ar-H), 7.01-7.05 (m, 2H, Ar-H), 7.16-7.25 (m, 6H, Ar-H); 13CNMR (91 MHz, CD2Cl2) δ 56.7, 107.1, 111.7, 119.1, 123.6, 124.7, 130.0, 131.7, 156.1, 157.7,
159.3, 191.9.

PhO

O

O

OPh
1. AlCl3 , toluene, reflux

HO

OH

2. HCl (conc.), reflux
CH 3O

OCH 3

72%

O

19

r ac-1

(±)-9,9′-Spirobixanthene-1,1′-diol (1). To a solution of 19 (1.00 g, 2.3 mmol) in dry
toluene (20 mL) was added AlCl3 (1.90 g, 14.3 mmol). The solution was warmed slowly and
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refluxed for 30 min. The mixture was cooled to 0 °C and concentrated aqueous HCl (20 mL) was
introduced with vigorous stirring. After refluxing for 1 h, the mixture was extracted with EtOAc
twice. The extracts were washed with concentrated HCl, water, aqueous NaHCO3 and brine, dried
over Na2SO4, and concentrated. Flash chromatography of the residue (eluent CH2Cl2) afforded 1
as a light-yellow powder (0.64 g, 72%). 1H-NMR (360 MHz, CD2Cl2) δ 6.29, 6.31 (d, 2H, Ar-H),
6.59-6.61 (dd, 2H, J1 =8.2Hz, J2 =0.9Hz, Ar-H), 6.78-6.80 (m, 4H, Ar-H), 6.97-7.01 (m, 4H, ArH), 7.04-7.08 (m, 2H, Ar-H), 8.12 (s, 2H, Ar-OH); 13C-NMR (91 MHz, CD2Cl2) δ 38.5, 107.5,
111.0, 115.7, 116.6, 123.3, 127.8, 128.8, 131.7, 132.1, 150.2, 151.9, 156.7.

CH 3O
Cu2 O, K2 CO 3
+
CH 3O

Br

HO

reflux

O

88%

8

1-Methoxy-3-phenoxybenzene (8)16. A mixture of 3-bromoanisole (470 g, 2.51 mol),
phenol (292 g, 3.08 mol), copper (I) oxide (548 g, 3.83 mol), and potassium carbonate (190 g,
1.37 mol) was refluxed with mechanical stirring at 190 °C for 1 h. After the reaction mixture was
cooled to room temperature, a small amount of phenol (50 g, 0.53 mol) was added, and the
mixture was refluxed for 3.5 h.
After the system was cooled to room temperature, CH2Cl2 (1.5 L) was added and the
mixture was stirred for 1 h. The mixture was passed through a short Celite plug to remove
insoluble substances. The residue left on the plug was washed with CH2Cl2 (700 mL×3). The
combined organic solutions were washed with 2 N NaOH (120 g dissolved in 1.5 L of water),
brine (500 mL×2), dried over Na2SO4, and concentrated. Distillation of the residue under reduced
pressure afforded the product as a colorless liquid (440 g, 88%).
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1. nBuLi, THF, -78°C
2. Me 2NCOCl, THF, -78°C
3. LDA, THF, 0°C

OMe

O

OMe O

O

89%

8

7

1-Methoxyxanthen-9-one (7). To the solution of 8 (246 g, 1.23 mol) in THF (1000 mL)
was added n-BuLi (2.5 M in hexane, 507 mL, 1.42 mol) via a 1000 mL-dropping funnel at -78 °C
over 1.5 h. After stirring at this temperature for 1 h, the reaction mixture was warmed to room
temperature and stirred for 1 h. Then the solution was recooled to -78 °C, and transferred via a
cannula into a solution of dimethylcarbamic chloride (113 mL, 1.23 mol) in THF (500 mL) at -78
°C. After stirring at this temperature for 1 h, the mixture was warmed to room temperature and
stirred for 4 h. Meanwhile, LDA was prepared by adding n-BuLi (2.5 M in hexane, 1200 mL)
slowly into a solution of diisopropylamine (491 mL, 3.49 mol) in THF (2500 mL) at -78 °C. The
freshly prepared LDA solution was then stirred at room temperature for 30 min. The solution
prepared from 8 was added via a cannula to the LDA solution at 0 °C, and the mixture was stirred
overnight.
Aqueous HCl (3 N, 1 L) was used to quench the reaction at 0 °C. The mixture was stirred
for 30 min until phase separation occurred. The organic layer was washed with brine, aqueous
NaHCO3 (saturated), and brine. The water layer was extracted with EtOAc, and the EtOAc
solution was washed with aqueous NaHCO3 and brine. The combined organic layers were dried
over Na2SO4 and concentrated. Trituration of the residue with EtOAc/hexane (1:9) afforded the
product 7 as a light yellow powder (248 g, 89%). 1H-NMR (300 MHz, CD2Cl2) δ 3.98 (s, 3H,
ArO-CH3), 6.83 (d, 1H, J = 8.3Hz, Ar-H), 7.06 (dd, 1H, J1 = 8.5Hz, J2 = 0.9Hz, Ar-H), 7.31-7.37
(td, 1H, J1 = 7.3Hz, J2 = 1.0Hz, Ar-H), 7.41, 7.44 (dd, 1H, J1 = 8.4Hz, J2 = 0.6Hz, Ar-H), 7.597.71 (m, 2H, Ar-H), 8.20-8.24 (dd, 1H, J1 = 7.9Hz, J2 = 1.7Hz, Ar-H);
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13

C-NMR (100 MHz,

CDCl3) δ 56.7, 105.6, 110.3, 112.8, 117.5, 123.3, 124.0, 127.1, 134.4, 135.0, 155.3, 158.4, 161.0,
176.8. HRMS found: 226.0636, calculated: 226.0630.

PhO

OMe O
lithiated 8, THF, -78°C
O

MeO HO

79%

OMe

O

7

9

1-Methoxy-9-(2-methoxy-6-phenoxyphenyl)xanthen-9-ol (9). Lithiation of 8 (206 g,
1.03 mol) was achieved as described in the previous step (433 mL of n-BuLi (2.5 M in hexane)
and 1000 mL of THF were used). The solution of lithiated 8 was added to a solution of 7 (233 g)
in THF (4000 mL) at -78 °C over 1 h. The reaction mixture was stirred overnight. Saturated
NH4Cl solution (1 L) was used to quench the reaction at 0 °C. A lot of solid appeared during the
quenching process, which was removed by passing the mixture through a Celite plug. The filtered
solution was concentrated, diluted with CH2Cl2 (3.5 L), washed with water and brine, and dried
over Na2SO4, After evaporation of the solvent, trituration of the residue with acetone afforded the
product 9 as a white powder (347 g, 79%). 1H-NMR (360 MHz, CDCl3) δ 3.73 (s, 3H, ArO-CH3),
3.83 (s, 3H, ArO-CH3), 6.38 (d, 1H, J = 8.2Hz), 6.49-6.56 (m, 3H), 6.66-6.71 (m, 2H), 6.87 (d,
1H, J = 7.9Hz), 6.94-7.00 (m, 3H), 7.07-7.16 (m, 5H), 7.48 (d, 1H, J = 7.9Hz); 13C-NMR (100
MHz, CD2Cl2) δ 56.1, 57.3, 70.8, 105.7, 108.8, 109.3, 114.1, 115.4, 116.8, 118.1, 122.6, 123.0,
128.1, 128.2, 128.3, 128.6, 129.1, 129.5, 149.8, 150.6, 154.6, 157.4, 158.4, 158.5. HRMS found:
426.1473, calculated: 426.1467.
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1,1′-Dimethoxy-9,9′-spirobixanthene (10). A round bottom flask (2 L) was charged
with 9 (347 g, 0.81 mol), acetic acid (3000 mL), and concentrated HCl (2000 mL). The mixture
was refluxed for 6 h until the initial deep purple color faded and changed to light pink. After
HOAc was removed under reduced pressure, the residue was dissolved in CH2Cl2 (10 L), washed
with saturated NaHCO3 solution and brine, and dried over Na2SO4. After concentration of the
solution, trituration of the residue with acetone (600 mL) afforded the product 10 as a white
powder (275 g, 83%). 1H-NMR (360 MHz, CDCl3) δ 3.25 (s, 6H, ArO-CH3), 6.38-6.41 (dd, 2H,
J1 = 8.2Hz, J2 = 1.0Hz, Ar-H), 6.77-6.84 (m, 6H, Ar-H), 7.04-7.16 (m, 6H, Ar-H);

13

C-NMR

(100 MHz, CDCl3) δ 42.1, 55.8, 100.6, 111.6, 116.5, 122.6, 124.1, 128.2, 130.4, 131.9, 132.6,
149.6, 150.5, 159.6. HRMS found: 408.1347, calculated: 408.1362.

O
MeO

O

OMe

pyridine⋅HCl

HO

OH

reflux
O
10

59%

O
1

(±)-9,9′-Spirobixanthene-1,1′-diol (1). A mixture of 10 (226 g, 0.6 mol) and
pyridine⋅HCl (1356 g, 11.7 mol) were placed in a flask and refluxed for 25 min. After the reaction
mixture was cooled to room temperature, it was diluted with HCl solution (4 N, 300 mL of
concentrated HCl in 600 mL of water), and extracted with EtOAc (1.5 L). The organic layer was
further washed with HCl (4 N) twice (450 mL for each time), water (600 mL), saturated NaHCO3
solution (500 mL), and brine (500 mL), and dried over Na2SO4. After the solvent was removed by
evaporation, trituration of the residue with acetone (150 mL) afforded the product 1 as an off
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white powder (122 g, 59 %). 1H-NMR (360 MHz, CD2Cl2) δ 6.30 (d, 2H, Ar-H), 6.59-6.61 (dd,
2H, J1 = 8.2Hz, J2 = 0.9Hz, Ar-H), 6.78-6.80 (m, 4H, Ar-H), 6.97-7.01 (m, 4H, Ar-H), 7.04-7.08
(m, 2H, Ar-H), 8.12 (s, 2H, Ar-OH); 13C-NMR (91 MHz, CD2Cl2) δ 38.5, 107.5, 111.0, 115.7,
116.6, 123.3, 127.8, 128.8, 131.7, 132.1, 150.2, 151.9, 156.7. HRMS found: 380.1036,
calculated: 380.1049.

Resolution of (±)-9,9′-spirobixanthene-1,1′-diol (1). A suspension of racemic 1 (3.14 g,
8.26 mmol) and N-benzylcinchonidinium chloride (21) (1.84 g, 4.37 mmol) in acetonitrile (30
mL) was refluxed for 6 h. The mixture was cooled naturally to room temperature without stirring.
The white precipitate (1:1 inclusion complex, 99.1% ee) was collected by filtration, suspended in
acetonitrile (20 mL), and refluxed for 6 h. After the solution was cooled slowly to room
temperature, the precipitate was collected by filtration, washed twice with a small amount of
CH3CN, and dried in vacuo. The purified 1:1 complex was suspended in ethyl acetate (30 mL)
and 2 N HCl (20 mL). The mixture was stirred vigorously until the entire solid was dissolved and
phase separation occurred. The organic layer was separated, washed with 2 N HCl (20 mL) and
brine, and dried over Na2SO4. Concentration of the solution under reduced pressure afforded the
enantiomerically pure (R)-(+)-1 as a white powder (1.24 g, 79%, >99.9% ee). [α]20D = +40.2 (c =
1.0, CHCl3). The mother liquor containing the enriched S enantiomer was concentrated, and
mixed with N-benzylquininium chloride (22) (1.97 g, 4.37 mmol) and acetonitrile (30 mL). After
the mixture was refluxed for 6 h, it was cooled naturally to room temperature. The precipitate (1:1
complex) was collected by filtration, and washed with a small amount of acetonitrile. The 1:1
complex was suspended in ethyl acetate (30 mL) and 2 N HCl (20 mL). The mixture was stirred
vigorously until the entire solid was dissolved and phase separation occurred. The organic layer
was separated, washed with 2 N HCl (20 mL) and brine, and dried over Na2SO4. Evaporation of
the solvent afforded the enantiomerically pure (S)-(-)-1 as a white powder (1.22 g, 78%, 99.8%
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ee). The ee values were determined by HPLC on a Chiralcel OD-H column using
isopropanol/hexane (4:96) as eluent.

O

PhO
MeO HO
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OMe
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O

86%

9

MeO

O
23

3,3′-Dimethoxy-9,9′-spirobixanthene (23). A mixture of the tertiary alcohol 9 (6.8 g,
0.038 mol) and trifluoroacetic acid (10 mL) was refluxed for 96 h. After excess TFA was
evaporated, the residue was washed with ether to afford the product 23 as a white powder (5.6 g,
86%). 1H-NMR (300 MHz, CD2Cl2) δ 3.79 (s, 6H, ArO-CH3), 6.49-6.53 (dd, 2H, J1 = 8.7Hz, J2 =
2.6Hz, Ar-H), 6.7 (d, 2H, J = 2.6Hz, Ar-H), 6.7 (d, 2H, J = 8.7Hz, Ar-H), 6.87-6.92 (m, 4H, ArH), 7.16-7.18 (m, 4H, Ar-H);
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C-NMR (75 MHz, CD2Cl2) δ 42.0, 55.8, 100.6, 111.3, 116.5,

122.4, 124.0, 128.2, 130.3, 131.7, 132.4, 149.5, 150.5, 159.7. HRMS found: 408.1395,
calculated: 408.1362.

O

O

OMe

OH

BBr3
-78° C to r.t.
MeO

O

87%

HO

23

O
24

9,9′-Spirobixanthene-3,3′-diol (24). A solution of boron bromide (4.1 mL, 0.043 mol) in
5 mL of CH2Cl2 was slowly added to a solution of 23 (3.5 g, 0.0086 mol) in 30 mL of dry CH2Cl2
at -78 ºC. The reaction mixture was stirred overnight while warmed slowly to room temperature.
Water was carefully added to the solution at 0 ºC to quench the reaction. The mixture was
extracted with ether. The organic layer was separated, washed with brine, and dried over Na2SO4.
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After removal of about 90% of the solvent by evaporation, the product 24 was collected by
filtration as an off white powder (2.9 g, 87%). 1H-NMR (360 MHz, CD3COCD3) δ 6.47-6.50 (m,
2H, Ar-H), 6.63-6.6.68 (m, 4H, Ar-H), 6.83-6.95 (m, 4H, Ar-H), 7.14-7.19 (m, 4H, Ar-H), 8.56
(s, 2H, Ar-OH);

13

C-NMR (75 MHz, CD3COCD3) δ 42.2, 102.5, 112.8. 116.8, 122.0, 124.4,

128.6, 131.1, 132.1, 133.0, 149.9, 150.9, 157.9. HRMS found: 380.1072, calculated: 380.1049.

O

OH
OH

HMPT

O

toluene, 110°C, 72 h

O
O

O

O

(R)-1

28a

Me
P N
Me

(R)-O,O′-(9,9′-spirobixanthene-1,1′-diyl)-N,N-dimethyl-phosphoramidite

(28a).

Hexamethylphosphorous triamide (287 μL, 1.58 mmol) was added to a solution of (R)-1 (0.500 g,
1.32 mmol) in 10 mL of toluene. The mixture was stirred at 110 °C for 72 h before the solvent
was removed under reduced pressure. Flash chromatography of the residue on silica gel (eluent
CH2Cl2) afforded (R)-1 as a white powder (0.210 g, 35%). 1H-NMR (360 MHz, CD2Cl2) δ 2.29 (s,
6H, -N(CH3)2), 6.33-6.35 (m, 1H, Ar-H), 6.43-6.45 (m, 1H, Ar-H), 6.72-6.75 (m, 1H, Ar-H),
6.84-6.89 (m, 2H, Ar-H), 7.03-7.07 (m, 2H, Ar-H), 7.11-7.15 (m, 2H, Ar-H), 7.21-7.25 (m, 2H,
Ar-H), 7.39-7.48 (m, 2H, Ar-H); 13C-NMR (91 MHz, CD2Cl2) δ 35.7 (d, J = 15.5Hz, -N(CH3)2),
43.5 (s, C), 113.4 (s, C-H), 114.1 (d, J = 2.6Hz, C-H), 117.2 (d, J = 4.2Hz, 2(C-H)), 119.9 (s, C),
121.1-121.2(m, C-H), 121.6 (d, J = 1.4Hz, C-H), 124.2 (d, J = 1.7Hz, 2(C-H)), 126.5 (d, J =
1.5Hz, 2(C-H)), 128.3 (s, C), 128.7 (s, C-H), 128.9 (d, J = 2.7Hz, C-H), 129.7 (s, C-H), 129.9 (d,
J = 2.1Hz, C-H), 148.2 (d, J = 4.1Hz, 2C), 150.3 (s, C), 150.4 (s, C), 151.6 (d, J = 3.5Hz, 2C),
155.3 (s, C), 155.4 (s, C); 31P-NMR (146 MHz, CD2Cl2) δ 123.2 (s).
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Ph
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NEt3, 0°C to r.t.

60°C, 24 h
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O
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P N
Ph

(R,S,S)-28d

Typical procedure for the synthesis of 28d. n-BuLi (2.5 M in hexane, 2 mmol) was
added to a solution of (S,S)-bis(α-methylbenzyl)amine (2 mmol) in 20 mL of THF at -78 °C over
15 min. After stirring for 10 min, the mixture was warmed to room temperature and stirred for 20
min. Then the solution was added to a solution of PCl3 (2 mmol) in 10 mL of THF at -78 °C. 30
min later, the cooling bath was removed and the reaction mixture was warmed slowly to room
temperature over 1 h. The solution was cooled to 0 °C, to which a solution of (R)-1 (2 mmol) and
NEt3 (6 mmol) in 10 mL of THF was added. After the reaction mixture was stirred at room
temperature overnight, it was stirred at 60 °C for 24 h. After the solvent was evaporated, flash
chromatography of the residue on silica gel (EtOAc/Hex = 1:15) afforded the product as a white
powder (856 mg, yield 68%). 1H NMR (360 MHz, CD2Cl2) δ 1.65 (s, 6H), 4.33 (s, 2H), 6.25 (d, J
= 8.0 Hz, 1H), 6.44 (d, J = 7.9 Hz, 1H), 6.79 (d, J = 7.8 Hz, 1H), 6.86-7.30 (m, 19H), 7.40 (t, J =
8.0 Hz, 1H), 7.57 (t, J = 8.0 Hz, 1H); 13C NMR (75 MHz, CD2Cl2) δ 19.2, 25.0, 30.1, 43.7, 113.5,
113.8, 113.8, 116.9, 117.1, 118.9, 120.3, 120.4, 120.9, 121.0, 121.8, 124.0, 126.2, 127.1, 128.1,
128.5, 128.7, 129.6, 129.7, 149.2, 149.3, 150.2, 150.5, 152.0, 152.1, 155.3, 155.5; 31P NMR (146
MHz, CD2Cl2) δ 130.0 (s). HRMS (M+Na+): found 656.1948, calculated 656.1961.
Typical procedure for Cu-catalyzed conjugate addition. A solution of a copper salt
and the ligand in toluene was stirred at room temperature for 1 h. After the solution was cooled to
-20 °C, cyclohex-2-enone and ZnEt2 were added sequentially. The reaction mixture was stirred at
this temperature for 3 h, before it was quenched with saturated aqueous NH4Cl solution. The
mixture was extracted twice with ether, and the combined organic layers were dried over Na2SO4.
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After concentration of the solution, flash chromatography of the residue on silica gel
(ether:pentane = 1:6) afforded the desired product as a colorless oil.
Preparation of racemic 56, 58, and 60 for chiral GC analysis. A mixture of Cu(OTf)2
(9 mg, 0.025 mmol) and P(OEt)3 (9 μL, 0.05 mmol) in 5 mL of toluene was stirred at room
temperature for 30 min. ZnEt2 (5 mmol) and the enone (5 mmol) were added sequentially to the
solution at -20 °C. Then the reaction mixture was stirred at this temperature for 8 h, and quenched
with 2 N HCl. The mixture was extracted with ether, and the organic layer was dried over Na2SO4.
After evaporation of the solvent, flash column chromatography of the residue (ether:pentane =
1:6) afforded the racemic product as a colorless oil.
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