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1. Introduction

	 Over past several decades, the development of efficient 
transition-metal catalyzed reactions has become one of the most 
active area in organic chemistry and transition-metal catalysis 
has made significant impacts on almost every chemical fields 
including natural product synthesis, medicinal chemistry, 
material chemistry, fine and agrochemical industry, chemical 
biology, and etc.[1] Numerous efficient transition-metal catalysts 
have been developed, which have not only greatly improved 
synthetic efficiency, but also provided opportunities to explore 
new research fields and ideal synthetic chemistry. Significant 
efforts have been taken recently in developing highly efficient, 
cost-effective, and environmentally benign catalytic reactions. 
Consequently, a few practical processes in particular asymmetric 
hydrogenations and cross-couplings[2] are developed and 
operated at industrial scales with excellent chemo-, regio-, and 
enantioselectivities at extremely high substrate/catalyst ratios 
(over 1,000,000). It is without any doubt that transition-metal 
catalyzed transformations will continue to play increasingly 
important roles in construction of new molecules, and bring 
incredible benefits to our life and society. 
	 In transition metal catalysis, the catalyst generally consists 
with a transition metal and one or several ligands. In search 
for a new and efficient catalyst for a specific reaction, the 
judicial choice of a transition metal is naturally of utmost 
importance. However, the electronic and steric properties of 
ligands can significantly influence the reactivity and selectivity 
of the reaction. Since Wilkinson and co-workers discovered 
RhCl(PPh3)3 as the catalyst for alkene hydrogenation, 
phosphorus ligands have received great attention.[3] Up today, 
thousands of various phosphorus ligands have been designed 
and developed and a few of them have proven to be very 

useful and have become indispensable tools in asymmetric 
hydrogenation and other related areas.[4] It is fair to say that the 
development of phosphorus ligands has promoted the progress 
of transition metal catalysis. Conversely, the number of well-
designed phosphorus ligands will continue to grow rapidly and 
more efficient catalytic processes are expected to be discovered 
in the future.
	 Ligands dictate the electronic and steric properties of the 
transition metal catalyst. As a result, they have often played 
significant role for the reactivity and selectivity of the catalytic 
reaction. An excellent catalyst often features a well-defined 
and predictable conformation, which requires its ligating 
ligands to possess an unambiguous, fixed, and rigid structural 
conformation. Therefore, the rational design and development of 
a ligand with a stable configuration and a rigid structure is often 
a very effective way for the development of efficient catalytic 
reaction. 
	 Our research group has embarked a program on exploring 
efficient and practical catalytic reactions by inventing 
novel and highly-efficient phosphorus ligands in recent 
years. We designed and developed a series of phosphorus 
ligands based on a benzoheterophosphole as the backbone 
structure[5] with the following features: 1) The 5-membered 
bisdihydrobenzooxaphosphole ring system makes such ligands 
conformationally rigid, which help predict the conformation of 
its metal complex in a real reaction; 2) The physical properties 
of such ligands were improved as air-stable solid by the 
introduction of the benzene ring, leading to great operational 
convenience; 3) Ease of changing the substituents on various 
locations of such structure allows systematic variation of its 
steric and electronic properties; 4) The capability of introducing 
P-chirality in its structure allows such ligands applicable for 
asymmetric catalysis.
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	 Thus, we have developed four categories of ligands for 
various purposes (Scheme 1): 1) bulky biaryl monophosphorus 
ligands that have enabled sterically hindered aryl-aryl cross-
couplings; 2) monophosphorus ligands with 2nd coordination 
that have provided greater functional group tolerance or enabled 
sterically hindered aryl-isopropyl cross-couplings; 3) P-chiral 
monophosphorus ligands that have enabled efficient asymmetric 
aryl-aryl cross-couplings or asymmetric cyclizations; 4) 
P-chiral bisphosphorus ligands that are applied successfully 
in asymmetric hydrogenations and asymmetric additions of 
arylboronic reagents. In this article, we outline some of our 
recent progress in exploring the application of those novel 
phosphorus ligands in transition metal catalysis. 

2. Sterically Hindered Aryl-Aryl Suzuki-Miyaura 
Cross-Couplings

	 In the past several decades, transition-metal catalyzed 
cross-couplings have received significant attention.[6]  
Today, it has become one of most powerful method for 
constructing carbon-carbon bonds for the synthesis of various 
chemical compounds such as drugs, pesticides and materials. 
In particular, significant progresses have been achieved on 
Suzuki-Miyaura cross-couplings thanks to the stable and 
environmentally benign properties of organoboron reagents. 
The last twenty years have witnessed the even-broader substrate 

scope of Suzuki-Miyaura cross-couplings with excellent 
functional group compatibility at low catalyst loading (<0.1 
mol%). Despite the significant advances, there have been only 
few reports on sterically hindered Suzuki-Miyaura couplings 
between di-ortho-substituted aryl halides and di-ortho-
substituted arylboronic acids. Biaryl monophosphorus ligands 
such as S-Phos, X-Phos, and others developed from Buchwald’s 
group have shown good reactivity on some sterically hindered 
substrates.[7] However, the exact capabilities of steric tolerance 
and functional group compatibilities are unknown. It has 
been proven that a single electron-rich and steric bulky 
monophosphorus ligand is beneficial to palladium catalyzed 
cross-couplings.[8] Electron-rich phosphorus ligands increase 
the oxidation power of transition metals and hence facilitate 
reactions where the oxidative addition step is rate-limiting; 
while the steric hindrance of the monophosphorus ligand allows 
to form a single-ligand-coordinated palladium species, which 
is believed to be active for the transmetallation step as well as 
reductive elimination. On the basis of these principles, we have 
developed a conformationally rigid monophosphorus ligand BI-
DIME for steric hindered Suzuki-Miyaura coupling reactions. 
Structurally, BI-DIME eliminates any conformational ambiguity 
caused by rotation of the C–P bond as observed in Buchwald’s 
S-Phos system (Scheme 2). The sterically more hindered nature 
of BI-DIME has provided great advantages in Suzuki-Miyaura 
couplings of sterically hindered arylboronic acids.[9] 
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	 With BI-DIME as ligand, a series of ortho-disubstituted 
arylboronic acids were successfully coupled with ortho-
disubstituted aryl bromides to form corresponding tetra-
ortho-substituted biaryls in excellent yields under strong basic 
conditions (NaOtBu as base). Tetra-ortho-substituted biaryls 
bearing secondary alkyl ortho-substituents such as isopropyl 
groups were synthesized for the first time through cross-coupling 
reactions (Scheme 3). Substituents such as methyl, methoxy 
and phosphine oxide were well tolerable, heteroaryls such as 
pyrazole, quinolone and acridine were also compatible. At 2.5 
mol% Pd loading, a tetra-ortho-isopropyl substituted biaryl was 
also successfully formed for the first time in moderate yield by 
Suzuki-Miyaura coupling. Sterically hindered aryl chlorides 
could also be employed. The Pd-BI-DIME/NaOtBu system 
has significantly expanded the scope and utility of sterically 
hindered aryl-aryl cross-couplings. Mechanistic studies revealed 
that the NaOtBu might have accelerated the dissociation of the 
inactive Pd(II) dimer species to form the active Pd(II) monomer 
species during the reaction, which might have significantly 
improved the rate of the transmetallation step.
	 Construction of the functionalized tetra-ortho-substituted 
biaryls is very important for the synthesis of biaryl natural 
products and ligands.[10] Many of important functional groups 
such as aldehyde, ester, ketone and nitro are not tolerable to 
the strong basic conditions with NaOtBu as base. Furthermore, 
the protodeboronation of the functionalized arylboronic acids 

is greatly accelerated under strong basic conditions. Only a 
mild base such as K3PO4 can be employed for those substrates 
and BI-DIME was not effective. For this, a more reactive and 
functional group compatible phosphorus ligand was needed. 
In 2002, Buchwald reported a biaryl monophosphine ligand A 
bearing with a phenanthrene moiety, which provided excellent 
yields for a series of tetra-ortho-substituted biaryls with 
K3PO4 as the base.[11] Interestingly, a π coordination of the 
phenanthrene moiety with the palladium center was observed in 
its complex. Inspired by this work, we designed and synthesized 
a new ligand AntPhos with an anthryl group in its framework 
(Scheme 4).[12] Gratifyingly, various functionalized substrates 
were coupled efficiently by AntPhos as ligand with K3PO4 
as base. Functionalities such as aldehyde, ketone, phosphate, 
cyano, fluoro, and trifluoromethyl group were all well tolerated. 
This catalytic system provides an effective method for the 
synthesis of a series of sterically hindered, functionalized biaryls 
(Scheme 5).
	 The X-ray crystal structure of [Pd(0)((R)-AntPhos)2] 
revealed an interesting π-coordination between the Pd center and 
the anthracene ring at 1,2 positions (Scheme 6). We believe that 
this coordination may not only contribute to stabilize the [Pd(0)
((R)-AntPhos)] complex, but also help inhibit the dimerization 
of its Pd(II) complex and increase the stability of its monomeric 
palladium(II) complex, which well explains its good activity in 
functionalized sterically hindered cross-couplings.
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3. Sterically Hindered Aryl-Alkyl Suzuki-
Miyaura Cross-Couplings

	 The transition-metal catalyzed cross-couplings between aryl 
halides and alkylmetallic reagents have become an important 
method for the construction of substituted aryls.[13] In particular, 
aryl-alkyl Suzuki-Miyaura cross-couplings have received 
much attention thanks to the readily availability of aryl halides 
as well as the good stability of alkylboronic acids. However, 
few efficient catalytic systems were reported due to several 
challenging innate issues: a) the sp3-hybridized alkylboronic 
acids are much bulkier and slower for transmetallation in 
contrast to the sp2-hybridized arylboronic acids; b) the presence 
of β-hydrogen in alkylboronic acid allows the β-hydride 
elimination pathway, leading to the reduction of aryl halides and 
the formation of the regio-isomer during cross-coupling. These 
issues become more prominent in cross-couplings between 
sterically hindered aryl halides and secondary alkylboron 
reagents (Scheme 7). Biscoe and co-workers reported a highly 
selective aryl-isopropyl Suzuki-Miyaura coupling of non-
hindered substrates,[14] but isomerization and low yields 

were particularly observed in aryl-isopropyl Suzuki-Miyaura 
couplings of ortho-substituted aryl halides.[15] An efficient 
method leading to high yields and selectivities was yet to be 
developed for the Suzuki-Miyaura coupling between di-ortho-
substituted aryl halides and acyclic secondary alkylboronic 
acids. Such method would be highly desirable for late-stage 
introduction of alkyl groups to aromatic molecules.  
	 We envisioned that the introduction of a hemilabile 
coordination by installing a P=O group adjacent to a bulky 
phosphorus ligand would be beneficial to steric hindered aryl 
acyclic secondary alkyl coupling. Our proposal was: a) the 
hemilabile coordination can block an empty coordination site 
of the palladium center to help inhibit β-hydride elimination; 
b) the bulky conformation of the ligand could promote facile 
reductive elimination step. After intensive design and synthesis, 
we were pleased to develope two novel bulky P,P=O ligands L1 
and L2 on the basis of 2,3-dihydrobenzo[d]-[1,3]oxaphosphole 
framework (Scheme 8).[16] Both of them were easily prepared 
within 5 steps in gram scales.
	 With L1 as the ligand, a series of mono or di-ortho-
substituted aryl bromides were coupled with acyclic secondary 

Scheme 6.  X-ray structure of [Pd(0)((R)-AntPhos)2]
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alkylboronic acids in excellent yields and selectivities under 
1 mol% palladium loading (Scheme 9). Noteworthy was the 
excellent functional group compatibility, where methoxy, 

nitrile, cyano, ketone, amine and quinoline moieties were well 
tolerated. This method offered advantages over traditional 
Negishi and Kumada aryl alkyl cross-couplings.
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	 Since the isopropyl ortho-alkoxy di-ortho-substituted arene 
moieties exist in numerous bioactive natural products,[17] a 
highly efficient cross-coupling between ortho-alkoxy di-ortho-
substituted aryl halides and isopropylboronic acids is yet to be 
accomplished. Although ligand L1 provided only moderate 
yield and poor iPr/nPr selectivity, we were pleased to find the 
ligand L2 led to excellent yields and iPr/nPr selectivities for 
those challenging transformations. A series of isopropyl ortho-
alkoxy di-ortho-substituted arenes were efficiently synthesized 
in high yields and selectivities. Various functionalities such 
as aldehyde, ketone and ester were all tolerable (Scheme 10). 
This protocol was successfully employed in the late-stage 
modification of estrone at gram scale and applied in a new 
synthetic route toward gossypol by introduction of the isopropyl 
group by cross-coupling,[16] demonstrating the power of this 
methodology.

4. Asymmetric Suzuki-Miyaura Cross-Coupling

	 Chiral biaryl structures exist in numerous biological 
interesting natural products as well as serve as privileged 
frameworks for efficient ligands. As one of the most direct 
and effective method, the development of cross-couplings 
for construction those chiral biaryls have received much 
attention during the past several years.[18] Although much 
study on asymmetric cross-couplings including Kumada, 
Negishi, Suzuki-Miyaura have been reported in high yields 
and stereoselectivities,[19] most current methods focus on 
the development of unfunctionalized substrates with little 
synthetic interest. We sought to explore an efficient catalytic 
system that would be compatible to various functional groups 
and be applicable to the synthesis of chiral biaryl natural 
products. Our previous study has proven that the steric bulky 
and conformationally rigid monophosphorus ligands could 
promote the reactivity of sterically hindered aryl-aryl couplings. 
The presence of P-chirality in BI-DIME and related ligands 
encouraged us to investigate asymmetric Suzuki-Miyaura cross-
coupling with these chiral ligands. There remains a significant 
challenge to achieve high enantioselectivity for cross-coupling 
with a chiral monophosphorus ligand. Unlike bidentate 
phosphorus ligands, chiral monophosphorus ligands allow more 
space at the palladium center, resulting in a less-defined Pd 
structure and more difficulty in enantiocontrol (Scheme 11a). To 
provide a solution to this problem, we designed a new catalytic 
mode by introducing a secondary interaction between the two 
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aryl coupling partners in combination with the employment of 
a well-defined chiral monophosphorus ligand (Scheme 11b).[20] 
The choice of an auxiliary should follow the two principles: 1) 
The auxiliary can be easily introduced and transformed; 2) The 
auxiliaries should have the capabilities to offer a noncovalent 
interaction to the other aryl group such as π-π, polar-π, 
hydrogen bonding, and cation-π interactions. 
	 Following this strategy, we first investigated the synthesis 
of ortho-carbonyl substituted biaryls by Suzuki-Miyaura 
cross-coupling. Gratifyingly, excellent enantioselectivity was 
achieved when 2-benzoxazolinonyl imide group was employed 
with L3 as the ligand. Functional groups such as methoxy and 
dimethylamino groups were well tolerated. Heteroaryl substrates 
with strong coordinating abilities such as benzothiazole were 
also applicable, providing excellent yield and good ee value 
(Scheme 12). It is noteworthy that the biaryl products were 
easily derivatized to form acids and alcohols by hydrolysis 
or reduction, respectively.[21] DFT calculations revealed the 
existence of a π-π interaction between the oxazolidinonyl group 
and the naphthyl group from the boronic acid. This secondary 
interaction played a significant role in achieving the high 
enantioselectivity. 
	 Since numerous biaryl natural products contain ortho-
hydroxyl/methoxy substituents, efficient construction of ortho-
oxygen functionalized biaryls by asymmetric Suzuki-Miyaura 

couplings is highly desirable and yet to be developed. In 
contrast to ortho-carbonyl groups, the ortho-oxygen functional 
groups are more flexible and much more difficult to offer a 
reliable noncovalent interaction for high enantioselectivity. 
Fortunately, we found that OBOP (BOP = bis(2-oxo-3-
oxazolidinyl)phosphinyl) group could provide excellent 
reactivity and enantieselectivity when L4 was employed as 
ligand. It was noteworthy that the ortho-aldehyde substituted 
substrates were well-tolerable providing high yields and ee 
values, and ortho-phosphonate functional biaryls could also be 
synthesized efficiently (Scheme 13), indicating the compatibility 
of this cross-coupling with various functional groups.[22] Using 
this efficient methodology, we successfully finished the total 
synthesis of biaryl natural products korupensamine A & B, 
and their heterodimer michellamine B for the first time in a 
concise and highly stereoselective fashion. This work further 
demonstrated the practical utility in total synthesis of natural 
products. 
	 Recently, we reported an asymmetric Suzuki-Miyaura 
coupling of ortho-bromo aryl triflates with various arylboronic 
acids with L3 as the ligand, affording a series of chiral biaryl 
triflates in high yields and up to 91% ee. The aryl triflates were 
easily transformed to various chiral biaryl products via simple 
derivatizations.[23]

B(OH)2

+
Ar OR

Br

O

Ar

R

OHC

OBOP

OHC

P(O)(OEt)2OHC OBOP
OBOP

OMe OBn

OBOP

Yield: 95%
ee: 93%

P

O

tBu
OMeMeO

iPr

Yield: 96%
ee: 99%

Yield: 95%
ee: 90%

Yield: 98%
ee: 91%

Yield: 95%
ee: 95%

L4

K3PO4, toluene/H2O, 35 oC

Pd(OAc)2 (1 mol%) / L4 (1.2 mol%)

Scheme 13.  Substrate scope of asymmetric cross-couplings with OBOP substituents

B(OH)2

+

Br

N

O

O
O K3PO4, THF, rt N

O

O
O

O

N

O
O

NMe2

O

N

O

OMe

O

N

O
O O

O

N

O
O

S

Yield : 95%
ee: 96%

Yield : 94%
ee: 94%

Yield : 95%
ee: 96%

Yield : 95%
ee: 82%

Pd(OAc)2 (5 mol%),
      L3 (6 mol%)

P

O

tBu
MeO OMe

L3

Scheme 12.  Substrate scope of asymmetric cross-couplings with ortho-carbonylbenzooxazolidinone substituents



No.170

9

5. Efficient Cyclizations Promoted by Chiral 
Monophosphorus Ligands

	 Chiral tetrahydrofuran/tetrahydropyran moieties exist in 
a broad range of bioactive natural products.[24] As one of most 
convenient and powerful methodology for constructing those 
chiral structures, the transition metal catalyzed intramolecular 
cyclization of alkynals/alkyones has received great interests.[25] 
Recent years have witnessed the ever expanding scope of such 
cyclizations along with the employment of various transition-
metal catalysts including Ni, Pd, Rh, Ru and Ir catalytic systems. 
Among those metals, the application of cost-effective Ni in 
reductive cyclization is particularly attractive.[26] Although a 
number of Ni-catalyzed cyclizations of alkynals/alkynones with 
high reactivities are developed, no efficient enantioselective 
reductive/alkylative cyclization of alkynones has been reported. 
Encouraged by early work from Jamison’s group,[27] we 
envisioned that P-chiral monophosphorus ligands developed 
in our laboratory could be applicable for enantioselective Ni-

catalyzed cyclizations. With these easily prepared alkynones 
as substrates, we were pleased that the reductive cyclizations 
proceeded smoothly with chiral monophosphorus ligand (S)-
BI-DIME or (S)-AntPhos as the ligand, providing cyclic 
allylic alcohols in excellent yields and ee values.[28] A series 
of aromatic and aliphatic alkynes were all suitable for this 
system. Aromatic ketones with various substituents such as 
methyl, methoxy and trifluoromethyl were compatible with the 
reaction conditions. In addition, various aliphatic ketones were 
also converted efficiently to chiral 2-alkyl furanols. Besides the 
chiral tetrahydrofuran products, a chiral tetrahydropyran product 
was also synthesized in high yield and 94% ee (Scheme 14).
	 This asymmetric cyclization was applied in the efficient 
synthesis of the lignan dehydroxycubebin as well as the facile 
construction of chiral dibenzocyclooctadiene skeletons,[28] 
which demonstrated its utility in natural product syntheses.
	 Tricyclic skeletons bearing all-carbon quaternary centers 
exist in numerous biological interesting natural products, such 
as complex terpenes and steroids (Scheme 15).[29] Although 
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various methods were successfully applied in synthesis of 
those compounds, there remains great demand for developing 
more powerful and efficient strategies in the construction 
of such chiral skeletons. We believed that the asymmetric 
intramolecular dearomative cyclization can offer good synthetic 
efficiency owing to the availability of aryl systems as well as 
the convenience in the derivatization of the cyclized products 
(Scheme 16).[30] 
	 According to this design, we screened a series of chiral 
monophosphorus ligands developed in our group. Interestingly, 
high yield and excellent enantioselectivity was obtained when 

a new ligand L5 bearing a 2,5-diphenylpyrrole moiety was 
employed and [Pd(cinnamyl)Cl]2 as the catalyst precursor.[31] 
A series of tricyclic phenanthrenone derivatives bearing an all-
carbon quaternary center were efficiently synthesized with this 
protocol. Various functional groups such as fluoro, chloro, and 
methoxy substituents were well tolerated. Quinone and furan 
heteroaryls were also compatible with the catalytic conditions 
(Scheme 17). 
 	 The cyclization was applied to the construction of the 
skeleton of the anabolic steroid boldenone (Scheme 18).  
Thus, chiral ketal 1 was reacted with bromide 2 in the presence 

[Pd(cinnamyl)Cl]2 
(1 mol%)
L5 (2 mol%)

K2CO3, 90 oC
      Dioxane

HO

R Br
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O
Ar

R

O

86% yield
91% ee

74% yield
90% ee
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91% ee
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91% ee
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93% ee

35% yield
96% ee

60% yield
99% ee

54% yield
92% ee

O
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O
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O
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O O

O
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O
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Ph Ph
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O

O
O

+
BnO

Br NaH, DMSO

80% brsm

O
O

BnO

O

1 2 3

1) Tf2O

2) BBr3
  70%

O
O
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TfO
[Pd(cinnamyl)Cl]2 
        (R)-L5
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O

4
90% yield
> 99:1 d.r. 5

O
O

[Pd(cinnamyl)Cl]2 
(0.5 mol%)

L5 (2 mol%)

98 % yield
92 % ee

79 %
Me

Br

OMe

Me

OH
Me

O

OMe

Me

Rh(PPh3)Cl

K2CO3, toluene

6 7

Me

O

OMe

Me

8 (kaurene intermediate)

H2

Scheme 17.  Substrates scope of asymmetric dearomative cyclizations

Scheme 18.  Efficient synthesis of boldenone skeleton 5

Scheme 19.  Efficient synthesis of kaurene intermediate 8
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of NaH to form 3 in an unoptimized yield of 80% based on 
recovered starting material. Then, conversion of 3 into the 
cyclized precursor vinyl triflate 4 by two steps. Cyclization of 
triflate 4 by our protocol provides boldenone skeleton 5 in 90% 
yield and a diastereomeric ratio of > 99:1. This strategy was also 
applied in the synthesis of enone 8, a key chiral intermediate[32] 
for the synthesis of kaurene, abietic acid, and a bruceantin 
analogue. Up to 98% yield and 92% ee value of tricyclic product 
was obtained by the key dearomative cyclization (Scheme 
19). At the same time, we also finished the total synthesis of 
(-)-totaradiol by the employment of this efficient strategy.[31] 

 

6. Asymmetric Hydrogenation

	 Although tremendous progress has been achieved in 
asymmetric hydrogenation, there remains numerous unsolved 
problems that call for developing new and efficient catalytic 
systems. P-chiral phosphorus ligands has demonstrated several 
advantages owing to its innate features,[3a] and a number of well-
known, efficient ligands and catalysts were developed in recent 
years.[33] However, many of these are inconvenient to operate 
as oily or air-sensitive ligands. From the practical point of view, 
and in order to meet the increasing demand of green chemistry, 
highly efficient and operationally convenient phosphorus 
ligands are needed to be developed. Our group designed a novel 
skeleton with benzooxaphosphole as backbone in 2010, and 
then synthesized a series of C2-symmetric P-chiral phosphorus 
ligands BIBOP and MeO-BIBOP (Scheme 20). Both of them 
are air-stable, crystalline solid that has been provide a great deal 

Ar NHCOR
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CH2Cl2, H2 (100 psi), 12 h, 0 oC Ar NHCOR

NHCOR
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OMe OMe
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           (0.5 mol%)
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Scheme 20.  Asymmetric hydrogenation by BIBOP and MeOBIBOP

Scheme 21.  Substrate scope of asymmetric hydrogenation by WingPhos
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of operational convenience. With BIBOP as ligand, various 
α-arylenamides and α-(acylamino)acrylic acid derivatives can 
be hydrogenated in excellent yields and enantioselectivities 
with Rh(nbd)2BF4 as the metal precursor.[5] To our delight, 
MeO-BIBOP has provided 200,000 TON in rhodium-catalyzed 
asymmetric hydrogenation of N-[1-(4-bromophenyl)vinyl]-
acetamide, which has been considered as the most efficient 
processes in rhodium-catalyzed asymmetric hydrogenation of 
α-arylenamides up to date. 
	 We further modified the BIBOP by introducing anthracenyl 
groups and thus synthesized the new ligand WingPhos. In 
contrast to the traditional bisphosphorus ligands, WingPhos 
contains anthracenyl groups that protrude directly forward 
to the substrate coordination and provide a well-defined and 
deep chiral pocket, which could enable efficient asymmetric 
hydrogenation for some challenging substrates. Since chiral 
β-arylamines exist in numerous biologically interesting 
natural products and therapeutic agents,[34] we embarked a 
program on searching for efficient phosphorus ligands to 
synthesize chiral β-arylamines by asymmetric hydrogenation. 
Gratifyingly, we found WingPhos was an efficient ligand for 
asymmetric hydrogenation of both (E)-β-arylenamides and 
cyclic β-arylenamides. A series of chiral β-arylisopropylamines, 
2-aminotetralines, and 3-aminochromans were easily accessed 
by using this method (Scheme 21). Hydrogenation of (E)-N-[1-
(3,4-dimethoxyphenyl]-prop-1-en-2-yl)acetamide as substrate 
showed that the highest TON could be reached up to 10,000 
without erosion of the ee value, thus demonstrating the high 
efficiency and reactivity of WingPhos for this transformation.[35]

	 By using this method, several key chiral intermediates for 
therapeutic agents such as the α-blocker tamsulosin and α1-
adrenoceptor antagonist silodosin, can be efficiently synthesized 
by asymmetric hydrogenation (Scheme 22). 

7. Enantioselective Addition of Arylboron 
Reagents to Arylketones

	 Chiral tertiary carbinol moieties bearing diaryl and 
alkyl groups exist in a number of therapeutic agents and 
natural products,[36] such as the antidepressant escitalopram, 
antihistamine clemastine, and cough suppressant chlophedianol. 
The efficient synthesis of these chiral tertiary alcohols have 
received significant attention. The asymmetric addition of 
nontoxic, stable and operationally convenient aryl boron 
reagents to simple aryl ketones is highly attractive yet remains 
challenging. In 2013, we described a highly enantioselective 
Rh-catalyzed addition of trifluromethyl ketones by arylboronic 
acids[37] by using L6 as ligand. A series of chiral tertiary 
trifluoromethyl alcohols were synthesized in good to excellent 
yields and excellent ee values (Scheme 23). 
	 Low yield (25%) was observed for the addition of 
4-methoxyphenylboronic acid to acetophenone when L6 
was employed as ligand, albeit with an excellent ee (96%). 
This promising result encouraged us to search for more 
efficient catalytic system. After intensive optimization of 
the reaction conditions, we were pleased that an excellent 
yield and enantioselectivity were obtained in the addition of 
phenylboroxine to acetophenone with WingPhos as Ligand. 
The employment of magnesium bromide as additive is very 
important to enhance the yield presumably by activating the 
ketone substrate. With this new protocol, a range of chiral 
tertiary carbinols were synthesized in excellent ee values and 
yields.[38] Functional groups such as halide, nitro, ester, and 
sulfone were well tolerated. Notably, the ortho-substituted aryl 
ketones were also compatible and provided tertiary alcohols 
with excellent enantioselectivities, albeit with diminished yields. 
In addition, the Rh/WingPhos system could also be employed in 
enantioselective addition to benzofused five-membered cyclic 
ketones, providing cyclic tertiary alcohols in excellent ee values 
(Scheme 24). 
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Scheme 22.  The application in the synthesis of key intermediates for therapeutic agents
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	 This catalytic methodology was successfully applied in 
enantioselective synthesis of antidepressant drug escitalopram 
(Scheme 25) .  4-Fluorophenylboroxine was added to 
4-chloro-1-(2,4-dichlorophenyl)butan-1-one (9) with the 
Rh/(R,R,R,R)-WingPhos catalyst, providing the desired 
tertiary alcohol 10 on gram scale with 70% yield and >99% 
ee value. Introduction of dimethylamine by displacement 

of the chloride in 10 and subsequent palladium-catalyzed 
dicyanation-lactonization afforded the lactone 11 in 73% 
overall yield. After reduction of lactone 11 and subsequent 
cyclization, providing escitalopram in 61% overall yield and 
with greater than 98% ee. Thus, a new highly enantioselective 
synthesis of escitalopram was successfully developed with this  
methodology.[38]
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Scheme 24.  Substrate scope of asymmetric addition of arylboroxines to aryl ketones

Scheme 25.  Synthesis of escitalopram

Scheme 23.  Highly enantioselective addition of arylboronic acids to aryl trifluoromethyl ketones
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8. Summary

	 In this article, we outlined our recent efforts in the 
development of novel phosphorus ligands and its applications 
in efficient transition metal catalyzed reactions. In particular, 
we developed four categories of new phosphorus ligands on 
the basis of a benzooxaphosphole backbone. All of those novel 
ligands are air-stable and operationally convenient solids. 
In search of highly efficienct and practical catalyst, we have 
developed the bulky biaryl monophosphorus ligands BI-DIME 
and AntPhos that have enabled sterically hindered aryl-aryl 
cross-couplings; two P,P=O.
	 Ligands have been successfully applied in sterically 
hindered aryl-isopropyl cross-couplings; several P-chiral 
monophosphorus ligands have been synthesized and employed 
successfully in efficient asymmetric aryl-aryl cross-couplings 
or cyclizations; several P-chiral bisphosphorus ligands are 
applied in highly enantioselective asymmetric hydrogenation 
as well as asymmetric addition of arylboron reagents. The high 
reactivity, chemoselectivity, and enantioselectivity achieved 
in these catalytic systems allow practical applications in 
construction of therapeutic agents and natural products. Despite 
those progresses, the current applications remains very limited 
with respect to the increasing demand of numerous catalytic 
reactions. We are convinced that the development of novel 
phosphorus ligands will continue to be an important method for 
discovering efficient and practical catalytic reactions and the 
future is bright down this path.
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