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Abstract: We have developed four categories of air-stable and operationally convenient phosphorus ligands
on the basis of a benzooxaphosphole backbone. The bulky biaryl monophosphorus ligands BI-DIME and
AntPhos are efficient for sterically hindered aryl-aryl cross-couplings; two new P,P=0 ligands are developed and
applicable for sterically hindered aryl-isopropyl cross-couplings; several P-chiral monophosphorus ligands are
highly efficient for asymmetric aryl-aryl cross-couplings and various chiral cyclizations; a structurally unique
P-chiral bisphosphorus ligand WingPhos is versatile for asymmetric hydrogenation as well as asymmetric
addition of arylboron reagents to aryl ketones. The high reactivity, chemoselectivity, as well as enantioselectivity
achieved with these phosphorus ligands have allowed practical applications in construction of various therapeutic

agents and natural products.

Keywords: P-chiral phosphorus ligand, cross-coupling, reductive cyclization, dearomative cyclization, natural

products

ﬂ 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.l'! 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-couplingsm 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 RhCI1(PPh;);
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as the catalyst for alkene hydrogenation, phosphorus ligands have received great attention.””! 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.! 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!®!

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

P

3. P-chiral monophosphines

such ligands applicable for asymmetric catalysis.

A0,
>
NP
Bu
RO OR ‘\

1. bulky biaryl monophosphorus ligands

\“L

P H P
IButBu

2. monophosphorus ligands with 2nd coordination 4. P-chiral bisphosphorus ligand

Scheme 1. Four categories of ligands developed in our Lab

Thus, we have developed four categories of ligands for various purposes (Scheme 1): 1) bulkyl 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.
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_@ Sterically Hindered Aryl-Aryl Suzuki-Miyaura Cross-Couplings

In the past several decades, transition-metal catalyzed cross-couplings have received significant attention.[

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.!”! 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.[g] 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.'”!

two coordination modes of S-Phos with Pd a single coordination mode of BI-DIME with Pd

ol o sl

MeOQ ) OMe

O b and MeO, Me/% MeO, OMe\Pd

sterically more hindered sterically less hindered sterically hindered

Scheme 2. Comparison of SPhos and BI-DIME

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 (NaOfBu 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/NaO¢Bu system has significantly expanded the scope
and utility of sterically hindered aryl-aryl cross-couplings. Mechanistic studies revealed that the NaO7Bu might
have accelerated the dissociation of the inactive Pd(II) dimer species to form the active Pd(Il) monomer species

during the reaction, which might have significantly improved the rate of the transmetallation step.
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Construction of the functionalized tetra-ortho-substituted biaryls is very important for the synthesis of biaryl
natural products and ligands.[m] Many of important functional groups such as aldehyde, ester, ketone and nitro
are not tolerable to the strong basic conditions with NaO7Bu 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 K3POy as the base.!'! Interestingly, a 7t 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).

R A" R R
0 N 0
X+ (HO)B gu  PA(OAC), (1 mol%) / BI-DIME (2 mol%) O O -
NaO1Bu, toluene, 110 °C, 12 h
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Scheme 3. Substrates scope of sterically hindered Suzuki-Miyaura Coupling with BI-DIME as ligand
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Scheme 4. Design of AntPhos
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Scheme 5. Substrates scope of functionalized sterically-hindered cross-coupling by AntPhos as ligand

The X-ray crystal structure of [Pd(0)((R)-AntPhos),] revealed an interesting n-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(I) complex, which well explains its good activity

in functionalized sterically hindered cross-couplings.

Scheme 6. X-ray structure of [Pd(0)((R)-AntPhos),]

E 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.["* 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
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innate issues: a) the sp3-hybridized alkylboronic acids are much bulkier and slower for transmetallation in
contrast to the sp>-hybridized arylboronic acids; b) the presence of B-hydrogen in alkylboronic acid allows the
B-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,'* but isomerization and low yields were
particularly observed in aryl-isopropyl Suzuki-Miyaura couplings of ortho-substituted aryl halides.!"> 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.

R R

R LR T mew RO
1 1 | :
B(W

R B(OH)3 reduction and isomerization side products

Scheme 7. Reduction and isomerization in Suzuki-Miyaura cross-couplings

We envisioned that the introduction of a hemilabile coordination by installing a P=0 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 B-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 L.1 and
L2 on the basis of 2,3-dihydrobenzo[d]-[1,3]oxaphosphole framework (Scheme 8).[181 Both of them were easily

prepared within 5 steps in gram scales.

N ' ' '
TR ! S o @ mu
! i : ! ! “PZ
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,,,,,,,,,,,,,,,,, ' N ' N
pd ' R Bu ; Bu
Ar iPr : | R
o sterically bulky P,P=0 ligand 77 L1:R =MeO
« a hemilabile P=0 coordinati L2: R = NMe,

Scheme 8. The design of steric bulky P,P=0 ligand
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With L1 as the ligand, a series of mono or di-ortho-substituted aryl bromides were coupled with acyclic
secondary 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.

R R
Pd(cinnamyl)Cl], (0.5 mol%) / L1 (2 mol%
B . (HO)2BA< [Pd( yI)Cll ( ) /L ( )
K3PO4*H,0, toluene, 100 °C, 6 h
R R
*{i g—< MeO%( ig—{ Q—( NC < g <
NO, Ny
Yield : 92% Yield : 93% Yield : 91% Yield : 97% Yield : 96%
iPr/nPr: 23:1 iPr/nPr: 23:1 iPr/nPr: 10:1 iPr/nPr: 32:1 iPr/nPr: 24:1
VA

o]
w0 v
" 5
2 /O Ph

Yield : 96% Yield : 94% Yield : 88% Yield : 97% Yield : 94%
iPr/nPr:48:1 iPr/nPr: 94:1 iPr/nPr: 22:1 Pr/nPr: 97:1 iPr/nPr: 94:1

Scheme 9. Substrate scope of sterically hindered aryl secondary alkyl cross-coupling

Since the isopropyl ortho-alkoxy di-ortho-substituted arene moieties exist in numerous bioactive natural

products,[”]

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,!'® demonstrating the power of this methodology.

R R

QBr . H O)ZB{ [Pd(cinnamyl)Cl], (0.5 mol%) / L2 (2 mol%) \*/

K3PO4*H0, toluene, 100 °C, 6 h

R' R
O
7 N\ OMe OMe 7N
° ()
OHC
v
OMe OMe OMe oBn
OMe
Yield : 94% Yield : 95% Yield : 99% Yield : 92% Yield : 90%
iPr/nPr: 31:1 iPr/nPr:19:1 iPr/nPr: 99:1 iPr/nPr: 12:1 iPr/nPr: 18:1

Scheme 10. Substrate scope of sterically hindered aryl secondary alkyl cross-coupling
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_Q 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.['¥! Although much study on asymmetric cross-couplings including Kumada, Negishi, Suzuki-Miyaura

have been reported in high yields and stereoselectivities,!'”!

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 aryl coupling partners in combination with the employment of a well-defined chiral
monophosphorus ligand (Scheme 11b).2% 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 nt-n, polar-r, hydrogen bonding, and cation-= interactions.

a: chiral bidentate ligand: chiral monophosphorus ligand:
/ ‘ more-defined p*----Pd— Ar! less-defined
P*----Pd— Ar! structure structure
‘ low reactivity high reactivity
Ar?
Ar?

b: Our design catalytic mode: the 2nd interaction in combination with
bulky chiral monophosphorus ligand

P*----Pd Arl more-defined structure
‘ high reactivity

Ar2 2nd interaction

Scheme 11. New catalytic mode for highly reactive and enantioselective Suzuki-Miyaura cross-couplings

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, respectivelyA[ZI] DFT calculations
revealed the existence of a m-w 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.
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Pd(OAC), (5 mol%),
¥ / ©)L L3 (6 mol%)
P TKePOLTHE I

B(OH),

NMeg

Yield : 95% Yield : 95% Yield : 94% Yield : 95%
ee: 96% ee: 96% ee: 94% ee. 82%

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

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-ox0-3-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.m] 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.
Br Ar ‘ O iPr
Al . s OR Pd(OAG), (1 mol%) / L4 (1.2 mol%) Z :
P ‘
B(OH), :*ixv/ K3PO4, toluene/H,0, 35 °C Irf’ : O
N \
* w L4
OMe OBn
SO oS WS NG S RN
oBOP 0BOP OBOP OHC OBOP O / | P(O)(OEY),
Cor <
Yield: 95% Yield: 96% Yield: 95% Yield: 98% Yield: 95%
ee: 93% ee: 99% ee: 90% ee:91% ee: 95%
Scheme 13. Substrate scope of asymmetric cross-couplings with OBOP substituents

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.!**!



TCISA=Jb

2016.7 No.170

_@ Efficient Cyclizations Promoted by Chiral Monophosphorus Ligands

Chiral tetrahydrofuran/tetrahydropyran moieties exist in a broad range of bioactive natural products.**

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.!”! 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.”®) Although a number of Ni-catalyzed cyclizations
of alkynals/alkynones with high reactivities are developed, no efficient enantioselective reductive/alkylative

271 we envisioned

cyclization of alkynones has been reported. Encouraged by early work from Jamison’s group,
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.*®! 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).

1 (0]
— [Ni(cod)z] (5 mol%) R '
o R or (S)-BI-DIME ' p>
Mn—lrn' AntPhos (5 mol%) Z H ; M8y
0 EtsSiH, dioxane, 20 h Oy A 0SiEt; |
R, R' = aryl, alkyl nR '
n=1-2 1
! (S)-AntPhos
MeO FsC
~
| Ph
& Et
ZH
A~ P e O L.on
(0] H 2 .
OH o g H OH
Ph -1OH -1OH Ph
Ph Ph
96% ee 99% ee 98% ee 95% ee 98% ee
97% yield 97% yield 90% yield 93% yield 94% yield
Ph Me Ph Ph
~7"H Z>H ZH e Z>H
O o O o O._4"OH SN o
iPr iPr Ph Ph
98% ee 98% ee 96% ee 93% yield 97% yield
94% yield 97% yield 97% yield 94% ee 99% ee
Scheme 14. Substrate scope of asymmetric reductive cyclization of alkynones

This asymmetric cyclization was applied in the efficient synthesis of the lignan dehydroxycubebin as well

as the facile construction of chiral dibenzocyclooctadiene skeletons,?®!

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 various methods were successfully
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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]

Kaurene Boldenone Triptoquinone B (-)-Totaradiol

Scheme 15. Terpenes and steroids bearing all-carbon quaternary centers

Scheme 16. Novel asymmetric dearomative cyclization

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], as the catalyst precursor.*!] 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).

[Pd(cinnamyl)Cl]o
(1 mol%)

O RBr @ L5 (2 mol%)
HO K2COg, 90 °C

Dioxane

86% yield 74% yield 74% yield 54% yield
91% ee 90% ee 93% ee 92% ee

U0
(0]
88% yield 96% yield 35% yield 60% yield
91% ee 91% ee 96% ee 99% ee

Scheme 17. Substrates scope of asymmetric dearomative cyclizations
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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 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
intermediatel*”! 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.[3 R

d
o
@Q& NaH, DMSO o=l _ 1) THO
80% brsm 2) BBr3
BnO 70%
3
,
o
o)
[Pd(cinnamyl)Cl], Q
TfO _ (ALs
K>COg, toluene “
90% yield o
>99:1d.r. 5

Scheme 18. Efficient synthesis of boldenone skeleton 5

g Me [Pd(cinnamyl)Cl], e
(0.5 mol%) PP“B Me
OH _ L5 (2mol%) _ mol%
Me K2COg, toluene 79 %
98 % yield

OMe 92 % ee
6 8 (kaurene intermediate)

Scheme 19. Efficient synthesis of kaurene intermediate 8

_@ 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,®

and a number of well-known, efficient ligands
and catalysts were developed in recent years.[**! 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 C,-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 of operational convenience. With BIBOP as ligand,
various o-arylenamides and o-(acylamino)acrylic acid derivatives can be hydrogenated in excellent yields
and enantioselectivities with Rh(nbd),BF, as the metal precursor.[5 1 To our delight, MeO-BIBOP has provided

200,000 TON in rhodium-catalyzed asymmetric hydrogenation of N-[1-(4-bromophenyl)vinyl]acetamide,




TCI>A=Jb

—  2016.7 No.170

which has been considered as the most efficient processes in rhodium-catalyzed asymmetric hydrogenation of
a-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 B-arylamines
exist in numerous biologically interesting natural products and therapeutic agents,m] we embarked a program
on searching for efficient phosphorus ligands to synthesize chiral -arylamines by asymmetric hydrogenation.
Gratifyingly, we found WingPhos was an efficient ligand for asymmetric hydrogenation of both (£)-B-
arylenamides and cyclic B-arylenamides. A series of chiral B-arylisopropylamines, 2-aminotetralines, and
3-aminochromans were easily accessed by using this method (Scheme 21). Hydrogenation of (£)-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.>!
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Scheme 20. Asymmetric hydrogenation by BIBOP and MeOBIBOP
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Scheme 21. Substrate scope of asymmetric hydrogenation by WingPhos
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By using this method, several key chiral intermediates for therapeutic agents such as the a-blocker

tamsulosin and o;-adrenoceptor antagonist silodosin, can be efficiently synthesized by asymmetric hydrogenation
(Scheme 22).
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Scheme 22. The application in the synthesis of key intermediates for therapeutic agents

_a 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®” 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).
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Scheme 23. Highly enantioselective addition of arylboronic acids to aryl trifluoromethyl ketones

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
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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.[3 81 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 24. Substrate scope of asymmetric addition of arylboroxines to aryl ketones

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 25. Synthesis of escitalopram

_@ 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=0.

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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ZAbo—pFlicEFoid 5,

IDZODZN

By EELd 2605 Tw5E) YOREEZEEREODEDT, HY ¥ % 12,000 [JE T TMET 52
ETCHEBT A, ) UVBETFDROMANSH AEED Y — NP AEL 2L DT, RETTELT T
774 Mg S VWR B,

HIEE AT PN T BT 5720, 75774 b Hho—BETEZHAN LIS Z & TH
DTV E Rz, AL L) IE, BY UHo—BRTE2HIINE, 20— alEsH-7-WE
PELNZDOTIELZWVD? NP D. Ye biIckoTER LD, 20144EDZ L7 (ACS Nano
2014, 8, 4033.),

T+ AT+ Ly EZMNTOENTZD2RTEMENE, 7T 72V E B> THT-o s L & b,
F72, V972 PBEEBEATHLIOICKHL, 7+ A7+ L dELAE LTELED . oY
BT CICREREHZEDTEY, RIBOFRILOF I HEIZT TIZ 800 2B TWw5b, %zt ¥ 5
SENTET TN ADHLE T AR 2O THB Y, LTSS h a0 0 & 272,
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t
T+ X7+ L DiEE (Wikipedia & V)

TAFEY ¥, BLARWVWIODOTHRICH, TNLETFHILRFEAPHRNT WS, LFOF REME
DIEE %, WHTEVHS NS b

HEEBT

ki fZKBEB (Kentaro Sato)

[CHEE] 1970 F££FN, RPRHS. RRIFAZFAERICTERKSHZER, RESHICTRFERRICRET 3ES,
R—LR—Y [FbZFEMeE] (http://www.org-chem.org/yuuki/yuuki.html, 'O &'k [&_http://blog.livedoor.jp/
route408/) ZfR, LRI DEREFREL CEl. RRAZAZREZRAREFEDZ (LB Z& T, RER
YAIVRSA - LTEERF. BEIC [BRIEZEMEANKRDTZ] GBffistmtt), [EEmISAVR] GREgt), T8
OURZ#R] OR] (xd), [RERXER] Grstt), MUREZEZE] GED) &,

[CHM] A=
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RID “ h—=KVF/UVT”: [612o0I\5T7x =L ([SICPP)
C2931 [5]Cycloparaphenylene (= [5]CPP) (1) 20mg 39,000 4 100mg 118,000 [

[5]CPP (1)

017 7x=ZL> (CPP) WNCECRENTMTRRICOE S EEMT, H—K>F/
Do dEBFENET, COEEIH—K>F/F2—7 (CNT) OBR/IMERBEAICHEY L, ERB
tZ2D0AHLESTHAREL EOAMBEL»SBIFEEINATVWET, EE, FRASIEZOCPP & TF
PTL—bhEL, REBKEDETTWKZET, W—LEREEOCNT 2R MNLT v TERT
32 EERHELELAEY) BEDYA XDCPPA 75 —L2aBT52EbMEINTEHY,
R MR FMBELTHEEENRTVET 2,

BETHE, SWAKZILERAEFE SENEVWH S ZTDCPPHFEREINTVET, IWF3 5L
Jasti® 5D FI—TE, ThETEREINEZCPP DR THRH/NELEBY 1 X&##FHD[SICPP (1) ®
BRFEEZINTZARBICBEL TVET 15727 L—bETBHIET, BRIDERERTS
CNT 2R MLT v TERTED LB INET, 113757 —L > (Cs) DHEAEET, POREL
B (0.7nm) B L THY, Cg BT 25 HOMO-LUMO X v v 7255 %7, /-, B
BBEADZVERMEERLET,

R noils

Q'Mtw i .'
N\

[5,5]CNT

Xk

1) Initiation of carbon nanotube growth by well-defined carbon nanorings
H. Omachi, T. Nakayama, E. Takahashi, Y. Segawa, K. ltami, Nat. Chem. 2013, 5, 572.

2) Size-selective encapsulation of Cg, by [10]cycloparaphenylene: Formation of the shortest fullerene-peapod
T. Iwamoto, Y. Watanabe, T. Sadahiro, T. Haino, S. Yamago, Angew. Chem. Int. Ed. 2011, 50, 8342.

3) Synthesis and characterization of [5]cycloparaphenylene
E. Kayahara, V. K. Patel, S. Yamago, J. Am. Chem. Soc. 2014, 136, 2284.

4) IFi%, FRER—, BEILKRFEAREHASE, 455 2014-009789.

5) Efficient room-temperature synthesis of a highly strained carbon nanohoop fragment of buckminsterfullerene
P.J. Evans, E. R. Darzi, R. Jasti, Nat. Chem. 2014, 6, 404.
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REBPEZFTBVNT Y MSIYFFT T VFHEER

D4617 anti-DMADT (purified by sublimation) (1) 100mg 19,500 A
D4618 syn-DMADT (purified by sublimation) (2) 100mg 19,500

anti-DMADT (1 syn-DMADT (2

NRBEUIIEN p BIAEREEERTTH, ZOFLHOMO LANICERT 3BIENDARTE
MO8, TINA RERBEFOMED/NZ DX PRNZTEMICHBE &) ET. ThiICHLT, &
WHOMO LXIVEBTBT7 L b 9F A7 BEBBIEICHLULTEIWERETHY, X2t R
DEN-pBFEFREFEMERLET L LENS, ZLDT7 L NI OFF T U EERFIEL, F4 T
CEROEEICE S syn-, anti-BEMEOREMTH B -0, T/N1 ZERFICZh ZhOEMEEI
BEICEZ DR ENTEAET L 7=

SAFIT LRSI FAT7 1 (DMADT) IF, BE-RHSICE > THEINAET NS I F
FT7 I FEERTHY), anti-fhE syn-REBE—RMAE L TZhZhERLTVET Y, 2hilk
V), DMADT I syn/anti Zh Zh OEPRESh TH ), ABEHEERP I XILX - LANIVISFENT
b, K—IBEEIL L) HFEDOSV anti-DMADT (1 = 0.41 cm?/Vs) #°, syn-DMADT (u = 0.084
cm2Vs) & H5EIEFEBNAEERLET, CORBRBTUNSSFF T 68ETNA R
ERICHWT, BE—EMReERATIEEMHERLTVET,

B TIIMEICEEFITBEELEVWERIL— FEBFEL, anti-DMADT (1) & syn-DMADT (2)
ThZhzafMERE L TERIELEL

Xk
1) M. Mamada, T. Minamiki, H. Katagiri, S. Tokito, Org. Lett. 2012, 14, 4062.

RiERm
P0030 Pentacene (purified by sublimation) 100mg 4,500 A 1924,700 A

D5086 DBTTT (purified by sublimation) (This product is only available in Japan.) 100mg 18,500 [
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RER Y7 /= bOXF LA

N1091 4-Nitro-5(2H)-isoxazolone Pyridinium Salt (1) 1g 10,600 3

ZhAF7EMZRUIL (NAN) &, RICEOEVWY 7/ EEZ bOREETEEEHIC, FRD
AFLUEPBVBEEERT D, Y7/ OXFILERIE L TERILENICERATY, Ly
LA S, NAN IFBRMEE TR 2P 5, BRIFERATEIREHAEI KOS TVET,

FEHSICLWBERINA4-Z FO52H)- 1V AXFH/OCEYDZTLE (1) &, 29FDE
IR ZEAI €52 & THRRRISPERPICETTL, NAN OEREMAE L TEBC 7/ 7=
FOBEERIE 2 ICFEE I N E TV, R L 21E, BN, BEEEHL TERBEANDBBREIZV
2EDD, BETMURVOBELS T/ Z FOXFIMEEIE L TEIHICH -3 ZEREHEEYOD
BRICERTY,

Bz, BESEA2EEZILT MoORIGTEOS WA TIVFIMAES IS, 7 o 2EHEE3
CET, ZMOEETIVEEBENMICE T2 BERMEEY DU FERI2BIENTEET I,
AVFFHITYLRAVUFTFH Y=, SeEROEYS Y, FIFUILEEDLBREMERED

AROBESNTVET 29,
NO,
; % 3
N N—O
7 N O CHZQ)I\
| o Pyrrolidine N= / CHs
\'\*l EEEEE—— N0 -
2eq. 7 1eq.
H 1 [e)
IN1091] 2
(e}
O.N
NG R'R2NH (1 eq.) N |
CH3 R2 S
NO MeCN, 120 °C, 24 h N N CHj
2 in a sealed tube !
R
3 4

51, 1 POFEWENB LT/ FYS M OMEBIE2 tHAL TEShBERNI, V7 /&
SPREEET B0, BASHEBEN B ENTFRETT,

XAk
1) Ring opening reaction of the pyridinium salt of 4-nitro-3-isoxazolin-5-one
N. Nishiwaki, Y. Takada, Y. Inoue, Y. Tohda, M. Ariga, J. Heterocycl. Chem. 1995, 32, 473.
2) Safe cyano(nitro)methylating reagent — Michael addition of cyano-aci-nitroacetate leading to d-functionalized
a-nitronitriles
H. Asahara, K. Muto, N. Nishiwaki, Tetrahedron 2014, 70, 6522.
3) One-pot synthesis of polyfunctionalized isoxazol(in)es
N. Nishiwaki, T. Nogami, T. Kawamura, N. Asaka, Y. Tohda, M. Ariga, J. Org. Chem. 1999, 64, 6476.
4) Synthesis of vicinally functionalized 1,4-dihydropyridines and diazabicycles via a pseudo-intramolecular
process
N. Nishiwaki, S. Hirao, J. Sawayama, H. Asahara, R. Sugimoto, K. Kobiro, K. Saigo, Tetrahedron 2014, 70, 402.
5) Review
H. Asahara, N. Nishiwaki, # L # % 1 I > X 2015, 15, 165.
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LW Julia IXF L {EiEE

M2860 1-Methyl-2-(methylsulfonyl)benzimidazole (1) 1g 9,100 4 59 31,700 [

RESE, 1-AFIL2-(XFINRIWKZINANLY S IZT—IL 1) EXAFLUEREICAWVWS
Julia—Kocienski RIGE D * F L AALRISERE L TVET, 1 IJEREEFET, BETT X7
TEREXFLALEMIERL, op-REMT P EIEVWT MG E, BEVEEISERR
BETT, 35(5, RICOBIERMTH I NI A IFJ —IVEEERIE, HRBECLYEREDTIEE

Kith, BRIHEITAET,
N
|
ITIJ\SOZCHg

j\ CHs +BUOK GH,
R! R2 DMF, rt R! R2
Product Yield (%) Product Yield (%)
CH,
CHg _CHz
%6 W\(\/ 97
CHg CHj;

CHg CH3 CH,

CH,
04 % Cj(\)\% 91
_N
Boc

CHg

Xk
1) K. Ando, T. Kobayashi, N. Uchida, Org. Lett. 2015, 17, 2554.

J

Stearoyl-CoA Desaturase PEEH

10975 PluriSIn1 (1) 20mg 12,500 /1 100mg 43,800 M

it
C—NHNH@

a

X
N

1

iPSCs (induced pluripotent stem cells) & ESCs (embryonic stem cells) DMZZDEREIZEL - T,
Zh50E4DEEADHMEPBEEFENGHENS ZEPBHEIRTVET 9, LALEND
BEBEEMEEVWI MY, Zh5OMBEEEEEMEICLTVET ), COEBEBMKIIEET
BRMEDSEEMMELC ENEEN 55 2 EFRIEIhTVET 9,

PluriSIn 1 (1) |3 stearoyl-CoA desaturase DFEEHFIT, FL 1 BOEKEEEL, EKET XK
MEDE b ZEEMRMARE (WPSCs) %:#IRMICEREL £T 8, Ben-David 513, & DOEEF/\ak
XML R, ZDOKRE, BROBEDE WPSCsATEIZRI L, BRELTTRIF=JRIZEBZ LW
SHBERIBLTVET Y,

AUBIRETHY, BB - HEAOHIFA LI,
3k
1) M. J. Evans, M. H. Kaufman, Nature 1981, 292, 154.
2) G.R. Martin, Proc. Natl. Acad. Sci. USA 1981, 78, 7634.
3) K.Takahashi, K. Tanabe, M. Ohnuki, M. Narita, T. Ichisaka, K. Tomoda, S. Yamanaka, Cell 2007, 131, 861.
4) D. E. C. Baker, N. J. Harrison, E. Maltby, K. Smith, H. D. Moore, P. J. Shaw, P. R. Heath, H. Holden, P. W.
Andrews, Nat. Biotechnol. 2007, 25, 207.
5) U.Ben-David, N. Benvenisty, Nat. Rev. Cancer 2011, 11, 268.
6) K. Miura, Y. Okada, T. Aoi, A. Okada, K. Takahashi, K. Okita, M. Nakagawa, M. Koyanagi, K. Tanabe, M. Ohnuki,

D. Ogawa, E. Ikeda, H. Okano, S.Yamanaka, Nat. Biotechnol. 2009, 27, 743.

7) |. Gutierrez-Aranda, V. Ramos-Mejia, C. Bueno, M. Munoz-Lopez, P. J. Real, A. M&cia, L. Sanchez, G. Ligero, J.

L. Garcia-Parez, P. Menendez, Stem Cells 2010, 28, 1568.

8) U.Ben-David, Q.-F. Gan, T. Golan-Lev, P. Arora, O.Yanuka, Y. S. Oren, A. Leikin-Frenkel, M. Graf, R. Garippa, M.
Boehringer, G. Gromo, N. Benvenisty, Cell Stem Cell 2013, 12, 167.
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JASIS2016
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1h409
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