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ABSTRACT

This Account outlines our efforts in the design and synthesis of a
family of highly effective atropisomeric dipyridylphosphine ligands
(P-Phos and its variants) and in the development of their wide-
spread applications in transition-metal-catalyzed asymmetric reac-
tions including hydrogenation, hydrosilylation, and C—C bond
formation. Desirable attributes, such as air stability, broad substrate
scope, fast rates of reaction, excellent enantioselectivities, low
catalyst loading, and mild conditions, make the catalyst systems
highly attractive and thus may provide excellent opportunities for
practical applications.

Introduction

The quest for new chiral ligands and their related transi-
tion metal catalysts with improved utility, activity, and
selectivity is a major effort in the study of asymmetric cata-
lysis. Among the efficient ligands reported to-date, chiral
diphosphines account for a considerable share.!? Over the
last two decades, tremendous success has been achieved
in the use of chiral diarylphosphine ligands, such as
BINAP, BIPHEMP, and MeO-BIPHEP,? in numerous asym-
metric reactions, especially in Rh- or Ru-catalyzed asym-
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metric hydrogenation.!? In contrast, the catalytic property
of transition-metal complexes with chiral phosphine lig-
ands embodying heterocyclic moieties such as pyridyl ring
has been relatively unexplored even though the expansion
of the scope of metal phosphine chemistry with the rich
chemistry of heterocyclic functionalities is obvious.

The diphosphine ligands using biheteroaryls as sup-
porting scaffolds were initially introduced in the mid-
1990s.%2 A series of five-membered biheteroaromatic
diphosphines such as tetraMe-BITIANP,* tetraMe-BITIOP,*
and N-Me-2-BINP* have been synthesized by Sannicolo
and co-workers. These ligands exhibited comparably high
enantioselectivities to BINAP in the Ru-catalyzed asym-
metric hydrogenations of a- and f-keto esters,*> as well
as excellent regio- and enantioselectivities in the Pd-
catalyzed asymmetric Heck reactions.® The desirable
features of using diheteroaryls to replace traditional
carbocyclic biaryl as backbones in chrial phosphine
ligands are that (1) the added functionality of the het-
eroaryl rings in the ligand may introduce more interesting
chemistry and (2) the recycle of catalysts derived from
heteroaryls possessing basic sites may be realized by a
simple acidic extraction process.”®

The purpose of this Account is to report our efforts in
the design and synthesis of a family of highly effective
atropisomeric dipyridylphosphine ligands and in the
development of their widespread applications in transi-
tion-metal-catalyzed asymmetric reactions.

Atropisomeric Dipyridylphosphine Ligands,
P-Phos

In 1980, Wilkinson et al. reported that ruthenium and
rhodium complexes containing tris(2-pyridyl)phosphine
were inactive in the homogeneous hydrogenation of
alkenes.® This was thought to be attributed to the coor-
dination of the nitrogen atom of the pyridyl group to the
metal center, which rendered the complexes coordinately
saturated. Having envisaged this, we commenced our
research in this area with the design and synthesis of a
series of phosphine ligands (Figure 1, 1—3)%1° encompass-
ing 2,6-dimethoxypyridyl groups, in which more hindered
substituents were introduced to the ortho positions of the
nitrogen atom to block the access of the pyridyl ring to
the metal center. The resulting Rh complexes were found
to be effective for the hydrogenation of aldehydes, imines,
and prochiral olefins.!?

After solving this important problem, we set out to
tailor a novel atropisomeric dipyridylphosphine ligand,
P-Phos (Figure 2, 4a),!! which furnished very high levels
of absolute stereocontrol in the Ru-catalyzed enantiose-
lective hydrogenations of 2-(6'-methoxy-2'-naphthyl)pro-
penoic acid and j-keto esters.

For the optimization of nonracemic diphosphines, the
P-substituents represent an important structural or elec-
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MeO OMe MeO OMe

FIGURE 1. Phosphine ligands contalnlng 2,6-dimethoxypyridyl groups.

e MeO OMe

tronic module that can be systematically adjusted to create
a diverse range of chiral diphosphine ligands and therefore
may lead to interesting or improved results. In this
context, we designed two P-Phos analogues, Tol-P-Phos!'2
(Figure 2, 4b) and Xyl-P-Phos!® (4¢), by attaching different

OMe
N X
' (Sr4a, R = CgH, (S)-P-Phos
Me0” N PR
eo 2 (S)y4b, R =4-CH3CgHy, (S)-Tol-P-Phos
Me! PR,
Y (9146, R=3.5(CHy)Catt, (SYXy1-P-Phos
" (S)-4d, R = Cy = c-CeHyy, (S)-Cy-P-Phos
OMe

FIGURE 2. P-Phos and its variants.

P-substituents onto the dipyridyl skeleton rather than
changing the backbone itself. This is a simple and
straightforward strategy of modifying P-Phos. Additionally,
with the understanding that dicyclohexylphosphino ligands
are sometimes better than their diphenylphosphino ana-
logues,'* we also developed a convenient synthetic path-
way to another P-Phos analogue, Cy-P-Phos (4d)."

The approach for each P-Phos member 4a—4c entailed
the introduction of the phosphinyl group at the para-posi-
tion of 3-bromo-2,6-dimethoxypyridine followed by an ox-
idation process to afford the monophosphine oxide 7,
which was transformed to the racemic C,-symmetric di-

Scheme 1.

Z ‘ Bry
X

MeO” SN”“OM
© © CCly-30 to -40°C

5

phosphine dioxide 8 via a Cu-mediated Ullmann coupling
reaction. Optical resolution of the racemate 8 with enan-
tiopure dibenzoyltartaric acid (DBTA) followed by reduc-
tion with trichlorosilane gave the corresponding diphos-
phine enantiomer in overall six steps from the commercially
available 2,6-dimethoxypyridine as delineated in Scheme
1.11713 This method represents one of the two major
synthetic strategies for biheteroaryl diphosphines.”

With enantiopure P-Phos oxide (S)-8a on hand, the
axially chiral bis(aryldicyclohexylphosphine) dioxide (S)-9
(Scheme 2) was easily prepared via PtO,-catalyzed hydro-
genation.!® Similarly, (R)-9 could be easily prepared from
(R)-8a.

Scheme 2. The Synthetic Route toward 4d

OMe
N/
<
MeO P(O)Ph,  PtO,, AcOH MeO P(O)Cy,
MeO. ‘ N POPhy ™ om nirnr 50°C.120 h MeO P(O)Cy,
N~ 500 psi, Hy
OMe

(S)-8a (S19

HSICl,
EtsN

(S)-4d

Asymmetric Catalytic Hydrogenations

Catalytic asymmetric hydrogenation is probably the sim-
plest and yet the most powerful and economically attrac-
tive method for the production of amino acid derivatives,
chiral amines, chiral alcohols, etc., which comprise a large
proportion of enantiomerically pure pharmaceuticals. By
utilization of various catalyst systems based on the P-Phos
family of ligands, a broad scope of unsaturated substrates
can be hydrogenated with high ee’s, which clearly shows
the versatility of this new class of ligands.
Hydrogenation of Prochiral Olefins. 2-(6'-Methoxy-
2'-naphthyl)propenoic Acid. P-Phos was highly effective
in the Ru-catalyzed asymmetric hydrogenation of 2-(6'-

The Synthetic Route toward 4a—4c

Br/
BN

MeO” "N” "OMe MeO™ "N” "OMe

PR,
1. LDA, THF, -78°C Br.
2.R,PCI, -78°C to rt <

6a, R = CgHs
6b, R = 4-CH3CgH,
6¢, R = 3,5-(CH3),CeHs

OMe
P(O)R; N
|
H,0,, acetone, Br. - | Cu, DME, 140°¢C MeO™~” P(O)R;
J
0°c MeO™ "N” "OMe MeO— ~ i P(O)R,
Ny
Ta-Tc
OMe
(+/-)-8a-8¢c
1. (-)-L-DBTor (+)-D-DBT
2. fractional crystalization
9 HSICI
3. 10% aqueous NOOR . (Ry-8a-8c or (5)-8a-8c S (Rydadeor (Sydadc
it (CaHs)3N
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methoxy-2'-naphthyl) propenoic acid 10 leading to a highly
valued antiinflammatory drug naproxen 11 (Scheme 3).!!

Scheme 3. Hydrogenation of 2-(6'-Methoxy-2'-naphthyl)propencic
Acid Leading to Naproxen

higher enantioselectivities. Quantitative yield of products
could be easily realized in a range of common organic
solvents, while methanol was found to be the most
suitable solvent. Therefore, a number of methyl (2)-2-
acetamidocinnamate derivatives 12 were hydrogenated

Cat* e quantitatively with consistently high enantioselectivities

OO COH — > COzH (92—94% ee) in methanol for 18 h by using Rh-(R-Xyl-P-

MeO MeO Phos) as catalyst at 0 °C under 1 atm hydrogen pressure.
10 (R)-11, up to 96.2% ee To evaluate the efficacy of Cy-P-Phos 4d, this ligand

Cat*: Ru(R-P-Phos)(acac),
0 °C, 1000 psi Hy, MeOH
H3POy4/substrate = 0.6 (M/M)
S/C =200 (M/M)

Higher initial hydrogen pressure and lower reaction
temperature were beneficial for the enhancement of the
enantioselectivity. Besides, the ee was increased by 1—2%
upon the addition of 0.6 equiv of phosphoric acid to the
reaction mixture. Thus, when Ru(P-Phos)(acac), complex
was used as catalyst, the best result was achieved in up
to 96.2% ee, which was superior to that obtainable with
the corresponding Ru(BINAP) system (94.8% ee) in a side-
by-side comparison study.

(2)-p-Aryl-Substituted a-(Acylamino)acrylates. In the
past three decades, Rh-catalyzed asymmetric hydrogena-
tion of a-(acylamino)acrylic acids and their esters has
been developed to be a standard procedure for the
synthesis of optically active a-amino acids with high
enantioselectivities.’”® Nevertheless, the corresponding
chemistry mediated by ruthenium catalysts has been
relatively less investigated,'® although ruthenium catalysts
were widely applied in the enantioselective hydrogenation
of other types of substrates.

The parent ligand P-Phos proved to be more efficacious
than its analogues in the Ru-catalyzed low-pressure
hydrogenation of (Z)-B-aryl-substituted o-(acylamino)-
acrylates 12 (Scheme 4) in methanol, affording a multitude
of a-amino acid derivatives 13 with 90—97% ee.!”

In contrast, in the same hydrogenation reactions
catalyzed by cationic Rh(I) complexes ligated by 4a—4c,
a sterically more encumbered catalyst was required for

was also applied to the Rh-catalyzed asymmetric hydro-
genation of 12.!'® Under the aforementioned preferred
conditions as in the employment of 4a—4c, 4d possessed
similar enantioselectivity but substantially higher activity
as compared to the optimal ligand 4c. In addition, acetone
appeared to be the best choice of solvent, although the
reactions could proceed smoothly in an assortment of
aprotic or protic organic solvents.

(2)-p-Alkyl-Substituted f-(Acylamino)acrylates. Re-
cently, the asymmetric hydrogenation of $-(acylamino)-
acrylates as one of the most facile methods for the
preparation of f-amino acids has gained considerable
attention. By use of chiral diphosphine—rhodium com-
plexes (such as Rh complexes of BICP, DuPhos, MiniPhos,
BDPMI, and TangPhos) in the catalytic enantioselective
hydrogenation of -alkyl-substituted - (acylamino)acry-
lates, good to excellent ee’s have been attained.?*!% How-
ever, the studies on ruthenium-catalyzed hydrogenation
of this type of prochiral substrates are comparatively
limited. A few such substrates have been examined by
Noyori and co-workers'® based on the Ru(OCOCH3),-
(BINAP) catalyst system, and the highest ee for the (E)-
isomers of substrates was 96%.

In terms of both activity and enantioselectivity, Ru
complexes of the P-Phos series displayed remarkably
better utility in the enantioselective hydrogenation of (E)-
14 than the corresponding Rh complexes irrespective of
the ligand incorporated (Scheme 5).!° Interestingly, op-
posite enantiomers of hydrogenation products 15 were
furnished, respectively, by Ru and Rh complexes with an
identical chiral ligand. In the cases of Ru catalysts, the
sterically hindered ligand provided higher ee’s and reac-

Scheme 4. Hydrogenation of (Z)-f-Aryl-Substituted o-(Acylamino)acrylates

[L*-Ru(CgHg)CIIC, 1 atm H,

COOMe
O/\I;COMe

COOMe MeOH,rt, 3-10 h, S/C = 100 _~-COOMe
licome — (R)-13 NHCOMe
[L*-Rh(COD)]BF,4, 1 atm H, O/\/COOMe cat* conv. ee
MeOH, 0 °C, 18 h, S/C = 100 NHCOMe %) (%)
(R-13 COOMe Ru-(R-4a) >999 90
COOM c:| COOM
© © /@/v R-4b >999 85
NHCOMe HCOMe al NHCOMe R4c 64 73
Ru-(R-4a) 97% ee 91% ee 94% ee (R-.
Rh-(R-4c)  92% ee 93% ee 93% ee Rh-(R4a)  >00.9 38
Rh-(S-4d)° 90% ee 92% ee 91% ee R-4b 70 46
COOMe COOMe R4c  >99.9 90 (93)°
C
NHCOMe mcom S-4d  >99.9 90 (97)
Ru-(R-4a) 91% ee 90% ee a1t,2-3 h.® 0°C, 18 h.° Reaction
Rh-(R-4c) 94% ee 94% ee in acetone, 0°C, 8 h
Rh-(S-4d)° 93% ee 95% ee
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Scheme 5. Hydrogenation of $-Alkyl-Substituted
[-(Acylamino)acrylates

2
R OZCIL [(R-XyI-P-phos)Ru(CgHg)CIICI ICOZRz
0,
R “NHAc MeOH.0°C, 30 h, 8 atm H, 17> NHAC
S/C =100
(E)-14 15
2
JICOER [(R-Xyl-P-Phos)Rh(COD)]BF , CO,R?
R! NHAc THF, rt, 30 h, 8 atm H, 1/J*:
S/C = 100 R * NHAc
(2)-14 15
Substrate R' R®  ee(%)’  ee(%)
14a Me Et 97.9(S) 68.3(R)
14b Me Me 98.1(S) 71.9(R)
14c Et Me 982(S) 79.7(R)
14d FPr  Me 98.3(R) 823(S)
14e nPr Et 985(S) 785(R)
14f tBu Me 997(R) -

2 (E)-14 as substrates. b (Z)-14 as substrates.

tion rates. In a like fashion for Ru-catalyzed hydrogenation
of a-dehydroamino acids, the reaction was strongly
solvent-dependent, and methanol was found to be the
best choice of solvent. Hence, a diverse selection of
pB-amino acid derivatives of extremely high enantiopurities
(97.9—99.7%) were obtained by using Ru-Xyl-P-Phos
catalyst under the preferred conditions. To the best of our
knowledge, these results, along with those from the Ru
complexes containing a bridged C,-symmetric biphenyl
phosphine,?® represent the best enantioselectivities ob-
tained by using Ru catalysts in the hydrogenation of this
type of substrates.

Regarding the hydrogenation of (Z)-isomers of 14, the
enantioselectivity of Ru-Xyl-Phos complex in methanol
was markedly inferior to that for the (E)-isomers under
otherwise identical conditions. Rh complexes compared
more favorably than Ru complexes in this transformation.
Likewise, Rh and Ru complexes with the same enantiomer
of ligands have an opposite sense of asymmetric control.
THF was the preferred solvent in the Rh-catalyzed reac-
tions.

Hydrogenation of Ketones. Functionalized Ketones:
p-Ketoesters. The excellent chiral recognition ability of a
vast spectrum of Ru—biarylbisphosphine catalysts can be
evinced by the hydrogenation of §-ketoesters to afford
optically active 5-hydroxy carboxylic esters,?*?¢ which are
important synthetic intermediates of various bioactive
compounds, such as carbacephem antibiotics.?*? Several
different Ru complexes with P-Phos family ligands have
been employed in this process, and high enantioselec-

tivities (up to 99%) were accomplished (Schemes 6 and
7).11b,12,13

Scheme 7. Studies on the Activity and Air Stability of Ru-(P-Phos)
Catalysts

O O [(R)-L*-Ru(CgHg)CIICI OH O
CGH5)J\/U\OCZH5 300 psiHp, 90°C  CgHs OC,Hs
16d (S)-17d
recction P-Phos Tol-P-Phos Xyl-P-Phos BINAP
conditions ee% ee% ee% ee%
(time, conv.%)  (time, conv.% ) (time, conv.% ) (time, conv.%)
AP 96.1 (3h, 100) 96.2 (2h, 100) 96.2 (2h, 100)  92.6 (2h, 98.6)
S/C = 800 —(2h, 96.8) —(1.5h, 95.4) —(1.5h, 98.4)
B* 90.6 (15h, 84) 91.3 (15h, 90)  93.2 (15h, 98)
S/C = 7500
cad 95.5 (3h, 98.6) 96.4 (2h, 100)  96.1 (2h, 100) 90.0 (3h, 100)
S/C = 800
D€ 93.9 (3h, 94.4) 95.7 (3h, 100)  95.5 (2h, 100) 66.6 (3h, 95.5)
S/C = 800

@200 mg substrate, 1.73 M in EtOH/CHZCIZ.b N, atmosphere.
©30 g substrate, 4.11 M in EtOH/CH,Cl,. d System without
being degassed or dried . ® Catalyst solution was exposed to air
for 10 h prior to the reaction.

In the hydrogenation of substrate 16c bearing a chlo-
ride atom at the contiguous site of the carbonyl group,
Ru—BINAP failed to give desired product 17c in satisfac-
tory enantiopurity at room temperature, probably due to
the competitive coordination of the ester group and the
halogen atom. Surprisingly, higher temperature (100 °C)
led to excellent chiral efficiency (97% ee) under 100 atm
H, pressure.? In contrast, the employment of Ru com-
plexes of P-Phos''® or Tol-P-Phos'? furnished higher
enantioselectivity (98% ee) under milder conditions (80
°C, 4—20 atm Hy). The chiral product 17c has been further

Scheme 6. Hydrogenation of S-Ketoesters

o o [L*-Ru(CgHg)CIICI OH O
1)J\)J\ 2 M
R OR EtOH/CH,Cl, R! OR?
16a—c 17a-¢
4 to 25 atm H,
70-90°C,rit, 124 h
OH O OH O OH O
HaC OC,Hs  HsC OCH,CgHs CIch)\/U\oczH5
17a 17b 17¢

S/C =400, 98.6 % ee
S/C =400, 98.0 % ee
S/C =400, 97.1 % ee

(S)-P-Phos?
(R)-Tol-P-Phos
(R)-Xyl-P-Phos

S/C = 2800, 96.6 % ee
S/C =400, 98.0 % ee
S/C = 2800, 94.5 % ee

S/C = 2800, 98.0 % ee
S/C =400, 97.9 % ee
S/C =400, 94.8 % ee

@ (S-P-Phos)-RuCly(DMF)n

(:)H (0]
CI\/\)J\OczH5

(R)17c

_—

OH O

> :Nl..’\/\)J\(T

L-carnitine

74 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 39, NO. 10, 2006



P-Phos Wu and Chan

applied to the practical synthesis of L-carnitine (Scheme
6), an important agent responsible for the transport of
long-chain fatty acid through human metabolism.?

Activity and Air Stability of the Ru-(P-Phos) Catalyst
System.!>!3 The hydrogenation of 16d leads to a useful
pharmaceutical intermediate, (S)-3-hydroxy-3-phenyl pro-
pionate (17d).2* Ru-BINAP showed only moderate enan-
tioselectivity for this kind of -aryl-/3-ketoesters (85% ee),?
unlike its generally excellent performance for -alkyl-f-
ketoester substrates. Gratifyingly, excellent activity and
enantioselectivity were achieved by using Ru-(P-Phos)
complexes (Scheme 7). In the presence of Ru(R-Xyl-P-
Phos)(C¢Hg)Cl, the reaction with a substrate-to-catalyst
molar ratio (S/C) of 800 was completed in 2 h, giving the
desired product in up to 96.2% ee.'® Even with a substrate-
to-catalyst ratio as high as 7500, the hydrogenation can
be conveniently conducted on a 30 g substrate scale
leading to 98% conversion within 15 h with the retention
of high enantioselectivity (93.2% ee).

Besides the enantioselectivity, reactivity, and produc-
tivity, which are important factors of consideration in
determining the commercial feasibility of a reaction, other
desirable features of a good catalyst system include the
ease of catalyst preparation and handling as well as the
operational simplicity of the experimental procedures. A
frequently encountered problem associated with the use
of metal phosphine catalysts is that most of them are air
sensitive, especially in solution, and trace amounts of air
in the reaction system may often deactivate the catalysts
and thus make irreproducible results. This problem is even
more severe in industrial applications in which the
rigorous degassing of the reaction system with N, is
frequently more difficult than in the laboratory-scale
operations. To our delight, Ru complexes of the P-Phos
family of ligands have been found to be highly air stable.
When experimental procedures prior to the charging of
hydrogen were performed in air and solvents without pre-
degassing and drying, or even when the catalyst solution
was exposed to air for 10 h before its application, both
the catalyst activity and enantioselectivity for the hydro-
genation of 16d remained unchanged (Scheme 7, >94%
conversion, 94.4—96.4% ee) from the air-proved system
(96.2% ee), while the ee obtained from Ru(R-BINAP)-
(CsHe)Cl, catalyst precursor, in a side by side comparison
study, sharply dropped from 92.0% to 66.6%.

Simple Ketones. The catalytic asymmetric hydrogena-
tion of prochiral ketones provided an excellent path for
the synthesis of enantiomerically pure secondary alcohols.
An important breakthrough in this area was achieved by
Noyori and co-workers using a XylBINAP/DAIPEN/Ru
complex (DAIPEN = 1,1-di(4-anisyl)-2-isopropyl-1,2-eth-
ylenediamine) in conjunction with an inorganic base in
2-propanol in the hydrogenation of an extensive range of
unfunctionalized ketones.?!

During the course of our studies to broaden the
application scope of P-Phos ligands, we attempted to
employ a substantially less expensive chiral diamine,
DPEN (1,2-diphenylethylenediamine), instead of the ex-
pensive fancy diamine DAIPEN. The preformed complex

trans-[RuCly{ (R)-Xyl-Phos}{ (R,R)-DPEN}] proved to be an
extremely versatile catalyst precursor for the asymmetric
hydrogenation of a wide spectrum of prochiral ketones.?
The reactions worked efficiently at room temperature
under atmospheric to 600 psig hydrogen pressure in
2-propanol containing an alkaline base such as -BuOK
or K,COs. The use of chiral Xyl-P-Phos generally provided
far more favorable ee’s to those obtainable with the parent
ligand P-Phos or Tol-P-Phos.

Schemes 8 and 9 reveal a broad spectrum of ring-
substituted acetophenones, ortho-substituted unsym-

Scheme 8. Hydrogenation of Aromatic Ketones, Cyclopropyl Ketones,
and Unsymmetrical Benzophenones

i RuCly[(R)-Xyl-P-Phos][(R,R)-DPEN] )O\H

R™R 2-propanol, (CHa)sCOK ROR
rt, 100 to 800 psi Hy, 2 to 48 h

alcohol X s/C ee (%)

X OH H 100,000 99.1
Me 4000 97.7

OMe 4000 933

Br 10000 >99.9

OH Me 12000 97.7

X OMe 4000 98.8
Br 4000 99.5

oH Me 20000 98.8

OMe 20000 98.7

Br 50000 >99.9

X CFs 12000 97.7
OH H 5000 97.6

OMe 1000 96.1

F 2000 92.0

X cl 5000 923
X OH Me 2000 95.9
X F 2000 97.6
O O cl 10000 97.4
OH Me 2000 3.9

A cl 2000 47.3

O O CFs 2000 77.2
Me 2000 432

xX X
ile)
:O )

metrical benzophenones, substituted phenyl cyclopropyl
ketones, o,f-unsaturated ketones, and heteroaromatic
methyl ketones that are tolerated by the catalyst system
in the rapid and productive access to multifarious chiral
secondary alcohols with consistently excellent enantiopu-
rities (up to >99.9%) even with S/C ratios as high as
100 000. Particularly noteworthy was the observation that
the Xyl-P-Phos-Ru-DPEN catalyst was air stable even in
solution, which highlighted its attractive attributes from
the viewpoint of practical applications.

Hydrogenation of Quinolines with Recoverable Cata-
lysts. The catalytic asymmetric hydrogenation of easily
accessible and less expensive quinoline derivatives is
doubtless the most direct and convenient access toward
enantiomerically enriched tetrahydroquinoline derivatives,
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Scheme 9. Hydrogenation of Heteroaromatic Methyl Ketones and
o, f-Unsaturated Ketones

)(J)\ RUCI[(R)-Xyl-P-Phos][(R,R)-DPEN] OH
Het 2-propanol, base Het”™ «
rt, 300 to 500 psi Hy, 10 to 24 h
R® 0 R? OH
R1)§)J\R4 R1 N R4
R® R3
OH OH OH OH
S N X
| s | |
N\ — ¥ N~
S/C = 4000 S/C = 10000 S/C = 4000 S/C = 4000
98.3 % ee 99.0 % ee 97.0 % ee 97.9 % ee
OH
N OH CHs OH
_CSH“/\/k He M C)\/kc
S/C = 10000 S/C = 2000 S/C = 12000
97.1 % ee 93.4 % ee 90.3 % ee

which are significant synthetic intermediates for biologi-
cally active compounds.?” Reports on this methodology
are rather scarce. Zhou and co-workers recently discov-
ered that iridium complexes bearing MeO-BIPHEP or
ferrocenyloxazoline-derived P,N-ligand performed effec-
tively for this conversion into optically active tetrahydro-
quinolines containing a chiral carbon at the 2-position.?

Iridium complex generated in situ from [Ir(COD)Cl],
and P-Phos in combination with 0.1 equiv of I, in THF
served as a highly efficient catalyst system for the hydro-
genation of this class of challenging substrates, 18, at room
temperature (Scheme 10),° furnishing hydrogenation
products 19 in 90—92% ee. In the meanwhile, we were
delighted to find that the Ir-(P-Phos) catalyst was par-

Scheme 10. Hydrogenation of Quinolines
[I(COD)CIly/

2 2
OO mre IO,
NP R , 20 h, N R
700 psi Hy H

18 THF or DMPEG/Hexane (1:1) 19
S/IF/L*, = 100:0.5:1.1:10

COL 0T
N N N

H H H
THF 91% ee (97%)°

DMPEG/ 89% ee (98%)
Hexane  ggo, eeb (99%)2

(LAY LT,

THF 91% ee (99%)°
DMPEG/ 88% ee (99%)°

o (:(j\/\/\ ‘fj\/\‘

THF 91% ee (97%)° 90% ee (99%)°

92% ee (99%)°
90% ee (99%)°

90% ee (90%)?
88% ee (90%)°

90% ee (98%)°

@ Data in parenthesis were isolated yields. Data obtained with
the catalyst reused for eight times.
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ticularly robust and air stable. No variation was detected
in the 3'P NMR spectrum of the catalyst solution even after
2 weeks in air. The reactivity and enantioselectivity for
the hydrogenation of 2-methylquinoline were virtually
retained notwithstanding the catalyst solution being ex-
posed to air for 24 h. In contrast, sharp diminutions both
in conversion (from 99% to 21%) and in ee (from 94% to
28%) occurred if Ir-(MeO-BIPHEP) was used under the
same conditions.

Given the high efficiency and the air stability of the Ir-
(P-Phos) catalyst system, we have further explored the re-
cyclability of this catalyst using 2-methylquinoline as a
model substrate. By use of a two-phase reaction medium,
1:1 mixture of hexane and poly(ethylene glycol) dimethyl
ether (DMPEG), complete conversion and high enanti-
oselectivity were essentially maintained (89% ee vs 91%
ee in THF). Most importantly, the product was conven-
iently separated by simple decantation of the hexane layer.
Upon extraction of the product residue with hexane, the
DMPEG phase encompassing the Ir-(P-Phos) catalyst could
be reused. In a catalyst-reusability study, we observed
essentially no loss of ee after eight times of recycle.?®

Asymmetric Catalytic Hydrosilylation of Simple

Ketones

The development of asymmetric hydrosilylation of prochiral
ketones as a desirable alternative to asymmetric hydro-
genation could be highly rewarding due to the mild
reaction conditions employed and the technical simplicity.
However, the high cost of catalyst and the low substrate-
to-catalyst ratio (50—500) rendered previous hydrosilyla-
tion work not competitive with hydrogenation.*

By using Buchwald’s protocol for conjugate reduction,®
Lipshutz and co-workers disclosed a highly active Cu!Cl/
diphosphine [e.g., 3,5-xyl-MeO-BIPHEP or DTBM-SEG-
PHOS]/#-BuONa/polymethylhydrosiloxane (PMHS) sys-
tem for the enantioselective hydrosilylations of both aryl
alkyl and heteroaromatic ketones even at a substrate-to-
ligand ratio (S/L) of over 100 000.32 Very recently, they also
described a robust Cu(OAc),*H,0/DTBM-SEGPHOS/PM-
HS hydrosilylation system (CuH in a bottle),* which
furnished a new opportunity for asymmetric hydrosilyla-
tion in consideration of practical applications.

At the time that we initiated our investigation in this
area, we noted an air-accelerated and base-free CuF,/
BINAP/PhSiHj; system demonstrated by Riant et al., which
catalyzed the hydrosilylation of some aryl alkyl ketones
in moderate to good ee’s at lower S/L ratios of 100—200
under ambient conditions.>*Although the mechanism of
this air-accelerated system remained elusive at that stage,
it appeared that air played a key role in the formation of
the active catalyst precursor during the catalytic cycle, and
the much less air-sensitive diphosphine ligands would
therefore be very crucial to the generation of the active
catalyst systems. We consequently conjectured that our
P-Phos-type ligands embracing unique air stability might
be especially suited for this important reaction.

Much to our delight, the dipyridylphosphine/CuF,/
PhSiH; system served as an extraordinarily efficient system
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rendering competitive levels of enantioselectivities of up
to 97% ee for the hydrosilylation of meta- and para-
substituted acetophenones (Scheme 11).% Moreover, the

Scheme 11. Hydrosilylation of Simple Ketones

1. CuF,, L*, -10to -20°C,4to72h
1.2 eq. PhSiH3, Toluene, air

R™ "R " 2 HClaq. RTCR
alcohol XorR'  S/L (S):-Xyl-P-Phos (S)-P-Phos
ee (%) ee (%)
OH
Me 100 87 89
©/kR' Et 100 93
X OH Me 100 72
@)\ cl 100 77
Br 100 70
OH Me 100 87
X O)\ OMe 100 92
Br 100 89
CFy 100 91
OH Me 100 91
cl 100 94
/©/'\ Br 100 9%
x Br 50000 93
CF, 100 94 96
NO, 100 97
NO, 50000 93
NO, 100,000 90 (rt)
X OH Me 25 83 75
~ F 25 63 75
O O cl 25 91 9
CFs3 25 95 98
OH Me 25 39 27
cl 25 43 36
CFs 25 41 25
X
OH Me 25 6
X

excellent practical viability of this catalyst system was
evinced by its remarkably high activities (S/L ratio up to
100 000) and very mild reaction conditions such as normal
atmosphere, moderately low temperatures (ambient tem-
perature to —20 °C) and compatibility with traces of
moisture.

Polymethylhydrosiloxane (PMHS) is an attractive re-
ducing reagent for environmentally benign reductive
processes since it is inexpensive, nontoxic, and stable to
air and moisture.’® In light of this, we also probed the

efficiency of the present catalyst system by switching the
hydride source from PhSiH; to PMHS. The sense of
enantioselective induction appeared to be independent
of silane irrespective of the use of P-Phos or Xyl-P-Phos,
but PMHS was less reactive than PhSiH;. For instance,
when the hydrosilylation of acetophenone was carried out
with 1 mol % CuF, and 0.05 mol % (S)-Xyl-P-Phos with
1.2 equiv of PhSiH; at room temperature under air
atmosphere, complete conversion was observed in 10 min
with 76.7% ee, whereas, in the case of PMHS, 76.8%
conversion was achieved within 25 min with 75.3% ee
under otherwise identical conditions.

In addition, the enantioselective hydrosilylation of
unsymmetrical diaryl ketones to benzhydrol had remained
a formidable challenge, and the highest enantioselectivity
reported in the literature prior to our study was around
20%.%" In this regard, the P-Phos catalyst system was found
to be surprisingly effective in the stereoselective hydrosi-
lylation of ortho-substitued benzophenones with good to
excellent ee’s (up to 98%, Scheme 11). As expected,
because of the lack of steric bias, meta- and para-
substituted benzophenones were converted to the corre-
sponding alcohols in low to moderate ee’s.

Asymmetric Catalytic C—C Bond Formation

Bis-alkoxycarbonylation of Styrene. Pd(I)-catalyzed asym-
metric bis-alkoxycarbonylation of styrene for the synthesis
of optically active butanedioic acid derivatives with high
chemoselective, enantioselective control, or both repre-
sents a significant challenge.®® Hydrated palladium(II)
triflate complexes containing the (R)-P-Phos family of
ligands have been synthesized and applied to this reaction
as depicted in Scheme 12.3 With the use of 0.8 mol % of
catalyst and 2 equiv of benzoquinone (as oxidant), the
reaction was carried out in methanol under 152 bar initial
CO pressure with 56—67% conversion. The best chemose-
lectivity of 79% and enantioselectivity of 84% for the
desired product dimethyl-2-phenylsuccinate (DMPS) was
achieved in the presence of chiral P-Phos with a catalyst
loading of 1.6% mol.

1,4-Addition of Boronic Acids to a,f-Unsaturated
Ketones. Since Hayashi et al. reported the first asymmetric
version of 1,4-addition of organoboronic acids to o,(-
unsaturated ketones mediated by rhodium(I)-BINAP cata-
lyst,*® impressive chemical yields and enantioselectivities
have also been observed in reactions involving a variety

Scheme 12. Asymmetric Bis-alkoxycarhonylation of Styrene

[L*-Pd(H20)2)(OTf),
152 bar CO

2 eqiuv. benzoquinone MeO,C MeO,C CO.Me MeQ,C
Ph MeOH, 50 °C, 20 h * \|L v )\2 " 1
eV, SV MeO,C Ph Ph Ph
UL —
s/ic DMPS MC MP
(R)-P-Phos 125 67%conv. 71% (83% ee) 20% 2.7%
(R)-P-Phos 63 67%conv. 79% (84% ee) 18% 1.5%
(R)-Tol-P-Phos 125 58% conv. 52% (82% ee) 24% 4.4%
(R)-Xyl-P-Phos 125 56% conv. 42% (82% ee) 28% 1.7%
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of other electron-deficient olefins.*! [Rh(acac)((S)-P-Phos)]
complex, generated in situ from equimolar of Rh(acac)-
(CH,=CH,), and (S)-P-Phos in dioxane/H,0 (10/1) at 100
°C, has also been found to be well-suited for this trans-
formation (Scheme 13).#? In the presence of excess of

Scheme 13. 1,4-Addition of Boronic Acids to o.f-Unsaturated
Ketones
Rh(acac)(C2Hy)2
(3% mol Rh)

(S)-P-Phos .

This significant finding prompted us to use water as the
sole solvent, which was expected to increase the effective
concentration of the reactants according to the aqueous
micellar concept*® and thereby to accelerate the reaction.
In this regard, we found water to be much more conducive
than organic solvents for higher reactivity and ee’s (Scheme
14). P-Phos displayed far superior efficacy to the other

Scheme 14. Ligand and Solvent Effects on the Asymmetric
Pauson—Khand-Type Reaction

(1 equiv to Rh)
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n =2, 99% ee (99%) R = OMe, 99% ee (99%)” P-Phos water 82 84
n=23,98% ee (88%) BINAP water 23 61
o} o tol-BINAP water 33 79
Et-DuPHOS water 5 22
R N PHANEPHOS  water 6 15
FerroTANE water 21 30
R
R = OMe, 95% ee (99%) R=Me, 99% ee (99%)

R=Cl,  97% ee (99%) R = OMe, 99% ee (90%)°
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OMe
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@ Data in parenthesis were isolated yields‘b dioxane/H,0 = 20:1

arylboronic acids (1.4—5.0 equiv), a vast selection of aryl
groups with either electron-donating or electron-with-
drawing substituents on the ortho-, meta- or para-position
have been readily incorporated onto the p-position of
several kinds of cyclic and acyclic enones with exception-
ally good yields and ee’s (up to 99%) in most cases, which
are either comparable to or better than the relevant Rh—
BINAP system.

Asymmetric Aqueous Pauson—Khand-Type Reaction.
Extensive efforts have been devoted to the asymmetric
transition-metal-catalyzed/mediated [2 + 2 + 1] carbo-
nylative cycloaddition of an alkene and an alkyne (Pau-
son—Khand-type reaction or PKR), which offers an excel-
lent opportunity for the preparation of various optically
active cyclopentenones.*® Nevertheless, no catalytic asym-
metric aqueous PKR systems had been developed prior
to our study. Recently, we discovered that P-Phos was
highly effective in an interesting rhodium-catalyzed PKR
in the use of aldehydes as nontoxic “carbon monoxide”
reagents and water as the only solvent without a surfac-
tant. Interestingly, this protocol allowed the handling of
both the catalyst and the reactants under air without
special precautions.*

The higher concentration of reactants in conventional
organic solvents proved to offer higher rates in the PKR.
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screened chiral ligands.*® Aldehydes as CO surrogates also
appeared influential in determining both optical and
chemical outcomes, and cinnamylaldehyde gave the best
results among the aldehydes examined. Additionally, these
attractive aqueous PKR conditions were also well-adapted
to a broad assortment of other oxygen-, nitrogen-, and
carbon-tethered enynes providing excellent isolated yields
in most cases and 74—95% ee (Scheme 15).

Scheme 15. Asymmetric Catalytic Pauson—Khand-Type Reactions
3% [{Rh(cod)Cl},]

6% (S)-P-Phos X R
cinnamylaldehyde X

water, 100°C,36 h R’ o

R, R, Xor X' Yield (%) ee (%)

H 82 84
Me 71 90
Me 82 95
Et 60 95
o-Me 49 74
m-OMe 88 81
p-F 90 82
p-Cl 91 77
p-Me 92 88
p-OMe 93 93
Ph 96 80
Me 98 88
(0]
Me 91 77
W
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Conclusions

In conclusion, during the past several years, we have
established that atropisomeric dipyridylphosphine P-Phos
family of ligands served as highly effective and versatile
ligands for an array of transition-metal-catalyzed asym-
metric reactions including the hydrogenation of structur-
ally diverse unsaturated compounds, hydrosilylation of
simple ketones, bis-alkoxycarbonylation of styrene, 1,4-
addition of organoboronic acids to o,f-unsaturated ke-
tones, and aqueous Pauson—Khand-type reactions. De-
sirable attributes, such as air stability, broad substrate
scope, fast rates of reaction, excellent enantioselectivities,
low catalyst loading, and mild reaction conditions, ren-
dered the catalysts based on the P-Phos family of ligands
excellent choices for practical applications.
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University Grants Committee Areas of Excellence Scheme in Hong
Kong (Grant AoE P/10-01), the Hong Kong Research Grants Council
(Project Number N_PolyU 506/04), and the Hong Kong Polytechnic
University Area of Strategic Development Fund for financial
support.
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tol-BINAP = 2,2-bis(di-p-tolylphosphanyl)-1,1-binaphthyl; (R,R)-
Et-DUPHOS = (—)-1,2-bis((2R,5R)-2,5-diethylphospholano)ben-
zene; (S)-PHANEPHOS = (S)-(+)-4,12-bis(diphenyl-phosphano)-
[2.2]-paracyclophane; (S,S)-Et-FerroTANE = (—)-1,1-bis((2S,4S)-2,4-di-
ethylphospholano)ferrocene.
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