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ABSTRACT
Chiral monophosphines, whose chirality is due to biaryl axial
chirality, have been prepared from enantiomerically pure 2,2′-
dihydroxy-1,1′-binaphthyl and demonstrated to be highly efficient
chiral ligands for transition-metal-catalyzed organic transforma-
tions, especially for reactions where chelating bisphosphine ligands
cannot be used. The high efficiency is observed in palladium-
catalyzed asymmetric hydrosilylation of a wide variety of olefins
such as alkyl-substituted terminal olefins and in asymmetric
reactions via π-allylpalladium intermediates represented by asym-
metric reduction of allylic esters with formic acid.

Introduction
Among various types of enantiomerically pure ligands
used for catalytic asymmetric reactions, chiral tertiary
phosphines have established their positions as the most
effective ligands for most homogeneous transition-metal
catalysts.1 The phosphine-metal complexes have found
broad application to catalytic reactions, especially for the
reactions which involve, in the catalytic cycle, oxidative
addition and/or insertion of an organic substrate, and
reductive elimination of a product. Tertiary phosphine
ligands coordinate to transition-metal complexes through-
out the catalytic cycle because of their high affinity,
especially with late transition metals, and they can
stabilize low-valent metal intermediates to keep the high
activity of the catalysts. Owing to these characteristic
features, chiral phosphine ligands have often been used
for the creation of chiral surroundings around the central
metal. Thus, one of the most exciting and challenging
subjects in the research of catalytic asymmetric synthesis
is the development of a chiral phosphine ligand which
will influence the reaction efficiency in terms of catalytic
activity and enantioselectivity.

In the first asymmetric reaction by homogeneous
transition-metal catalysts reported by Knowles and Hor-
ner, methylphenylpropylphosphine was used as a chiral
monodentate phosphine ligand with a rhodium catalyst
which gave 4-15% ee in asymmetric hydrogenation of

prochiral olefins.2,3 In 1972, Kagan found that a bisphos-
phine ligand, DIOP, derived from tartaric acid, is much
more effective for the rhodium-catalyzed asymmetric
hydrogenation, producing amino acids.4 Since this finding,
the development of chiral phosphine ligands has been
concentrated into the design and preparation of bisphos-
phine compounds. They are, in general, anticipated to be
more effective than monophosphine ligands in construct-
ing a chiral environment by coordination to a metal. One
of the most effective chiral bisphosphine ligands is BI-
NAP,5 which has exhibited its high enantioselectivity in
several asymmetric reactions including rhodium- or ru-
thenium-catalyzed hydrogenation. We also have prepared
ferrocenylbisphosphines BPPF-X6 as chelating bisphos-
phine ligands, which have been demonstrated to be
effective for palladium-catalyzed allylic substitution reac-
tions, gold- or silver-catalyzed aldol reactions, and so on.
On the other hand, only a limited number of monodentate
chiral phosphine ligands have been reported, probably
because they have been described as being of little
practical use.1 However, there exist transition-metal-
catalyzed reactions where the bisphosphine-metal com-
plexes cannot be used because of their low catalytic
activity and/or low selectivity toward a desired reaction
pathway. Chelating bisphosphine ligands are incompatible
with the catalytic reactions where the catalyst can provide
only one coordination site for a phosphine ligand during
some of the steps in the catalytic cycle. Thus, powerful
chiral monodentate phosphine ligands are required for
the realization of a high level of enantioselectivity in this
type of catalytic asymmetric reactions. Nevertheless, the
monodentate phosphine ligands that satisfy the above
requirements have not been well developed so far except
for 2-methoxyphenyl(cyclohexyl)methylphosphine (CAMP)7

and neomenthyldiphenylphosphine (NMDPP).8

We have previously reported a nickel-catalyzed asym-
metric cross-coupling forming axially chiral binaphthyls,
which was realized for the first time by use of a mono-
phosphine ligand, PPFOMe, containing ferrocene planar
chirality,9 and we have continued our efforts to develop
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new enantioselective chiral monodentate phosphine ligands
for transition-metal-catalyzed reactions where only a
monodentate phosphine ligand can be used. We have
prepared a series of monophosphine ligands, whose
chirality is due to 1,1′-binaphthyl axial chirality, repre-
sented by MeO-MOP (1a), which stands for 2-(diphen-
ylphosphino)-2′-methoxy-1,1′-binaphthyl. We found that
high enantioselectivity and high catalytic activity can be
achieved in some of the transition-metal-catalyzed asym-
metric reactions, especially those with palladium catalysts,
including hydrosilylation of olefins and reduction of allylic
esters with formic acid by use of MeO-MOP and its
derivatives, where the methoxy group is replaced by some
other groups, or its biphenanthryl analogue (MOP-phen).
Here we describe the preparation of the chiral monoden-
tate phosphine ligands (MOP ligands) and their use in the
catalytic asymmetric reactions.

Design and Preparation of Chiral Monodentate
Ligands
As a basic chiral backbone for an enantiomerically pure
monodentate phosphine ligand, we chose the axially chiral
1,1′-binaphthyl skeleton because there are many success-
ful examples of the application of chiral binaphthyl
derivatives to asymmetric reactions, though they are
usually used as chelating chiral ligands.1 In 1990, Morgans
and co-workers reported10 the selective monophosphin-
ylation of 1,1′-binaphthyl 2,2′-ditriflate (2) with diphen-
ylphosphine oxide in the presence of a palladium catalyst,
giving a high yield of the monophosphinylation product
3, which attracted our attention as a versatile starting
compound for the preparation of chiral monophosphine
ligands. The triflate group on 3 was considered to be a
convenient functionality for the introduction of various
types of functional groups onto the binaphthyl ring. The
conversion of 3 into MeO-MOP (1a) was achieved11,12 in
a high yield by the three-step sequence shown in Scheme
1. The overall yield from 2,2′-dihydroxy-1,1′-binaphthyl
was about 90%, the procedures being much more con-
venient than those previously reported from (S)-2′-meth-
oxy-1,1′-binaphthyl-2-carboxylic acid.13

In the palladium-catalyzed diphenylphosphinylation of
ditriflate 2, only one of the two triflate groups undergoes
the substitution, probably because the oxidative addition

of triflate to a palladium(0) species is sensitive to steric
bulkiness, the diphenylphosphinyl group introduced at the
2 position of the 1,1′-binaphthyl skeleton hindering the
second triflate from the oxidative addition. The remaining
triflate group on the 2′ position of (S)-3 was found to be
replaced by carbon nucleophiles by nickel-catalyzed cross-
coupling reactions. Thus, (R)-Et-MOP (1d) and (S)-Ar*-
MOP (1f) (Figure 1) were obtained by the nickel-catalyzed
substitution of (S)-3 or TfO-MOP (1e) with the corre-
sponding Grignard reagents.14

The MOP derivative (R)-5 bearing no substituent at the
2′ position, which is needed to evaluate the steric and/or
electronic effects of various functional groups in other
MOP derivatives, was prepared starting with (S)-mono-
triflate 6 by the palladium-catalyzed phosphinylation and
reduction of the phosphine oxide (Scheme 2).14 The
enantiomerically pure monophosphine containing the
biphenanthryl skeleton, MOP-phen (7), was also prepared
by a sequence of reactions from 3,3′-dihydroxy-4,4′-
biphenanthryl which are essentially the same as those for
the binaphthyl analogue 1a.15

A catalytic enantioposition-selective substitution reac-
tion opened another route to the chiral monophosphine
ligand (Scheme 3).16 Enantiomerically pure monotriflate
(S)-8, obtained by the asymmetric cross-coupling of
achiral biaryl ditriflate 7 with phenylmagnesium bromide

Scheme 1

FIGURE 1. MOP ligands prepared and used for catalytic asymmetric
reactions.

Scheme 2
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in the presence of PdCl2[(S)-alaphos], was subjected to the
palladium-catalyzed diphenylphosphinylation, giving the
new axially chiral triarylmonophosphine (S)-9. Now we
are in a position to design and prepare MOP ligands which
are functionalized on several types of axially chiral biaryl
backbones. Some of the MOP ligands prepared are shown
in Figure 1.

The crystal structure of trans-[PdCl2{(R)-MeO-MOP}2]
is shown in Figure 2.17 The complex has a square-planar
geometry with two phosphorus atoms and two chlorine
atoms, where the MeO-MOP ligand coordinates to pal-
ladium with the phosphorus atom as a monodentate
ligand. The methoxy group is located far from the pal-
ladium atom, the distance between palladium and meth-
oxy oxygen being 6.33 Å. Thus, the methoxy group is not
coordinating to palladium. It should be noted that the
naphthyl ring having a methoxy group plays an important
role in the construction of the chiral environment of the
palladium. Thus, the naphthyl ring A (A′) points toward
the vicinity of palladium, while the methoxy group is
located in the side opposite palladium. These structural
features are very different from those commonly observed
in complexes coordinated with chiral bidentate bisphos-
phine ligands such as BINAP. In another palladium-MOP
complex which has a π-allyl ligand,18 the MeO-MOP ligand
adopts a conformation similar to that in the bis(MeO-
MOP)palladium complex. Thus, the A ring is located close
to palladium, and the methoxy group is well removed. The
high enantioselectivity of the MOP ligands in the catalytic
asymmetric reactions is mainly ascribed to the chiral
environment created by the A ring of the naphthyl group
which is located close to the central metal.

Palladium-Catalyzed Asymmetric
Hydrosilylation of Olefins
Catalytic asymmetric functionalization of olefins is an
important goal in synthetic organic chemistry. Catalytic
asymmetric hydrosilylation could be a useful method for
the asymmetric synthesis of optically active alcohols
because the carbon-silicon bond in some organosilicon

compounds is readily oxidized into a carbon-oxygen
bond with retention of configuration at the stereogenic
carbon center.19 However, the asymmetric hydrosilylation
has typically been one of low enantioselectivity with
platinum, rhodium, or nickel catalysts.1 Its regioselectivity
is another problem to solve in the catalytic hydrosilylation.

It is well documented20 that hydrosilylation of alkyl-
substituted terminal olefins is catalyzed by platinum,
rhodium, or nickel complexes and proceeds with anti-
Markovnikov selectivity to 1-silylalkanes which do not
contain a stereogenic carbon center. To develop a new
catalyst system which possesses high regioselectivity in
giving 2-silylalkanes and high catalytic activity at the same
time, we examined several types of phosphine-palladium
catalysts, to which little attention has been paid. It was
found that palladium complexes coordinated with a
chelating bisphosphine ligand such as BINAP did not
catalyze the hydrosilylation of 1-hexene with trichlorosi-
lane even upon elevation of the reaction temperature to
80 °C. On the other hand, the reaction took place at 40
°C with monodentate phosphine ligands, though the
chemical yields of hexylsilanes were low. For example, the
reaction in the presence of 0.1 mol % palladium-triphen-
ylphosphine catalyst at 40 °C gave a 12% yield of the
hydrosilylation products consisting of 2-hexylsilane and
its 1-isomer in a ratio of 9:91, the hydrosilylation being
accompanied by isomerization of 1-hexene into internal
olefins. The regioselectivity for forming 2-silylhexane was

Scheme 3

FIGURE 2. Molecular structures of trans-PdCl2{(R)-MeO-MOP}2‚Et2O
and PdCl(η3-1,1-dimethylallyl)((R)-MeO-MOP). The ether molecule is
omitted for simplicity.
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increased to some extent by use of a sterically more bulky
monophosphine ligand. It is reasonable to expect that a
monodentate phosphine ligand generates a palladium
catalyst that is more active for the hydrosilylation than a
chelating bisphosphine ligand. The former can form a
square-planar 16-electron palladium(II) intermediate,
PdH(SiCl3)L(CH2dCHR) (L ) monophosphine), that offers
a coordination site for the activation of the olefin, while
the latter cannot. Further studies revealed that MeO-MOP
(1a) is a unique ligand for the hydrosilylation, its pal-
ladium complex exhibiting both high catalytic activity and
unusually high regioselectivity in forming 2-alkylsilanes,
and, moreover, high enantioselectivity.11,17 The predomi-
nant formation of 2-alkylsilanes from aliphatic 1-olefins
has never before been observed with any transition-metal
catalysts.

The asymmetric hydrosilylation of 1-octene (10) with
trichlorosilane in the presence of 0.1 mol % palladium
catalyst generated from [PdCl(π-C3H5)]2 and (S)-MeO-MOP
(1a) at 40 °C for 24 h gave a 90% yield of the hydrosilyl-
ation products consisting of 1-octylsilane 11 and 2-octyl-
silane 12 in a ratio of 7:93 (Scheme 4). The hydrosilylation
product 12 was readily converted into optically active
2-octanol (13), which is an R isomer of 95% ee, by
treatment of 12 with EtOH/Et3N followed by oxidation of
the resulting (triethoxy)silane with hydrogen peroxide in
the presence of a fluoride anion.19 The hydrosilylation of
1-octene (10) with a palladium catalyst coordinated with
Et-MOP (1d), where the methoxy group in MeO-MOP is
replaced by an ethyl group, proceeded with almost the
same regioselectivity and enantioselectivity, indicating that
the oxygen functionality in MeO-MOP is not essential for
the high and rather unusual selectivities. This observation
is consistent with the structure of the palladium com-
plexes of the MeO-MOP ligand shown in Figure 2, where
the substituent at the 2′ position of the binaphthyl moiety
is far from the palladium center. The terminal olefins
1-hexene, 1-dodecene, 4-phenyl-1-butene, and vinylcy-
clohexane were also transformed efficiently into the
corresponding 2-alkanols with enantioselectivities ranging
between 94% and 97% ee by the catalytic hydrosilylation-
oxidation procedure, the selectivity being highest for the
enantioface selection of simple terminal olefins. The
regioselectivity in forming 2-(silyl)alkanes is surprisingly
high for the terminal olefins substituted with a primary
alkyl group.

Asymmetric synthesis through a selective monofunc-
tionalization of enantiotopic positions is one of the most
attractive strategies for one-step construction of multiple
chiral carbon centers. We have applied the MOP/pal-
ladium-catalyzed hydrosilylation to the catalytic asym-
metric functionalization of a meso bicyclo[2.2.1] system,21

because the optically active bicyclo[2.2.1]heptane deriva-
tives represented by norbornanol are indispensable as
versatile chiral building blocks for the synthesis of a variety
of important compounds.

The hydrosilylation of norbornene (14) with trichlo-
rosilane took place smoothly below 0 °C in the presence
of 0.01 mol % MeO-MOP/palladium catalyst to give a
quantitative yield of exo-2-(trichlorosilyl)norbornane (15)
as a single product (Scheme 5). Direct oxidation of 15 with
hydrogen peroxide in the presence of a large excess of
potassium fluoride and potassium bicarbonate gave exo-
norbornanol (16) of 93-96% ee in yields greater than 90%.
Bicyclo[2.2.2]octene and 2,5-dihydrofuran derivatives22

were also successfully subjected to the asymmetric hy-
drosilylation-oxidation to give the corresponding optically
active alcohols, with the enantioselectivity being in excess
of 92%. The hydrosilylation of norbornadiene gave mono-
hydrosilylation product (95% ee) or bishydrosilylation
product (>99% ee) according to the amount of trichlo-
rosilane employed.

Palladium-catalyzed hydrosilylation of styrene deriva-
tives with trichlorosilane is known to proceed with perfect
regioselectivity in giving benzylic silanes due to the
contribution of a π-benzylpalladium intermediate. It
seems much easier to realize the asymmetric hydrosilyl-
ation of styrenes than that of simple terminal olefins
because the reaction produces chiral products exclusively,
but high enantioselectivity has not been reported despite
considerable research on this subject.1 The MeO-MOP/
palladium catalyst, which has been efficiently applied to
the hydrosilylation of simple terminal olefins and cyclic
olefins, was not so effective for styrene derivatives. Thus,
the palladium-catalyzed hydrosilylation of styrene (17a)
with trichlorosilane in the presence of MeO-MOP (1a)
ligand under standard conditions (without solvent) fol-
lowed by oxidation gave 1-phenylethanol (18a) of only
14% ee.

We have examined MOP ligands where the methoxy
group at the 2′ position in MeO-MOP is replaced by
several groups for their enantioselectivity in the pal-
ladium-catalyzed asymmetric hydrosilylation of styrene

Scheme 4 Scheme 5
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(17a). The enantiomeric purities and absolute configura-
tion of alcohol 18a obtained with some 2′-substituted
MOP ligands are shown in Scheme 6. These results suggest
that the electronic nature of the substituent is not a
decisive factor in the enantioselection, since all of the
MOPs substituted with methoxy, hydroxy, methoxycar-
bonyl, cyano, and ethyl groups show low enantioselectivity
irrespective of their electron-withdrawing or electron-
donating character. It turned out that (S)-H-MOP (5),
which has the same 1,1′-binaphthyl skeleton as MeO-MOP
but lacks the methoxy group, is particularly effective for
the palladium-catalyzed hydrosilylation of styrene.23 Thus,
hydrosilylation of styrene (17a) in the presence of 0.1 mol
% H-MOP/palladium catalyst at 0 °C gave a quantitative
yield of 1-phenyl-1-trichlorosilylethane (18a) as a single
regioisomer, whose enantiomeric purity was determined
to be 93% ee (R) by oxidation to 19a. The monophosphine
(S)-9 was as effective as (S)-H-MOP (5) for the hydrosi-
lylation of styrene, giving (R)-18a of 91% ee.16 Neither of
the ligands (S)-5 or (S)-9 has any substituent at the 2′
position. It follows that the small size of the hydrogen at
the 2′ position in H-MOP (5) is important for high
enantioselectivity. The dihedral angle between the two
naphthyl rings in the binaphthyl skeleton, which is
controlled by the steric bulkiness of the 2′-substituent, is
presumably related to the enantioselectivity.

Palladium-catalyzed hydrosilylation of 1,3-dienes is one
of the important synthetic methods for allylic silanes, and
considerable attention has been paid to their asymmetric
synthesis by this catalytic method.1 Unfortunately, the
binaphthyl monophosphine, MeO-MOP (1a) or H-MOP
(5), is not as effective as a chiral ligand for the asymmetric
hydrosilylation of 1,3-dienes as for that of other types of
prochiral olefins shown above, where over 90% enantio-
selectivity is usually observed. We found that MOP-phen
(7), which is the 4,4′-biphenanthryl analogue of MeO-
MOP, shows higher enantioselectivity than others in the
hydrosilylation of cyclic 1,3-dienes giving optically active
allylic silanes.24 The reaction of cyclopentadiene (20) with
trichlorosilane in the presence of MOP-phen/palladium
catalyst proceeded in a 1,4-fashion to give a quantitative

yield of (R)-3-silylcyclopentene (21). The enantiomeric
purity of homoallylic alcohol 22 was 80% ee, obtained in
a high yield by treatment of the allylsilane 21 with
benzaldehyde in DMF (Scheme 7).

Catalytic Asymmetric Reactions via
π-Allylpalladium Intermediates
Palladium-catalyzed reduction of allylic esters with formic
acid, a reaction which was developed by Tsuji and co-
workers,25 provides a convenient method for regioselective
synthesis of less-substituted olefins. Mechanistic studies
on the catalytic reduction have revealed that the olefin is
produced by reductive elimination from the key interme-
diate, Pd(II)(π-allyl)(hydrido)(L), which is generated by
decarboxylation of the palladium formate complex. An
important point is that the use of a monodentate phos-
phine ligand is essential for the high catalytic activity and
regioselectivity in forming less-substituted olefins. We
found that the chiral monodentate phosphine ligands, (R)-
MeO-MOP (1a) and its biphenanthryl analogue (R)-MOP-
phen (7), can be successfully applied to the catalytic
asymmetric reduction, forming optically active olefins.15,18

Reaction of geranyl methyl carbonate ((E)-23) with
formic acid and 1,8-bis(dimethylamino)naphthalene in the
presence of 1 mol % palladium catalyst generated from
Pd2(dba)3‚CHCl3 and (R)-MeO-MOP (P:Pd ) 2:1) pro-
ceeded regioselectively to give a quantitative yield of (S)-
3,7-dimethyl-1,6-octadiene (24) in 76% ee (Scheme 8). The
reduction of (Z)-carbonate, neryl methyl carbonate ((Z)-
23), under the same reaction conditions gave the olefin
(R)-24 which has essentially the same enantiomeric purity
(75% ee) but the opposite absolute configuration. Simi-
larly, the reduction of racemic linalyl carbonate 25 gave
an 82% yield of (S)-24 in 55% ee. In contrast to the high
catalytic activity and high regioselectivity observed with
the MOP/palladium catalyst, the reduction is very slow
and not regioselective with chelating bisphosphine ligands
such as (R)-BINAP.

The reduction of 23 must proceed via a π-{1-(4-methyl-
3-pentenyl)-1-methylallyl}palladium(II) intermediate, 26,
which possibly undergoes syn-anti isomerization (syn-

Scheme 6 Scheme 7
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26 T anti-26) and epimerization ((2R)-26 T (2S)-26) by
the σ-π-σ mechanism (Scheme 9).25 The reversal of
configuration of 24 observed for the asymmetric reduction
of (E)-23 and (Z)-23 demonstrates that the rate of syn-
anti isomerization is much slower than the rate of reduc-
tion in forming 24. The epimerization is taking place
because the racemic carbonate 25 gave nonracemic
product.

1H and 31P NMR studies of PdCl(η3-1,1-dimethylallyl)-
((R)-MeO-MOP) (27) revealed that the π-allylpalladium 27
exists as a mixture of two isomers, 27a and 27b, which
are in equilibrium between -60 and +20 °C, the ratio of
the major isomer to the minor isomer being 4.5:1 and 6.5:1

at +20 and -60 °C, respectively, and that the structure of
the major isomer in solution is quite similar to that in the
X-ray crystal structure (Figure 2). The stereochemical
outcome in forming (S)-24 observed in the catalytic
asymmetric reduction of (E)-23 is accounted for by the
reductive elimination of the hydrido and π-allyl from the
intermediate syn-(2R)-26 (X ) H) after equilibration
between syn-(2R)-26 and syn-(2S)-26, the former possess-
ing the same configuration for the π-allyl moiety as 27a.
Similarly, in the reaction of (Z)-23, (R)-24 is formed from
anti-(2R)-26 after the equilibration with anti-(2S)-26.

The monodentate biphenanthryl phosphine (R)-MOP-
phen (7) was found to be a more enantioselective ligand
than the binaphthyl ligand MeO-MOP (1a) for the asym-
metric reduction of allylic esters. Thus, the use of 7 for
the reduction of (E)-24 and (Z)-24 increased the enantio-
selectivity to 85% ee and 82% ee, respectively. Asymmetric
syntheses of optically active olefins which all bear a
deuterium atom at the stereogenic center in the allylic
position were also successful with the use of formic acid-
d2 (DCOOD) (Scheme 10).15 No deuterium scrambling was
observed in the reduction products. The higher enantio-
selectivity of MOP-phen (7) than MeO-MOP (1a) is
ascribed to the higher ratio of two diastereoisomers which
was observed in NMR studies of PdCl(η3-1,1-dimethyl-
allyl)((R)-MOP-phen)). The catalytic asymmetric reduction
was applied to the synthesis of optically active allylic
silanes that have a stereogenic carbon center at the
R-position and thus would be considered as useful chiral
reagents in organic synthesis.26

The allylic esters used for the asymmetric reduction
have been limited to those with a geometrically pure E or
Z double bond for high enantioselectivity, because the E
and Z isomers produce the enantiomeric olefins. The
reversal of configuration is exemplified by the reaction of
geranyl and neryl esters (see Scheme 8). However, it was
found that racemic tertiary allylic esters can also be used
for asymmetric reduction if one of the alkyl groups at the
R position is a sterically bulky group (Scheme 11).27 Since
the racemic tertiary allylic esters are readily obtained from
a ketone and the vinyl Grignard reagent, Scheme 11
provides a practical method for the synthesis of optically
active olefins. For example, the asymmetric reduction of
racemic ester dl-28a, obtained from tetralone, gave (R)-

Scheme 8

Scheme 9

Scheme 10
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29a of 93% enantiomeric purity. The high enantioselec-
tivity can be accounted for by the selective formation of
the π-allylpalladium 30 that contains the more bulky
group at the syn position. In the asymmetric reduction
of racemic 2-(1-naphthyl)-3-buten-2-yl benzoate, the
enantioselectivity was dependent on the substituent on
the diphenylphosphino group of the MeO-MOP ligand.
Introduction of an electron-withdrawing group increased
the enantiomeric purity of the reduction product. The
MeO-MOP ligand substituted with a bis(3-trifluorometh-
ylphenyl)phosphino group exhibited the highest (86% ee)
enantioselectivity.28 The higher selectivity is ascribed to
fast syn-anti isomerization of π-allylpalladium intermedi-
ates formed by oxidative addition of the allylic ester to a
palladium(0) species.

One of the major problems in developing catalytic
asymmetric allylic alkylation is undesirable regiochemis-
try, which limits the substitution patterns of allylic sub-
strates. As a typical example, the substitution with soft
carbon nucleophiles that proceeds through π-allylpalla-
dium intermediates containing one substituent at the C-1
position produces the linear isomer rather than the
branched isomer.1 It follows that the reaction cannot be
extended to asymmetric synthesis because the linear
isomer lacks the chiral carbon center.

We found that the use of MeO-MOP (1a) for the allylic
alkylation of 1-aryl-2-propenyl acetates reversed the re-
giochemistry to give branched isomers with high selectiv-
ity, and asymmetric synthesis was realized in this type of
allylic alkylation system (Scheme 12).29 For example, the
reaction of dl-31 with the sodium salt of dimethyl meth-
ylmalonate in the presence of MeO-MOP/palladium cata-
lyst gave the branched isomer 32 (87% ee) with 90%
regioselectivity. The stoichiometric reaction of an isolated
π-allylpalladium complex, 34, which exists as a mixture
of isomers in a ratio of 9:1, with the sodium enolate of
dimethyl methylmalonate gave (S)-32 of 90% ee with 88%
regioselectivity, which is in good agreement with the
catalytic reactions in terms of both regio- and enantiose-
lectivity.

An interesting memory effect has been observed in the
palladium-catalyzed allylic alkylation with the MeO-MOP
(1a) ligand. Thus, in the reaction of (E)-3-substituted
2-propenyl acetates, 1-substituted 2-propenyl acetates,
and 1- or 3-deuterio-2-cyclohexenyl acetate, which pro-

ceed through 1,3-unsymmetrically substituted π-allylpal-
ladium intermediates, selective substitution at the position
originally substituted with acetate took place by use of
the sterically bulky monodentate phosphine ligand MeO-
MOP (1a).30

Palladium-Catalyzed Asymmetric
1,4-Hydroboration of 1,3-Enynes
We have previously found that the addition of catechol-
borane to 1-buten-3-ynes is catalyzed by phosphine-
palladium complexes to give allenylboranes and/or 1,3-di-
enylboranes and that the selectivity in forming allenyl-
borane is influenced by the molar ratio of phosphine
ligand to palladium as well as the structure of the
phosphine ligand.31 The use of a monodentate phosphine
ligand is essential for the formation of allenylborane, while
the reaction in the presence of bidentate bisphosphine
ligands produces 1,3-dienylboranes exclusively. The se-
lectivity is rationalized by the coordination number avail-
able for 1-buten-3-ynes in the monophosphine- and
bisphosphine-palladium intermediates (Scheme 13). We
have applied the monodentate phosphine ligand MeO-

Scheme 11 Scheme 12

Scheme 13
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MOP (1a) to the palladium-catalyzed asymmetric hy-
droboration of 1,3-enynes 35.32 Although the enantiose-
lectivity was not high enough, the reaction provides the
first example of the catalytic asymmetric synthesis of
allenylboranes, which were used for mechanistic studies
of the SE′ reaction with an aldehyde.

Other Catalytic Asymmetric Reactions with
MOP Ligands
Since we reported the high efficiency of the MOP ligands,
MeO-MOP (1a) has been applied to some other transition-
metal-catalyzed asymmetric reactions, especially to those
in which metal complexes of multidentate phosphine
ligands cannot be used due to their low catalytic activity.
The representatives are the π-allylpalladium-mediated
reactions where the reductive elimination of π-allyl and
some carbon ligands from π-allylpalladium intermediates
is the critical bond-forming step in the catalytic cycle. In
the palladium-catalyzed asymmetric reactions, allylic cya-
nation,33 allylic alkoxycarbonylaton,34 metallo-ene reac-
tion,35 and 1,2-addition of acylzirconocene chloride to
enone,36 the MeO-MOP ligand exhibited higher enantio-
selectivity than other chiral ligands, though the ee values
of the products are not always satisfactory.

High enantioselectivity has been observed in the nickel-
catalyzed hydrovinylation of a styrene derivative with
ethylene, forming 3-(6-methoxy-2-naphthyl)-1-butene.37

Interestingly, the catalytic activity and enantioselectivity
are strongly dependent on the substituent at the 2′
position of the MOP ligands (1b, 80% ee; 1d, 3% ee). It is
proposed that the alkoxy functionality at the 2′ position
works as a hemilabile coordinating group, effecting the
asymmetric hydrovinylation. MeO-MOP has also been
used for nickel-catalyzed [2 + 2 + 2] cycloaddition, giving
isoindoline derivatives38 and a [6]helicene39 with moderate
enantioselectivities.

Recently, MOP ligands have found application in
rhodium-catalyzed asymmetric addition reactions, orga-
noboronic acids to aldehydes40 and organostannanes to
imines.41 In the latter case, the aryl-substituted MOP
ligand 1f is more enantioselective than MeO-MOP to give
sulfonamides of diarylmethylamines with 96% ee (Scheme
14).

Conclusion
Chiral monophosphines, whose chirality is due to biaryl
axial chirality, have been prepared from enantiomerically
pure 2,2′-dihydroxy-1,1′-binaphthyl and demonstrated to
be highly efficient chiral ligands for transition-metal-

catalyzed organic transformations, especially for reactions
where chelating bisphosphine ligands cannot be used
because of their low catalytic activity or low selectivity for
the desired reaction pathway. The high efficiency is
highlighted by palladium-catalyzed asymmetric hydrosi-
lylation of alkyl-substituted terminal olefins, which pro-
ceeds with unprecedented regioselectivity, and enantio-
selectivity giving 2-alkylsilanes of over 95% ee by use of
the MeO-MOP ligand. With bisphosphine ligands such as
BINAP, the hydrosilylation does not take place. High
enantioselectivity has also been observed in the hydrosi-
lylation of other types of alkenes, cyclic olefins, styrene
derivatives, and so on. Asymmetric reduction of allylic
esters with formic acid is another example of the pal-
ladium-catalyzed reactions where the use of MOP ligands
is essential for the high catalytic activity and enantiose-
lectivity. The MOP ligands have an advantage over others
in that their fine-tuning is readily made by the introduc-
tion of a desired group at the 2′ position of the 1,1′-
binaphthyl skeleton according to the reaction type and
thus enhances the utility of the MOP ligands. Hopefully,
asymmetric catalysis with MOP ligands will find wide
application in transition-metal-catalyzed asymmetric re-
actions even in industrial-scale synthesis.
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Japan Society for the Promotion of Science, and a Grant-in-Aid
for Scientific Research, the Ministry of Education, Japan.
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phin-Rhodium-Komplex. Angew. Chem. 1968, 80, 1034.

(4) Kagan, H. B.; Dang, T. P. Asymmetric Catalytic Reduction with
Transition Metal Complexes. I. A Catalytic System of Rhodium(I)
with (-)-2,3-O-Isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphos-
phino)butane, a New Chiral Diphosphine. J. Am. Chem. Soc. 1972,
94, 6429.

(5) Noyori, R.; Takaya, H. BINAP: An Efficient Chiral Element for
Asymmetric Catalysis. Acc. Chem. Res. 1990, 23, 345.

(6) Hayashi, T. In Ferrocenes; Togni, A., Hayashi, T., Eds.; VCH:
Weinheim, 1995; pp 105-142.

(7) Knowles, W. S.; Sabacky, M. J.; Vineyard, B. D. Catalytic Asym-
metric Hydrogenation. J. Chem. Soc., Chem. Commun. 1972, 10.

(8) Morrison, J. D.; Burnett, R. E.; Aguiar, A. M.; Morrow, C. J.;
Phillips, C. Asymmetric Homogeneous Hydrogenation with Rho-
dium(I) Complexes of Chiral Phosphines. J. Am. Chem. Soc. 1971,
93, 1301.

(9) Hayashi, T.; Hayashizaki, K.; Kiyoi, T.; Ito, Y. Practical Asymmetric
Synthesis of 1,1′-Binaphthyls via Asymmetric Cross-Coupling with
a Chiral (Alkoxyalkylferrocenyl)monophosphine-Nickel Catalyst.
J. Am. Chem. Soc. 1988, 110, 8153.

(10) Kurz, L.; Lee, G., Morgans, D., Jr.; Waldyke, M. J.; Ward, T.
Stereospecific Functionalization of (R)-(-)-1,1′-Bi-2-naphthol Tri-
flate. Tetrahedron Lett. 1990, 31, 6321.

(11) Uozumi, Y.; Hayashi, T. Catalytic Asymmetric Synthesis of Opti-
cally Active 2-Alkanols via Hydrosilylation of 1-Alkenes with a
Chiral Monophosphine-Palladium Catalyst. J. Am. Chem. Soc.
1991, 113, 9887.

(12) Uozumi, Y.; Tanahashi, A.; Lee, S.-Y.; Hayashi, T. Synthesis of
Optically Active 2-(Diarylphosphino)-1,1′-binaphthyls, Efficient
Chiral Monodentate Phosphine Ligands. J. Org. Chem. 1993, 58,
1945.

Scheme 14

Phosphine Ligand MOP for Asymmetric Reactions Hayashi

VOL. 33, NO. 6, 2000 / ACCOUNTS OF CHEMICAL RESEARCH 361



(13) Hattori, T.; Sijo, M.; Kumagai, S.; Miyano, S. Enantiomeric
2′-Methoxy-1,1′-binaphthyl-2-carboxylic Acid as the Starting Ma-
terial for the Stereospecific Synthesis of Optically Pure 2′-
Methoxy-1,1′-binaphthyls. Chem. Express 1991, 6, 335.

(14) Uozumi, Y.; Suzuki, N.; Ogiwara, A.; Hayashi, T. Preparation of
Optically Active Binaphthylmonophosphines (MOP’s) Containing
Various Functional Groups. Tetrahedron 1994, 50, 4293.

(15) Hayashi, T.; Iwamura, H.; Uozumi, Y.; Matsumoto, Y.; Ozawa, F.
A New Optically Active Monodentate Phosphine Ligand, (R)-(+)-
3-Diphenylphosphino-3′-methoxy-4,4′-biphenanthryl (MOP-phen).
Preparation and Use for Palladium-Catalyzed Asymmetric Reduc-
tion of Allylic Esters with Formic Acid. Synthesis 1994, 526.

(16) Hayashi, T.; Niizuma, S.; Kamikawa, T.; Suzuki, N.; Uozumi, Y.
Catalytic Asymmetric Synthesis of Axially Chiral Biaryls by
Palladium-Catalyzed Enantioposition-Selective Cross-Coupling. J.
Am. Chem. Soc. 1995, 117, 9101.

(17) Uozumi, Y.; Kitayama, K.; Hayashi, T.; Yanagi, K.; Fukuyo, E.
Asymmetric Hydrosilylation of 1-Alkenes Catalyzed by Palladium-
MOP. Bull. Chem. Soc. Jpn. 1995, 68, 713.

(18) Hayashi, T.; Iwamura, H.; Naito, M.; Matsumoto, Y.; Uozumi, Y.;
Miki, M.; Yanagi, K. Catalytic Asymmetric Reduction of Allylic
Esters with Formic Acid Catalyzed by Palladium-MOP Complexes.
J. Am. Chem. Soc. 1994, 116, 775.

(19) Tamao, K. In Advances in Silicon Chemistry; Larson, G. L., Ed.;
JAI Press: Greenwich, CT, 1996; Vol. 3, pp 1-62.

(20) Ojima, I. In The Chemistry of Organic Silicon Compounds; Patai,
S., Rappoport, Z., Eds.; Wiley: Chichester, 1989; p 1479.

(21) Uozumi, Y.; Lee, S.-Y.; Hayashi, T. Asymmetric Functionalization
of Bicycloalkenes by Catalytic Enantioposition-Selective Hydro-
silylation. Tetrahedron Lett. 1992, 33, 7185.

(22) Uozumi, Y.; Hayashi, T. Asymmetric Hydrosilylation of Dihydro-
furans by Use of Palladium-MOP Catalyst. Tetrahedron Lett. 1993,
34, 2335.

(23) Kitayama, K.; Uozumi, Y.; Hayashi, T. Palladium-Catalysed Asym-
metric Hydrosilylation of Styrenes with a New Chiral Monoden-
tate Phosphine Ligand. J. Chem. Soc., Chem. Commun. 1995,
1533.

(24) Kitayama, K.; Tsuji, H.; Uozumi, Y.; Hayashi, T. Asymmetric
Hydrosilylation of Cyclic 1,3-Dienes Catalyzed by an Axially Chiral
Monophosphine-Palladium Complex. Tetrahedron Lett. 1996, 37,
4169.

(25) Tsuji, J. Palladium Reagents and Catalysts; Wiley: New York,
1995.

(26) Hayashi, T.; Iwamura, H.; Uozumi, Y. Asymmetric Synthesis of
Allylsilanes by Palladium-Catalyzed Asymmetric Reduction of
Allylic Carbonates with Formic Acid. Tetrahedron Lett. 1994, 35,
4813.

(27) Hayashi, T.; Kawatsura, M.; Iwamura, H.; Yamaura, Y.; Uozumi,
Y. Catalytic Asymmetric Synthesis of Optically Active Alkenes by
Palladium-Catalysed Asymmetric Reduction of Racemic Allylic
Esters with Formic Acid. J. Chem. Soc., Chem. Commun. 1996,
1767.

(28) Kawatsura, M.; Uozumi, Y.; Ogasawara, M.; Hayashi, T. Palladium-
Catalyzed Asymmetric Reduction of Racemic Allylic Esters with
Formic Acid: Effects of Phosphine Ligands on Isomerization of
π-Allylpalladium Intermediates and Enantioselectivity. Tetrahe-
dron 2000, 56, 2247.

(29) Hayashi, T.; Kawatsura, M.; Uozumi, Y. Regio- and Enantioselec-
tive Allylic Alkylation Catalyzed by Chiral Monophosphine-Pal-
ladium Complexes. Chem. Commun. 1997, 561.

(30) Hayashi, T.; Kawatsura, M.; Uozumi, Y. Retention of Regiochem-
istry of Allylic Esters in Palladium-Catalyzed Allylic Alkylation in
the Presence of a MOP Ligand. J. Am. Chem. Soc. 1998, 120, 1681.

(31) Matsumoto, Y.; Naito, M.; Hayashi, T. Palladium(0)-Catalyzed
Hydroboration of 1-Buten-3-ynes: Preparation of Allenylboranes.
Organometallics 1992, 11, 2732.

(32) Matsumoto, Y.; Naito, M.; Uozumi, Y.; Hayashi, T. Axially Chiral
Allenylboranes: Catalytic Asymmetric Synthesis by Palladium-
Catalysed Hydroboration of 1-Buten-3-ynes and Their Reaction
with an Aldehyde. J. Chem. Soc., Chem. Commun. 1993, 1468.

(33) Tsuji, Y.; Kusui, T.; Kojima, T.; Sugiura, Y.; Yamada, N.; Tanaka,
S.; Ebihara, M.; Kawamura, T. Palladium-Complex-Catalyzed
Cyanation of Allylic Carbonates and Acetates Using Trimethylsilyl
Cyanide. Organometallics 1998, 17, 4835.

(34) Imada, Y.; Fujii, M.; Kubota, Y.; Murahashi, S.-I. Palladium-
Catalyzed Asymmetric Alkoxycarbonylation of Allyl Phosphates.
Tetrahedron Lett. 1997, 38, 8227.

(35) Oppolzer, W.; Kuo, D. L.; Hutzinger, M. W.; Léger, R.; Durand, J.-
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