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Abstract

Chiral monophosphines (MOPs), whose chirality is due to biaryl axial chirality, are prepared from enantiometrically pure
2,2%-dihydroxy-1,1%-binaphthyl and 3,3%-dihydroxy-4,4%-biphenanthryl. The representatives are 2-(diphenylphosphino)-2%-methoxy-
1,1%-binaphthyl (MeO–MOP and 3-(diphenylphosphino)-3%-methoxy-4,4%-biphenanthryl (MOP–phen). The palladium complexes
coordinated with the MOP ligands are highly effective catalysts for catalytic asymmetric allylic substitution reactions, where
chelating bisphosphine ligands cannot be used because of their low catalytic activity or low selectivity towards the desired reaction
pathway. The catalytic asymmetric reactions are: (1) asymmetric reduction of allylic esters with formic acid (93% ee). (2) Regio-
and enantioselective alkylation of allyl esters (87% ee). © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Asymmetric reactions catalyzed by transition metal
complexes coordinated with enantiomerically pure chi-
ral ligands have attracted significant interest owing to
their synthetic utility [1]. Among the transition metal
catalysts used for the catalytic asymmetric reactions,
palladium is recognized to be the most versatile metal,
which catalyzes a wide variety of asymmetric reactions
[2] including cross-coupling [3], hydrosilylation of
olefins [4], Heck-type reaction [1,2], Wacker-type oxida-
tion [5], and allylic substitution reactions [3,6].

One of the most exciting and challenging subjects in
the research of catalytic asymmetric synthesis is the
development of a chiral ligand which will influence the
reaction efficiency in terms of catalytic activity and
enantioselectivity. Most of the chiral phosphine ligands

prepared and used for catalytic asymmetric reactions
hitherto are the bisphosphines which are, in general,
anticipated to be effective in constructing a chiral envi-
ronment by the chelate coordination to a metal [1]. 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 [1,7]. However, there exist transition
metal-catalyzed reactions where the bisphosphine–
metal complexes cannot be used because of their low
catalytic activity and/or low selectivity toward a desired
reaction pathway, and, therefore, chiral monodentate
phosphine ligands are required for the catalytic asym-
metric synthesis to be viable. We have prepared a series
of monophosphine ligands, whose chirality is due to
1,1%-binaphthyl axial chirality, represented by MeO–
MOP which stands for 2-(diphenylphosphino)-2%-
methoxy-1,1%-binaphthyl and have found that high
enantioselectivity and high catalytic activity can be
achieved in some of the palladium-catalyzed asymmet-
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Scheme 1.

ric reactions. Here we describe the preparation of the
chiral monodentate phosphine ligands (MOP ligands)
and their use in the palladium-catalyzed asymmetric
reactions which proceed through p-allylpalladium inter-
mediates. The MOP-palladium catalysts have been
found to be also useful for asymmetric hydrosilylation
of olefins [4] and asymmetric 1,4-hydroboration of 1,3-
enynes [8].

2. Preparation of MOP ligands

The chiral binaphthyl skeleton was chosen as the
basic structure of the monodentate phosphine ligand
since, in the case of using axially chiral binaphthyl
compounds, to construct an effective chiral template for
asymmetric reactions there are numerous examples doc-
umented in the literature [1]. Morgans and coworkers
have reported [9] the selective monophosphinylation of
2,2% - bis(trifluoromethanesulfonyloxy) - 1,1% - binaphthyl
(2) with diphenylphosphine oxide in the presence of a
palladium catalyst giving a high yield of 2-diphenyl-
phosphinyl-2%-trifluoromethanesulfonyloxy-1,1%-binaph-
thyl (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
2 - (diphenylphosphino) - 2% - methoxy - 1,1% - binaphthyl
(MeO–MOP, 1) was achieved [10,11] in a high yield by
the three-step sequence shown in Scheme 1. Thus,
triflate (S)-3 was hydrolyzed with aqueous sodium hy-

droxide to give 99% yield of alcohol, and its phenolic
hydroxy group was alkylated by treatment with methyl
iodide in the presence of potassium carbonate in ace-
tone to give 99% yield of methyl ether (S)-4. Reduction
of the phosphine oxide with trichlorosilane and triethy-
lamine in refluxing xylene led to (S)–MeO–MOP (1) in
97% yield. The overall yield from 2,2%-dihydroxy-1,1%-
binaphthyl was about 90%.

The enantiomerically pure monophosphine contain-
ing the biphenanthryl skeleton, MOP–phen (5), was
also prepared by a sequence of the reactions from
3,3%-dihydroxy-4,4%-biphenanthryl which are essentially
the same as those for the binaphthyl analog 1 [12].
Several MOP ligands containing other substituents X at
2% position of the binaphthyl skeleton [11] were also
prepared, some of which are shown in Scheme 2.

3. Asymmetric reduction of allylic esters with formic
acid

Palladium-catalyzed reduction of allylic esters with
formic acid, a reaction which has been developed by
Tsuji and coworkers [2,13], provides a convenient
method for regioselective synthesis of less-substituted
olefins. Mechanistic studies [14] on the catalytic reduc-
tion have revealed that the olefin is produced by reduc-
tive elimination from the key intermediate,
Pd(II)(p-allyl)(hydrido)(L), which is generated by de-
carboxylation of the palladium formate complex, and
that the use of monodentate phosphine ligand is essen-
tial for the high regioselectivity. We found that the
catalytic asymmetric reduction forming optically active
olefins is attained by use of the chiral monodentate
phosphine ligand, (R)–MeO–MOP (1a), and its
biphenanthryl analog, (R)–MOP–phen (5) [12,15].

Reaction of geranyl methyl carbonate ((E)-6) with
formic acid (2.2 equiv) and 1,8-bis(dimethyl-
amino)naphthalene (1.2 equiv) in the presence of 1
mol.% of a palladium catalyst, generated in situ by
reacting Pd2(dba)3 · CHCl3 with (R)–MeO–MOP (P/
Pd=2/1), in dioxane at 20°C for 16 h proceeded re-
gioselectively to give a quantitative yield of
(S)-3,7-dimethyl-1,6-octadiene (7) in 76% ee (SchemeScheme 2.
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Scheme 4.

3). The reduction of Z carbonate, neryl methyl carbon-
ate ((Z)-6), under the same reaction conditions gave the
olefin (R)-7 which has essentially the same enantiomeric
purity (75% ee) but the opposite absolute configuration.
Similarly, the reduction of racemic linalyl carbonate
dl-8 gave 82% yield of (S)-7 in 55% ee. In contrast to
the high catalytic activity and high regioselectivity ob-
served with the MOP/palladium catalyst, the reduction
is very slow and not regioselective with chelating bis-
phosphine ligands such as (R)-BINAP.

The reduction of 6 must proceed via a p-{1-(4-
methyl-3-pentenyl)-1-methylallyl}palladium(II) inter-
mediate 9 which presumably undergoes syn–anti
isomerization (syn-9lanti-9) and epimerization ((2R)-
9l (2S)-9) by the s–p–s mechanism (Scheme 4) [6].
The reversal of configuration of 7 observed for the

asymmetric reduction of (E)-6 and (Z)-6 demonstrates
that the rate of syn–anti isomerization of 9 is much
slower than the rate of reduction in forming 7. As a
model for the key intermediate in the asymmetric re-
duction, the structure of PdCl(h3-1,1-dimethylal-
lyl)((R)-MeO–MOP) (10), which is readily obtained by
the reaction of [PdCl(h3-1,1-dimethylallyl)]2 with (R)-
MeO–MOP, was studied in solution and in a crys-
talline state.

1H- and 31P-NMR studies of 10 in CDCl3 revealed
that the p-allylpalladium 10 exists as a mixture of
isomers which are in an equilibrium state between −60
and 20°C, the ratio of major isomer to minor isomer
being 4.5: 1, 5.1: 1, and 6.5: 1, at 20, −20, and −60°C,
respectively. Both isomers are determined by a large
coupling (4JH–P=ca. 9 and 5 Hz) between the methyls
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Fig. 1. Molecular structure of PdCl(h3-1,1-dimethylallyl) ((R)-MOP)
(10).

(S)-7 observed in the catalytic asymmetric reduction of
(E)-6 is accounted for by the reductive elimination of
the hydrido and p-allyl from the intermediate syn-(2R)-
9 (X�H) after equilibration between syn-(2R)-9 and
syn-(2S)-9, the former possessing the same configura-
tion for the p-allyl moiety as 10a. Similarly, (R)-7 is
formed from anti-(2R)-9 after the equilibration with
anti-(2S)-9. An epimerization ensuing from this equili-
bration was demonstrated by the reduction of racemic
linalyl carbonate 8 which gave nonracemic product
(55% ee (S)).

The monodentate phosphine (R)-MOP–phen (5) that
contains axially chiral biphenanthryl skeleton was
found to be a more enantioselective ligand than the
binaphthyl ligand MeO–MOP (1) for the palladium-
catalyzed asymmetric reduction of allylic esters. Thus,
the use of 5 for the reduction of (E)-6 and (Z)-6
increased the enantioselectivity to 85 and 82% ee, re-
spectively (Scheme 5). Enantioselectivity in the reduc-
tion of (E)-3-cyclohexyl-2-propenyl carbonate (11a)
and (E)-3-phenyl-2-propenyl carbonate (11b) was also
increased by use of MOP–phen (5).

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) [12]. Thus, the
reaction of (E)-6 and (E)-11a with formic acid-d2 in the
presence of 1,8-bis(dimethylamino)naphthalene and the
palladium–MOP–phen catalyst introduced deuterium
selectively at the stereogenic center to give the corre-
sponding deuterated olefins in 84�85% ee, the enan-
tioselectivity being essentially the same as the reduction
with HCOOH. No deuterium scrambling was observed
in the reduction products.

The manner in which the MOP-phen ligand coordi-
nates to p-allylpalladium was also studied by X-ray
crystal structure analysis of the palladium complex
PdCl(h3-1,1-dimethylallyl)((R)-MOP-phen)) (14) (Fig.
2) [12]. The basic structure around palladium atom in
14 is very similar to that of its binaphthyl analog 10
(see Fig. 1). Thus, the h3-1,1-dimethylallyl group coor-
dinates to palladium with the absolute configuration of
R at the C-2 position, and the C-1 carbon on the
p-allyl, which is substituted with two methyl groups, is
trans to the phosphorus. 1H- and 31P-NMR studies of
PdCl(h3-1,1-dimethylallyl)((R)-MOP–phen) (14) in
CDCl3 revealed that the p-allylpalladium 14 exists as a
mixture of isomers which are in an equilibrium state
between −60 and 20°C, the ratios of main isomer
(2R)-14 to minor isomer (2S)-14 being 6: 1, 10: 1, and
13: 1 at 20, −20 and −60°C, respectively. The ratios
are higher than those observed for the palladium–MOP
complex 10 (vide supra), which is consistent with the
higher enantioselectivity of MOP–phen (5) than MeO–
MOP (1) for the catalytic asymmetric reduction.

on the C-1 carbon and the phosphorus atom which is
consistent with the structure 10a and 10b whereby the
C-1 carbon on the p-allyl is trans to phosphine. One of
the significant features in the 1H-NMR was that the
proton on the C-2 carbon of major diastereoisomer 10a
appeared at an unusually high field (2.67 ppm) com-
pared with that of the minor isomer 10b (4.55 ppm) and
normal PdCl(p-allyl)(PR3) complexes. The X-ray crys-
tal structure of the palladium complex 10 (Fig. 1)
obtained by recrystallization from benzene and ether
shows that the C-2 proton is in close proximity to the
naphthyl ring substituted with the methoxy group,
which will cause the high field shift of the C-2 proton.
Thus, the conformation in the X-ray crystal structure is
assumed to be similar to that of the major isomer 10a
in solution. The stereochemical outcome in forming

Scheme 5.
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Fig. 2. Molecular structure of PdCl(h3-1,1-dimethylallyl) ((R)-MOP–
phen) (14).

3-alkyl-3-trialkylsilyl-2-propenyl methyl carbonates 15
with formic acid in the presence of the palladium/
MOP–phen catalyst proceeded at 20°C to give high
yields (\90%) of allylsilanes 16 in up to 91% ee. The
allylsilanes were treated with trimethylacetaldehyde in
the presence of titanium tetrachloride to give optically
active homoallyl alcohols by chirality transfer during
the SE% reaction [17]. The asymmetric reduction of the
allyl carbonates bearing an E double bond under the
same reaction conditions gave the corresponding allylsi-
lanes with lower enantiomeric purity than those from
the Z carbonates. The higher enantioselectivity of the
reaction of Z carbonates was accounted for by the
larger difference in thermodynamic stability between
the epimeric pairs of anti-p-allylpalladium complex
than those of the syn isomer, which was demonstrated
by 1H- and 31P-NMR studies of syn and anti isomers of
a model p-allylpalladium complex, PdCl(h3-1-methyl-1-
(trimethylsilyl)allyl)((R)-MOP) (17).

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 3).
However, it was found that racemic tertiary allylic
esters can also be used for asymmetric reduction if one

The catalytic asymmetric reduction was applied to
the synthesis of optically active allylic silanes that have
a stereogenic carbon center at the a-position and thus
would be considered as useful chiral reagents in organic
synthesis (Scheme 6) [16]. For example, the reduction of

Scheme 6.

Scheme 7.



T. Hayashi / Journal of Organometallic Chemistry 576 (1999) 195–202200

Scheme 8.

of the alkyl groups at the a position is a sterically bulky
group (Scheme 7) [18]. Since the racemic tertiary allylic
esters are readily obtained from a ketone and the vinyl
Grignard reagent, it provides a practical method for the
synthesis of optically active olefins. For example, the
asymmetric reduction of racemic ester dl-18a, obtained
from tetralone, with formic acid in the presence of the
palladium catalyst coordinated with (R)-MOP–phen at
−20°C gave an 87% yield of reduction product (R)-19a
with 93% enantiomeric purity. The high enantioselectiv-
ity can be accounted for by the selective formation of
the p-allylpalladium 20 that contains the more bulky
group at the syn position. Interestingly, the reduction of
dl-18a is much faster than that of its regioisomeric
ester, 3,3-disubstituted propenyl carbonate (E)-21. The
reduction of (E)-21 did not take place at 0°C or lower.
At 20°C it gave (R)-19a in 83% ee, the stereoselectivity
being essentially the same as that for dl-18a at 20°C.
The lower reactivity of (E)-21 is ascribed to the two
alkyl substituents at the 3 position of (E)-21. Steric
hindrance retards the oxidative addition step in the
catalytic cycle which takes place in an SN% manner.

The palladium–MOP catalyst is also effective for the
asymmetric reduction of racemic 5-carbomethoxy-2-cy-
clohexenyl methyl carbonates 22 which proceeds
through palladium intermediates 24 that have meso-
type p-allyl. The reduction of cis-22 and trans-22 gave
(S)-4-carbomethoxycyclohexene (23) (87% ee) and (R)-
23 (77% ee), respectively (Scheme 8) [15].

4. Regio- and enantioselective alkylation of allylic
esters

One of the major problems in developing catalytic
asymmetric allylic alkylation is undesirable regiochem-
istry which limits the substitution patterns of allylic
substrates [6]. As a typical example, the substitution
with soft carbon nucleophiles that proceeds through
p-allylpalladium intermediates containing one sub-

stituent at C-1 position produces linear isomer rather
than branch isomer. It follows that the reaction cannot
be extended to asymmetric synthesis because the linear
isomer lacks the chiral carbon center. The regioselectiv-
ity in forming a branch isomer is usually very low
except when methyl is the substituent [19]. We found
that the use of MeO–MOP (1), which is a sterically
bulky chiral monophosphine ligand, for the allylic alky-
lation of 1-aryl-2-propenyl acetates 25 reversed the
regiochemistry to give branch isomers 26 with high
selectivity, and asymmetric synthesis was realized in this
new allylic alkylation system [20].

The results obtained for allylic substitution of
racemic 1-aryl-2-propenyl acetates dl-25 in the presence
of palladium–phosphine complexes are summarized in
Scheme 9. The reaction of dl-1-phenyl-2-propenyl ac-
etate (25a) with the sodium salt of dimethyl methyl-
malonate in THF at −20°C in the presence of 2 mol.%
of palladium catalyst generated from [PdCl(p-C3H5)]2
and 1,2-bis(diphenylphosphino)ethane (dppe) gave lin-
ear isomer (E)-27a with 93% regioselectivity. The lin-
ear-selectivity (85% regioselectivity) was also observed

Scheme 9.
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Scheme 10.

regiochemistry of starting allylic ester is lost at the
formation of the p-allylpalladium(II) intermediate and
the regiochemistry in the substitution product is deter-
mined at the attack of nucleophile on the p-allylpalla-
dium. Recently we found a new type of
palladium-catalyzed allylic alkylation reactions where
selective substitution at the position originally substi-
tuted with acetate takes place by use of MeO–MOP (1)
which is a sterically bulky monodentate phosphine lig-
and (Scheme 10) [22].

The reaction of 1-phenyl-2-propenyl acetates (25a)
with sodium salt of dimethyl methylmalonate in the
presence of a palladium catalyst generated by mixing
[PdCl(p-C3H5)]2 with one or two equivalents of MeO–
MOP (1) gave a regioisomeric mixture of allylic alkyla-
tion products consisting of branch isomer 26a and
linear isomer 27a in a ratio of 77 to 23. On the other
hand, the allylic alkylation of (E)-3-phenyl-2-propenyl
acetate (28a) under the same conditions gave branch
isomer 26a and linear isomer 27a in a ratio of 21 to 79.
Thus, the nucleophile attacked the position originally
substituted with acetate. The retention of regiochem-
istry observed here is quite unusual in the palladium-
catalyzed allylic substitution reactions. With other
phosphine ligands such as triphenylphosphine and 1,2-
bis(diphenylphosphino)ethane (dppe), the ratio of
branch isomer 26a and linear isomer 27a is the same
irrespective of the regiochemistry of the starting allylic
esters.

The substitution at the carbon originally substituted
with acetate was also observed in the reaction of specifi-
cally deuterated cyclohexenyl acetates 29. The alkyla-
tion of 3-deuterated acetate 29-3-d1 and 1-deuterated
acetate 29-1-d1 with sodium salt of dimethyl methyl-
malonate in the presence of palladium/MeO–MOP cat-
alyst took place with high selectivity (83% at 20°C) at
the position originally substituted with acetate, giving
30 and 31, respectively (Scheme 11). The reaction car-
ried out at 0°C in the presence of 0.5 equivalents of
lithium chloride increased the regioselectivity up to
88%. Here again use of dppe or triphenylphosphine
ligand in place of MeO–MOP gave a 1/1 mixture of 30
and 31, starting with either 29-3-d1 or 29-1-d1, indicat-
ing that the regiochemical integrity of cyclohexenyl
acetates 29-3-d1 and 29-1-d1 is lost before the nucleo-
philic attack in the case of dppe or PPh3 as a ligand.

Studies of the structure of p-allylpalladium com-
plexes generated by mixing [PdCl(p-cyclohexenyl)]2
with one or two equivalents of MeO–MOP (1) revealed
that cationic bisphosphine complex [Pd(1)2(p-cyclohex-
enyl)]+Cl− is not formed even in the presence of excess
ligand but neutral monophosphine complex PdCl(1)(p-
cyclohexenyl) (32) is formed leaving excess ligand free
and that the exchange of the coordination site of Cl and
1 in 32 is much slower than that in the corresponding
triphenylphosphine complex PdCl(PPh3)(p-cyclohex-

in the reaction with a palladium catalyst coordinated
with triphenylphosphine. It is noteworthy that the reac-
tion catalyzed by palladium–PPh3 requires two equiva-
lents of triphenylphosphine (to Pd) for the allylic
substitution to proceed smoothly. With one equivalent
of triphenylphosphine, the reaction stops at about 60%
conversion. The opposite regioselectivity was observed
in the same substitution reaction of 25a by use of
MeO–MOP as a ligand, which gave branch isomer 26a
with 82% regioselectivity at −30°C. The branch
product 26a was 86% enantiomerically pure. With the
palladium–MeO–MOP catalyst, the ratio of phosphine
to palladium did not affect either catalytic activity or
regioselectivity. Higher regioselectivity in forming the
branch isomer was observed in the reaction of 1-aryl-2-
propenyl acetates 25b and 25c that contain methoxy
group(s) on the aromatic ring. At the reaction tempera-
ture of −30°C, 1-(4-methoxyphenyl)-2-propenyl ac-
etate (25b) gave branch isomer (S)-26b (87% ee) with
90% regioselectivity. Here again the palladium catalyst
containing dppe or triphenylphosphine gave linear iso-
mer 27b preferentially. The reaction of allylic acetate
25c in the presence of MeO–MOP at −30°C also gave
the corresponding alkylation product 26c in 85% ee
with high branch-selectivity (89%). Thus, MeO–MOP
(1) is playing a key role on the high branch-selectivity
in the catalytic allylic alkylation of 1-aryl-2-propenyl
acetates. This type of asymmetric alkylation is consid-
ered to be difficult with chelating bisphosphine ligands
used so far mostly for asymmetric allylic alkylation
which proceeds by way of palladium intermediates con-
taining 1,3-disubstituted p-allyl such as 1,3-diphenyl
[6,21].

It has been generally accepted that, in the allylic
substitution which proceeds through 1,3-unsymmetri-
cally substituted p-allylpalladium(II) intermediate, the
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