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A novel amphiphilic phosphinite-oxazoline chiral compound, 2-methyl-4,5-[4,6-O-benzylidene-3-
O-bis{4-((diethylamino)methyl)phenyl}phosphino-1,2-dideoxy-R-D-glucopyranosyl]-[2,1-d]-2-oxazo-
line (1), has been prepared from natural D-glucosamine hydrochloride. The newly prepared complex,
[Pd(2-methyl-4,5-[4,6-O-benzylidene-3-O-bis{(4-((diethylmethylammonium)methyl)phenyl)}phosphino-
1,2-dideoxy-R-D-glucopyranosyl]-[2,1-d]-2-oxazoline)(η3-C3H5)]3+‚3BF4

- (3), is soluble in water and
an efficient catalyst for asymmetric allylic substitution reaction in water or an aqueous/organic
biphasic medium (up to 85% ee). This catalytic system offers an easy separation of the aqueous
catalyst phase from the product phase and allows recycling of the catalyst phase. In addition,
compound 1 also works as an effective ligand for the palladium-catalyzed reaction under
conventional homogeneous conditions in an organic medium, in which the catalyst (Pd-1 complex)
can be recovered by simple acid/base extraction and reused in the second reaction.

Introduction

Homogeneous chiral catalysts are extensively used in
both organic syntheses and several industrial chemical
processes, mainly because of their high activity and
selectivity.1 Recently, concerns over hazardous waste
generated during catalytic reactions and separation of
products from catalyst increasingly led to the develop-
ment of systems that employ water as solvent.2 The
benefits gained by using aqueous catalytic systems
include easier product separation, decreased cost, in-
creased safety, and more efficient catalyst recycling. In
these catalytic systems, organometallic complexes are
usually soluble in water through the use of chiral
hydrophilic ligands incorporating the charged or polar
substituents, providing fair to good enantioselectivity in
the hydrogenation3 and hydroformylation4 of alkenes, the
hydrogenolysis of epoxides,5 and the oxidation of alkenes.6
Recently, we reported the highly enantioselective hydro-
genation of alkenes in water, an aqueous/organic me-
dium, or an aqueous miceller medium using novel water-
soluble cationic rhodium(I) complexes bearing hydrophilic
ligands derived from R,R- and â,â-trehaloses.7a,b We also
reported that the ligand derived from D-glucosamine was
very effective for enantioselective palladium-catalyzed
allylic substitution reaction in an organic medium (up
to 96% ee).8 These results encouraged us to turn our

attention to asymmetric allylic substitution reactions in
an aqueous medium.

To our knowledge, scarce attention has been paid to
asymmetric palladium-catalyzed reaction9 in an aqueous
medium,10 except for highly enantioselective allylic alky-
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lation in an aqueous medium using heterogeneous resin-
supported MOP-palladium catalysts reported by Uozumi
and Hayashi.11 In this paper we report the synthesis of
a new amphiphilic chiral ligand, 1 (Figure 1), incorporat-
ing the diethylaminomethyl group at the 4-position of the
phenyl ring on the phosphorus atom and its application
to palladium-catalyzed asymmetric allylic substitution in
aqueous or organic media, allowing for catalyst recycling.
The amino group can be expected to serve as an ionizable
inducer by quarternization.12 Thus, the catalyst involving
the ligand having such a quarternized functional group
is soluble in water, which facilitates the catalyst recycling
as well as the separation of the catalyst from water-
immiscible organic products. Furthermore, the pH-
controlled quarternization of amino groups and cancel-
lation of quarternization enable the catalyst to transport
between an aqueous phase and an organic phase.13 This
catalyst transport between two phases is also applicable
to the catalyst recycling for palladium-catalyzed allylic

substitution in the conventional organic medium as
shown in Figure 2.

Results and Discussion

Syntheses of Phosphinite-Oxazoline Ligand 1
and Water-Soluble Palladium Complex 3. The
preparative methods for 2-methyl-4,5-[4,6-O-benzylidene-3-O-
bis{4-((diethylamino)methyl)phenyl}phosphino-1,2-di-
deoxy-R-D-glucopyranosyl]-[2,1-d]-2-oxazoline (1) and
[Pd(2-methyl-4,5-[4,6-O-benzylidene-3-O-bis{4-((dieth-
ylmethylammonium)methyl)phenyl}phosphino-1,2-dide-
oxy-R-D-glucopyranosyl]-[2,1-d]-2-oxazoline)(η3-C3H5)]3+‚
3BF4

- (3) are shown in Scheme 1. Initially, treatment of
2-methyl-4,5-(4,6-O-benzylidene-1,2-dideoxy-R-D-gluco-
pyranosyl)-[2,1-d]-2-oxazoline (2), prepared from D-glu-
cosamine hydrochloride in five steps,8a,b with bis[4-
((diethylamino)methyl)phenyl]phosphinous diethylamide13a

and 1H-tetrazole in degassed dry tetrahydrofuran (THF)
gave the new chiral phosphinite-oxazoline 1 in 57%
yield. Next, a palladium complex, [Pd(1)(η3-C3H5)]+‚BF4

-,
was prepared in situ by the reaction of [Pd(cod)(η3-
C3H5)]+‚BF4

- 14 with the ligand 1 in degassed acetone
under Ar. The treatment of the solution with Me3-
OBF4

12h,k followed by the addition of degassed dry Et2O
afforded a cationic palladium complex, 3, in 88% yield
in which two amino groups were quarternized. As can
be expected, the complex 3 is soluble in water (ca. 1.47
g/100 mL at 20 °C). It is also soluble in polar organic
solvents such as MeOH, MeCN, and acetone, but in-
soluble in hexane, toluene, and Et2O.

Palladium-Catalyzed Asymmetric Allylic Substi-
tution Reaction in an Aqueous Medium. First, asym-
metric allylic substitution reaction of 1,3-diphenyl-3-
acetoxyprop-1-ene in an MeCN/H2O biphasic medium
with various nucleophiles was examined using the cata-
lyst 3. The catalyst 3 was soluble in MeCN as well as in
an aqueous phase. However, after the reaction, all of the
catalyst in MeCN could be transferred into an aqueous
phase by addition of Et2O in which the complex 3 is
insoluble, thereby being separated from the product
phase. These results are summarized in Table 1. The
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Figure 1. Phosphinite-oxazoline chiral ligands derived from
D-glucosamine hydrochloride.

Figure 2. Catalyst recycling by pH-controlled extraction.
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reaction with dimethyl malonate (4) using N,O-bis-
(trimethylsilyl)acetamide (BSA) proceeded smoothly in
MeCN to give high enantioselectivity (92% ee) (entry 1),
while this reaction did not take place in an MeCN/H2O
) 4/1 biphasic system in the presence of K2CO3 (entry
2). However, the reaction with acetylacetone (5) in place
of dimethyl malonate gave the corresponding product in
good yield (85%) with 83% ee under the biphasic condi-
tions (entry 3). The lack of reactivity of dimethyl mal-
onate (pKa ) 13.3) compared to acetylacetone (pKa ) 8.94)
is probably due to its higher pKa; the formation of the
enol form disfavors the presence of water.10c The reaction
with 3-methyl-2,4-pentanedione (6) also proceeded to give
the corresponding product with 77% ee (entry 4). In a
toluene/H2O biphasic medium in which the catalyst was
dissolved only in the aqueous phase, the product was also
obtained with 80% ee, although the yield decreased (entry
5). When benzylamine (7) was used as a nucleophile, the
reaction was complete within 5 h and high enantioselec-
tivity (84% ee) was obtained. After the reaction, the
aqueous phase containing the catalyst was easily sepa-
rated by phase separation as mentioned above and reused
for the same allylic amination to give 77% ee (entry 6).
The reaction proceeded even in H2O to give the product
with 85% ee, but the reaction was slower compared to
that in the biphasic system. In this case, after the
extraction of the product using hexane, the aqueous
phase containing the catalyst was also reused for the
same reaction to give 60% ee (entry 7).

Palladium Catalyst Recycling by pH-Controlled
Extraction. After the reaction was performed using the

complex bearing the ligand 1 in an organic medium, the
catalyst could be extracted into an acidic aqueous phase
as an ammonium salt, allowing the simple separation of
the product, and re-extracted into fresh organic solvent
after neutralization of the aqueous phase. Table 2 shows
the results of the catalyst recycling in asymmetric allylic
alkylation. First, the reaction was carried out in toluene
using a catalyst generated in situ by mixing 0.25 mol %
[Pd(η3-C3H5)Cl]2 with 0.55 mol % ligand 1 in the presence
of BSA at room temperature. After the reaction, 0.48 M
aqueous HBF4 was added to the mixture to quarternize
two amino groups, and the quarternized catalyst was
extracted into an aqueous phase. An organic phase
containing the product (85% yield, 93% ee) was sepa-
rated, and then fresh toluene was added. The acidic
solution was neutralized with saturated aqueous NaH-
CO3 under rapid stirring until the aqueous phase became
colorless. The separated toluene layer containing the
catalyst was placed in the reaction vessel, and again the
reaction was carried out under the same conditions.
However, the second use of the catalyst unfortunately
was frustrated in the conversion of the substrate (5%
yield, 86% ee) (entry 1). Next, the reaction was carried
out in tetrahydrofuran (THF) in place of toluene. After
the first reaction was complete, 0.48 M aqueous HBF4

was added and the product (95% yield, 91% ee) was
extracted with hexane. After fresh CH2Cl2 was added to
an acidic aqueous solution, it was neutralized under rapid
stirring with saturated aqueous NaHCO3, and then the
organic layer including the catalyst was separated.
Evaporation of organic solvent from the recovered CH2-

Scheme 1a

a Reagents and conditions: (a) bis[4-((diethylamino)methyl)phenyl]phosphinous diethylamide, 1H-tetrazole, THF, rt, 30 min, 57%; (b)
(i) [Pd(cod)(η3-C3H5)]+‚BF4

-, acetone, rt, 30 min; (ii) Me3OBF4, rt, 30 min, 88% (two steps).

Table 1. Asymmetric Allylic Substitution of 1,3-Diphenyl-3-acetoxyprop-1-ene Using 3 in an Aqueous Mediuma

entry NuH base solvent cat. (mol%) time (h) yield (%)b ee (%)c,d

1 4 BSA + cat. KOAc MeCN 1 1 95 92 (S)
2 4 K2CO3 MeCN/H2O ) 4/1 5 48 0 -
3 5 K2CO3 MeCN/H2O ) 4/1 5 3 85 83 (S)
4 6 K2CO3 MeCN/H2O ) 4/1 5 12 66 77 (R)
5 6 K2CO3 toluene/H2O ) 1/1 5 24 51 80 (R)
6 7 K2CO3 MeCN/H2O ) 4/1 4 5 80 84 (R) (77)e

7 7 K2CO3 H2O 4 18 73 85 (R) (60)e

a Reactions were carried out under Ar using 1,3-diphenyl-3-acetoxyprop-1-ene (0.80 mmol), NuH (1.6 mmol), base (3.6 mmol), solvent
(3.0 mL), and catalyst 4 (1-5 mol %). b Isolated yield. c The ee (%) values were determined by HPLC. d The absolute configuration was
determined by its optical rotation.9f,15-17 e The enantiomeric excess obtained from the second use of the aqueous solution containing the
catalyst.
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Cl2 solution gave the yellow residue,15 which was dis-
solved in degassed dry THF and used again under the
same conditions. This procedure substantially improved
the product yield to 79% without a decrease of enanti-
oselectivity (92% ee) in the second reaction (entry 2).
Moreover, the use of NaH instead of BSA and KOAc did
not cause the unfavorable decrease of the chemical yield
as well as selectivity in the second reaction (entry 3).

Summary

Starting from natural D-glucosamine, the amphiphilic
phosphinite-oxazoline 1 bearing a diethylaminomethyl
group on the phenyl ring of the phosphinite moiety and
the water-soluble cationic palladium complex 3 were
newly prepared. Complex 3 worked effectively as a
catalyst and provided good enantiomeric excess in allylic
alkylation and amination in water or an aqueous/organic
biphasic medium (up to 85% ee). The product could be
easily separated from the water-soluble catalyst by
simple phase separation. To the best of our knowledge,
these are the first examples of palladium-catalyzed
asymmetric allylic substitution reaction in an aqueous
medium using a homogeneous catalyst. In addition, it
was demonstrated that the palladium complex bearing
the ligand 1 was an effective catalyst for allylic substitu-
tion reaction in an organic medium, and it could be
reused in the second reaction by pH-controlled phase
separation without a decrease of both yield and enanti-
oselectivity.

Experimental Section

General Procedures. Tetrahydrofuran (THF) and diethyl
ether were distilled from sodium benzophenone ketyl under
argon. Analytical thin-layer chromatographies (TLC) were
performed with silica gel 60 Merck F-254 plates or aluminum
oxide 60 Merck F-254. Column chromatographies were per-
formed with Merck silica gel 60 or ICN Alumina Akt I
(neutral). The NMR spectra were measured for solutions in
CDCl3 or d6-acetone with Me4Si as an internal standard (1H
and 13C) or with P(OMe)3 as an external standard (31P). The
following abbreviations are used: s, singlet; d, doublet; t,
triplet; q, quartet; m, multiplet. IR spectra were recorded with
an FT-IR spectrometer. Optical rotations were recorded at 589
nm. Enantiomeric ratios were determined by HPLC with a

Daicel Chiralcel AD or OJ column (4.6 × 250 mm) at 40 °C.
Melting points are uncorrected. Elemental analyses were
performed at the Microanalytical Center of Kyoto University.
Compound 2 was prepared according to the reported pro-
cedure.8a,b

2-Methyl-4,5-[4,6-O-benzylidene-3-O-bis{4-((diethyl-
amino)methyl)phenyl}phosphino-1,2-dideoxy-r-D-glu-
copyranosyl]-[2,1-d]-2-oxazoline (1). To a solution of 2 (0.56
g, 1.9 mmol) in 10 mL of degassed dry THF (25 mL) was added
bis[4-((diethylamino)methyl)phenyl]phosphinous diethylamide13a

(1.1 g, 2.5 mmol) followed by the addition of 1H-tetrazole (0.20
g, 3.0 mmol) at room temperature, and the mixture was stirred
for 30 min. It was concentrated to dryness, and the residue
was subjected to column chromatography on Al2O3 with
degassed toluene-CH2Cl2 (v/v ) 1/2) containing 1% triethy-
lamine as an eluent to give 2-methyl-4,5-[4,6-O-benzylidene-
3-O-bis{(4-((diethylamino)methyl)phenyl}phosphino-1,2-dideoxy-
R-D-glucopyranosyl]-[2,1-d]-2-oxazoline (1) (0.71 g, 1.1 mmol,
57%) as a white solid: mp 103.2-104.0 °C; [R]21

D ) -55.5 (c
) 0.25, CHCl3); 1H NMR (300 MHz, CDCl3) δ 1.01 (t, J ) 7.1
Hz, 6H), 1.03 (t, J ) 7.1 Hz, 6H), 2.04 (d, J ) 1.1 Hz, 3H),
2.47 (q, J ) 7.1 Hz, 4H), 2.51 (q, J ) 7.1 Hz, 4H), 3.50 (s, 2H),
3.52 (s, 2H), 3.59-3.68 (m, 2H), 3.76 (t, J ) 8.5 Hz, 1H), 4.23-
4.40 (m, 3H), 5.35 (s, 1H), 5.97 (d, J ) 7.5 Hz, 1H), 7.20-7.46
(m, 13H) ppm; 13C NMR (67.5 MHz, CDCl3) δ 11.7, 14.3, 46.7,
57.3, 62.8, 68.6, 69.5 (d, J ) 5.0 Hz), 79.9 (d, J ) 3.7 Hz), 82.0
(d, J ) 19.9 Hz), 101.1, 102.1, 126.0-130.7 (8 carbons), 140.0
(d, J ) 19.3 Hz), 140.3 (d, J ) 13.7 Hz), 141.28, 141.32, 164.9
ppm; 31P NMR (161.9 MHz, CDCl3) δ 115.0 ppm; IR (KBr)
1455, 1666, 3443 cm-1. Anal. Calcd for C37H48N3O5P: C, 68.82;
H, 7.49; N, 6.51; P, 4.80. Found: C, 68.61; H, 7.66; N, 6.42; P,
4.91.

[Pd(2-methyl-4,5-[4,6-O-benzylidene-3-O-bis{(4-((dieth-
ylmethylammonium)methyl)phenyl)}phosphino-1,2-di-
deoxy-r-D-glucopyranosyl]-[2,1-d]-2-oxazoline)(η3-
C3H5)]3+‚3BF4

- (3). [Pd(cod)(η3-C3H5)]+‚BF4
- 14 (38 mg, 0.11

mmol) and 1 (75 mg, 0.12 mmol) were dissolved in degassed
acetone (0.60 mL), and the mixture was stirred under Ar. After
30 min, Me3OBF4 (38 mg, 0.26 mmol) was added to the above
solution, and the mixture was stirred for a further 30 min.
Degassed dry Et2O (4.0 mL) was added, and the solution was
cooled at 0 °C for 2 h. The supernatant solution was decan-
tated, and a separated yellow syrup was dried under reduced
pressure to give the product 3 (105 mg, 9.7 × 10-2 mmol, 88%)
as a pale yellow powder: mp 188.0-191.0 °C; 31P NMR (161.9
MHz, d6-acetone) δ 121.9, 122.4 (1:1 mixture of diastereomers)
ppm. Anal. Calcd for C42H59B3F12N3O5PPd: C, 46.55; H, 5.49;
N, 3.88. Found: C, 46.12; H, 5.42; N, 3.97.

A Typical Procedure of Allylic Substitution Reaction
of 1,3-Diphenyl-3-acetoxyprop-1-ene in an MeCN/H2O
Biphasic Medium. To complex 3 (34.8 mg, 3.2 × 10-2 mmol)
in degassed H2O (0.60 mL) was added a solution of (E)-1,3-
diphenyl-3-acetoxyprop-1-ene (0.20 g, 0.80 mmol) in degassed
MeCN (2.4 mL) followed by the addition of benzylamine (0.18
mL, 1.6 mmol) and K2CO3 (0.51 g, 3.6 mmol) in this order,

(15) The recovered catalyst weighed 9.0 mg, which was much more
than the total amount of catalyst and ligand loaded in the first catalytic
reaction. The increase of the amount of catalyst may be due to the
ligand exchange from both simple allyl to 1,3-diphenylallyl and chloride
to BF4 or others.

Table 2. Results of the Recycling Experimentsa

time (h) yield (%)b ee (%)c (S)d

entry base solvent 1st 2nd 1st 2nd 1st 2nd

1 BSA + cat. KOAc toluene 1 36 85 5 93 86
2 BSA + cat. KOAc THF 1 12 95 79 91 92
3 NaH THF 2 12 97 90 89 89

a Reactions were carried out under Ar using 1,3-diphenyl-3-acetoxyprop-1-ene (1.0 mmol), dimethyl malonate (2.0 mmol), base (2.0
mmol), solvent (3.5 mL), [Pd(η3-C3H5)Cl]2 (2.5 × 10-3 mmol), and ligand (5.5 × 10-3 mmol). Recycling conditions are as follows: (1)
Extraction of the catalyst with 0.48 M aqueous HBF4. (2) Neutralization of an aqueous phase with HaHCO3 and re-extraction of the
catalyst with an organic solvent. b Isolated yield. c Determined by HPLC. d Determined by its optical rotation.9f
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and the mixture was stirred vigorously under Ar. After the
complete conversion was confirmed by TLC monitoring (5 h),
Et2O (3.0 mL) was added, and the mixture was stirred
vigorously for 10 min. After the organic phase was separated
by decantation, the solvent was evaporated under reduced
pressure, and the residue was subjected to column chroma-
tography on silica gel with hexane-AcOEt (v/v ) 5/1) as an
eluent to give the product (0.19 g, 0.64 mmol, 80%). The
separation of the racemic mixture under HPLC conditions is
as follows: (E)-1-benzylamino-1,3-diphenylprop-2-ene (OJ, 1.0
mL/min, 5% 2-PrOH/hexane, 254 nm), (S), t1 ) 16.3 min; (R),
t2 ) 19.1 min; (E)-methyl 2-methoxycarbonyl-3,5-diphenylpent-
4-enoate (AD, 1.0 mL/min, 5% 2-PrOH/hexane, 254 nm); (S),
t1 ) 11.1 min; (R), t2 ) 14.2 min; (E)-3-acetyl-4,6-diphenylhex-
5-en-2-one (AD, 1.0 mL/min, 1% 2-PrOH/hexane, 254 nm); (S),
t1 ) 25.6 min; (R), t2 ) 32.3 min; (E)-3-acetyl-3-methyl-4,6-
diphenylhex-5-en-2-one (OJ, 1.0 mL/min, 10% 2-PrOH/hexane,
254 nm); (S), t1 ) 11.3 min; (R), t2 ) 15.4 min. The absolute
configurations were determined by their optical rotation.9f,16-18

Palladium Complex Recycling Experiment. The chiral
ligand 1 (3.6 mg, 5.5 × 10-3 mmol) and [Pd(η3-C3H5)Cl]2 (0.91
mg, 2.5 × 10-3 mmol) were dissolved in degassed dry THF
(0.50 mL) under Ar, and the solution was stirred at room
temperature. After 30 min, (E)-1,3-diphenyl-3-acetoxyprop-1-
ene (0.25 g, 1.0 mmol) was added, and the mixture was stirred

for 30 min. A 0.66 M sodium dimethyl malonate/THF solution
(3.0 mL, 2.0 mmol), which was prepared from dimethyl
malonate (0.24 mL, 2.0 mmol) and NaH (48 mg, 2.0 mmol) in
degassed dry THF (3.0 mL), was added to the above mixture,
and the resulting mixture was stirred at this temperature for
2 h. Aqueous HBF4 (0.48 M) (2.3 mL, 1.1 mmol) was added,
then the product was extracted with hexane (3.0 mL × 3), and
the extract was dried over MgSO4. Solvent was removed under
reduced pressure, and the residue was subjected to column
chromatography on silica gel with hexane-AcOEt (v/v ) 5/1)
as an eluent to give the product (E)-methyl 2-methoxycarbonyl-
3,5-diphenylpent-4-enoate (0.32 g, 0.97 mmol, 97%). The yellow
aqueous layer was poured into a flask, and fresh degassed CH2-
Cl2 was added. The acidic solution was neutralized with
saturated aqueous NaHCO3 under rapid stirring until the
aqueous phase became colorless, and then the organic layer
was separated. The aqueous phase was again extracted with
CH2Cl2 (3.0 mL), and the combined yellow organic phase was
concentrated to dryness. The residue, which weighed 9.0 mg,
was dissolved in degassed dry THF (0.5 mL), (E)-1,3-diphenyl-
3-acetoxyprop-1-ene (0.25 g, 1.0 mmol) and then 0.66 M sodium
dimethyl malonate solution in THF (3.0 mL, 2.0 mmol) were
added, and the mixture was stirred at room temperature. After
12 h, 0.48 M aqueous HBF4 (2.3 mL, 1.1 mmol) was added,
the product was extracted with hexane (3.0 mL × 3), and the
extract was dried over MgSO4. Solvent was removed under
reduced pressure, and the residue was subjected to column
chromatography on silica gel with hexane-AcOEt (v/v ) 5/1)
as an eluent to give the product (E)-methyl 2-carbomethoxy-
3,5-diphenylpent-4-enoate (0.29 g, 0.90 mmol, 90%). The
enantiomeric excess (first use, 89% ee; second use, 89% ee)
was determined by HPLC.
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