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Abstract

A new type of amphiphilic PEG-bound BINAP ligand was synthesized through polycondensation of 5,5-diamino BINAP
(1), polyethylene glycol and terephthalyol chloride in the presence of pyridine. It was proven that ruthenium complex based
on the new polymeric ligand was an effective catalyst for the asymmetric hydrogenation of prochiral o,B-unsaturated
carboxylic acids in both ethyl acetate/water two-phase and in methanolic solvent systems. The activity and /or enantioselec-
tivity in two-phase systems were observed to be higher than that in ethyl acetate or methanol—water homogeneous systems.
The replacement of water with ethylene glycol increased the activity and enantioselectivity. The activity of the new catalyst
was shown to be about 30 times higher in the two-phase hydrogenation of 2-(6'-methoxy-2'-naphthyl)-acrylic acid than the
RUu(BINAP-4SO;Na) catalyst without the long hydrophilic polymer chain, which illustrated the importance of the
amphiphilic structure of the polymeric ligand. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Homogeneous asymmetric catalysis is one of
the most important developments in modern
chemistry over the past three decades. Many
chiral catalysts are known to exhibit high activi-
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ties and enantioselectivities [1]. However, a ma-
jor problem associated with the most homoge-
neous catalyst systems is the separation and
recycling of the expensive chiral catalyst. One
way to solve this problem is to use water-solu-
ble ligands. Since the rhodium-TPPTS [TPPTS
= P(CqH,-mSO;Na);] system was first ap-
plied in industry at Hoechst in Oberhausen,
Germany, the idea of two-phase catalysis, which
simplified the separation of catalysts from prod-
ucts by decantation, has become a very active
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field of research [2—4]. Over the past severa
decades, many water-soluble ligands have been
synthesized. New methods have been devel oped
for asymmetric hydroformylation [5], asymmet-
ric hydrogenation [6], amination [7] and even
bioorganic applications [8]. The activities and
selectivities were highly obtained in the hydro-
formylation of olefins catalyzed by rhodium
complexes containing sulfonated phosphine lig-
ands such as BISBIS-Na [9], BINAS-Na [10],
BINAS6-Na[11] and others. In striking contrast
to the broad success in hydroformylation of
olefins in two-phase catalysis, only limited
success has been achieved on the asymmetric
hydrogenation of prochira substrates. The well-
known water-soluble chiral sulfonated phos-
phine ligands such as BDPP [12,13], Chiraphos
[12,13] and BINAP[14,15] were used as ligands
in the asymmetric hydrogenation of amino acid
precursors and o ,B-unsaturated carboxylic acids
in two-phase systems. However, in most cases,
the activity and /or enantioselectivity of the wa-
ter-soluble catalysts are normally lower than
those of the organo-soluble parent catalysts. The
lower activity was attributed to the limited solu-
bility of the organic substrates in the aqueous
solution of the catalyst and the poor enantiose-
lectivity partially due to the solvation of water.
The reaction rates and enantioselectivities can
be increased by the addition of cosolvents such
as acoholic solvent, surfactants as well as inor-
ganic salts, which enhance mutual solubility or
mobility of the components across the phase
boundary or increase the concentration of the
catalyst to the interface [4,16—18]. The remark-
able enhancement of activity and enantioselec-
tivity with the addition of surfactants in some
cases was explained by the assumption of the
formation of micelles [4,16,17]. These micelles
may act as ‘‘ microreactors’’ [19], and thus ad-
just the catalyst—substrate orientation or distin-
guished conformations of the chirality-inducing
catalyst similar to that featured in organic sol-
vent. The micelle-forming concept of the surfac-
tant thus encouraged us to develop amphiphilic
polymer-supported catalyst, which provides a

lipophilic metal center and a hydrophilic long
chain. In contrast to the broad use of sulfonated
phosphine ligands, water-soluble polymeric lig-
ands were used to a lesser extent [20—25].

We reported herein the synthesis of a new
amphiphilic polymer-supported BINAP ligand
and its use in ruthenium-catalyzed hydrogena-
tion of «,B-unsaturated carboxylic acids in
two-phase system. In choosing a modd ligand
for this study, we noticed that from among all
the known chiral phosphine ligands, which had
been studied for asymmetric catalysis, BINAP
was probably the most versatile and effective
[26]. Both rhodium and ruthenium BINAP com-
plexes have been extensively studied and sev-
eral commercial processes based on these cata
lysts have been developed [27].

2. Experimental

All experiments were carried out under nitro-
gen atmosphere by using standard Schlenk-type
techniques, or performing in a glovebox.

2.1. Materials and equipment

All solvents were dried using standard, pub-
lished methods and were distilled under nitro-
gen atmosphere before use. Except as specified,
commercia reagents were used as received
without further purification. 5,5-Diamino-2,2-
bis(diphenylphosphino)-1,1-binaphthyls (5,5-
diamino BINAP (1)) was synthesized according
to published method [28].

The nuclear magnetic resonance (NMR)
spectra were taken on a BRUKER Model AV-
DANCE DPX 400 spectrometer (400 MHz ‘H
and 162 Hz *'P) using tetramethylsilane for *H
as an internal standard, 85% of H,;PO, in D,O
for *'P as an externa standard. All signals are
reported in parts per million. For high pressure
hydrogenation, 50 ml stainless autoclave
equipped with a glass liner was used.
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2.2. Yynthesis of amphiphilic PEG-bound BI-
NAP ligand

In a three-necked flask, which was equipped
with a stirring bar, a solid chemical transferring
funnel, and a reflux condenser, was added 2.00
g (0.5 mmol) polyethylene glycol (Mw = 4000),
2.0 ml pyridine and 5 ml dichloromethane. To
this mixture was added portionwise 130 mg
(0.64 mmol) of terephthaloyl chloride in a pe-
riod of 10 min. A solution of 100 mg (0.153
mmol) of (R)-55-diamino-BINAP in 2 ml
dichloromethane was further added dropwise.
The reaction mixture was stirred at 40-50°C for
2 h and at room temperature overnight under
nitrogen, and then was poured into a flask con-
taining 100 ml of cool ethyl ether. The precipi-
tated polymer was collected by filtration and
washed with cool ethyl ether, methanol and
ethyl ether. The polymer was then collected and
dried in vacuo to give 2.14 g PEG-bound BI-
NAP ligand (98.0% theoretica yield). The
amount of BINAP moieties in the polymer was
3.2 wt.%, which was determined by "H NMR.
'H NMR (CD,Cl,): 3.27-3.80 (polyethylene
glycol peaks), 6.79 (t, J= 7.80 Hz, 2 H), 7.02—
7.20 (m, 20 H), 7.45 (t, 2 H) 7.60 (s, 2 H),
8.09-8.16 (m); *'P NMR (CD,Cl,): —16.82.

2.3. Preparation of in situ PEG-bound Ru(BlI-
NAP) catalyst

A mixture of 500 mg (0.026 mmol BINAP)
of PEG-bound BINAP ligand and 7.5 mg (0.012
mmol) of [Ru(cymene)Cl,], in 5 ml tolu-
ene/MeOH (1/1, v /v) was magnetically stirred
under N, atmosphere at about 50—-60°C for 60
min. The reaction mixture was dried under vac-
uum to give pae yellow powder. The in situ
prepared catalyst was directly used without fur-
ther purification. **P NMR (CDCl,): 38.6 (d,
J=63.0Hz2), 24.2 (d, J= 60.6 Hz).

2.4. Sandard asymmetric hydrogenation

In atypical experiment, the 50-ml glass-lined
stainless autoclave with a magnetic stirring bar

was charged with 0.1 mmol of substrate, 0.001
mmol ruthenium of PEG-bound Ru(BINAP)
catalyst, 0.2 mmol of NEt; and 3 ml of the
corresponding solvent. The autoclave was closed
and was pressurized with H, to 4-60 atm. The
mixture was stirred with a magnetic stirrer un-
der the H, pressure at 24-30°C. After the
reaction time, the H, was vented. The final
mixture was extracted with ethyl acetate (3 X 5
ml). The combined organic phase was washed
twice with saturated sodium chloride agueous
solution and dried over magnesium sulfate and
analyzed by gas chromatography (GC). Enan-
tioselectivity excesses were measured by GC or
HPLC using a chiral column after the acids had
been transformed into the corresponding methyl
esters.

3. Resaults and discussion

3.1. Preparation of amphiphilic PEG-bound BI-
NAP ligand and in situ ruthenium catalyst

Since BINAP itself cannot be easily attached
to a polymer, (1) was used for this study. PEG-
bound BINAP ligand (2) was easily synthesized
through polycondensation of R-1, polyethylene
glycol and terephthaloyl chloride in the pres-
ence of pyridine in dichloromethane (Fig. 1).
The PEG-bound ligand (2) was precipitated upon
the addition of ethyl ether, which had more
than 98% vyield. This type of catayst [Ru-
(BINAP)(cymene)Cl,] was prepared in situ by
the reaction of the precipitated ligand (2) with
[Ru(cymene)Cl,], in methanol-toluene (1:1,
v/v) a 50—60°C for 60 min. Organic solvent
was evaporated and the catalyst was directly
used in the hydrogenation reaction without fur-
ther purification. The obtained catalyst was well
soluble in water. The **P NMR of this new
PEG-bound BINAP ligand and its ruthenium
complex was in close agreement to those of the
parent ones.
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Fig. 1. Synthesis of PEG-bound BINAP ligand via polycondensation.

3.2. Asymmetric hydrogenation

In order to assess the efficiency of the
new catalyst in asymmetric catayss, the «,
B-unsaturated acids, 2-[ p-(2-methylpropyl)
phenyl]acrylic acid (3a), trans-2,3-dimethyl-
acrylic acid (3b) and 2-(6-methoxy-2'-
naphthyl)acrylic acid (3c) were chosen as stan-
dard reactions for comparing their perfor-
mances. The choice was based on the fact that
Ru(BINAP)-type catalysts were effective in the
asymmetric hydrogenation of 2-arylacrylic acids
and the reduced products represented an impor-
tant class of anti-inflammatory drugs.

COOI 1 Cdldlysl /@/\
CH;O

naproxen
catalyst = PFB»B]NAP ligand + [Ru(cymene)Ch |,

3.2.1. Homogeneous catalytic studies
According to the previous studies on Ru(BI-
NAP)-type complexes catalyzed hydrogenation
of 2-arylacrylic acids, the solvent and some
additives such as organic base are known to
affect the activity and enantioselectivity of the
reaction. In order to choose the preferred condi-
tions for two-phase systems and for the purpose
of comparison, we focused our effort on the
homogeneous hydrogenation of substrate 2a by
using different solvent systems in our initial

study. The catalytic results were summarized in
Table 1. In contrast to the most sulfonated
phosphine systems, the PEG-bound Ru(BINAP)
catalyst was quite soluble in neat methanol and
performed the highest activity and enantioselec-
tivity in the hydrogenation of 2a in the presence
of triethylamine (entries 1 and 2). The trieth-
ylamine improved the activity and enantioselec-
tivity significantly (entries 1, 2 and 3, 4 and 5).
Similar effects were observed in the parent
[Ru(BINAP)(cymene)Cl ,] catalyzed hydrogena-
tion of «,B-unsaturated carboxylic acids with
the addition of triethylamine [15]. It was indi-
cated that the presence of water tended to lower
the activity and enantioselectivity (entries 4 and
5). This was probably attributed to the composi-
tiona change of the ruthenium catalyst and the
solvation of the catalytic intermediates in the
presence of water [13—-15]. Moderate activity
and enantiosel ectivity were observed when ethy-
lene glycol was used as solvent (entry 6). Hy-
drogenation conducted in aprotic solvent such
as ethyl acetate gave poor enantioselectivity and
low activity compared to those in methanol
(entry 7). A slight increase of enantioselectivity
was obtained when water-saturated ethyl acetate
was used as solvent, albeit with slow activity
(entries 8).

3.2.2. Two-phase catalytic studies
In our initial study on two-phase cataysis,
we chose ethyl acetate as the organic solvent.
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Table 1

Homogeneous hydrogenation of 3a catalyzed by PEG-bound Ru(BINAP)?

Entry s/cP Solvent NEt,/Substrate Time/h TOF/h™1¢ ee /%"
1 100 MeOH 4:1 1 922 86.4
2 125 MeOH 2:1 1 58.1 82.4
3 125 MeOH 0 2 <5.0 -
4 125 MeOH /H,0 2:1 2 45.0 74.3
5 125 MeOH/H,0 0 2 32 341
6 125 EG® 2:1 2 45.0 67.0
7 125 EAf 21 2 374 324
8 125 EA (saturated H,0) 2:1 2 175 49.8

#Hydrogenation was carried out in 0.016 M 3a solution under the following conditions: reaction temperature = 24—30°C; reaction

pressure: 60 atm H,.
®Substrate to ruthenium ratio.

°All TOFs mentioned are average TOFs calculated over the given reaction time.
9Based on GLC analysis with a Chrompack Chirasil-dex (25 m x 0.25).

°EG = ethylene glycol.
"EA = ethyl acetate.

The PEG-bound Ru(BINAP) catalyst was effec-
tive in the ethyl acetate /water two-phase hydro-
genation of substrate 3a. When substrate 3a was
charged into the hydrogenation reactor along
with an aqueous solution of the ruthenium cata-
lyst (3 ml of 1:1 ethyl acetate/water and S/C
= 125), 81.2% conversion and 63.9% e.e. were
observed in 2 h with an initia turnover fre-
quency of 50.8 h™! (entry 1 in Table 2). In
contrast to methanol, water and ethyl acetate
were poor solvents for the hydrogenation (en-
tries 4, 7 and 8 in Table 1). Therefore, it was
reasonable that the activity and enantioselectiv-

ity were lower in the ethyl acetate/water two-
phase hydrogenation than in the homogeneous
system in methanol (entry 2 in Table 1 and
entry 1 in Table 2). However, it was clearly
observed that the two-phase reaction rate was
higher than the homogeneous systems in ethyl
acetate or methanol—water (1:1) (entries 4, 7, 8
in Table 1 and entry 1 in Table 2). Turnover
frequencies of 50.8 and 17.5 h™!, and ee. of
63.9% and 49.8 % were observed in ethyl ac-
etate/water two-phase and water-saturated ethyl
acetate homogeneous hydrogenation, respec-
tively (entry 1 in Table 2 and entry 8 in Table

Table 2

Two-phase hydrogenation of 3a catalyzed by PEG-bound Ru(BINAP) catalyst?

Entry S/C Solvent Time/h Conversion/% TOF/h~1P ee. /%°
1 125 EA/H,0 2 81.2 50.8 63.9

2 100 EA/H,O + SDS? 1 40.1 40.1 61.6

3 100 EA/H,0 + SDS°® 1 55.0 55.0 66.0

4 100 EA/EG 1 66.5 66.5 70.0

5 125 EA/EG + SDS* 1 61.6 77.0 82.2

6 125 Toluene/H,0 2 16.7 8.3 474

7 125 Toluene/EG 2 48.2 24.1 78.4

#Hydrogenation was carried out in 0.016 M 3a solution under the following conditions: reaction pressure: 60 atm H ,. Subtrate/NEt, =
2:1 (mol /mol) except for entry 6 (4:1); reaction temperature = 24—-30°C.

®All TOFs mentioned are average TOFs calculated over the given reaction time.

“Based on GLC analysis with a Chrompack Chirasil-dex (25 m x 0.25).

dSubstrate/SDS = 10:1 (mol /mol).
°Substrate/SDS = 1:1 (mol /mol).
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1). It was shown that the hydrogenation reaction
did not take place in ethyl acetate phase and
phase boundary. The striking improvement of
activity and enantiosel ectivity was probably due
to the formation of micelles by the amphiphilic
catalyst itself, which provided a microenviron-
ment different from ethyl acetate and water
systems for hydrogenation reactions. These re-
sults are consistent with the rationale of design-
ing amphiphilic polymeric chiral catalysts.

The observation of a further improvement of
activity after the addition of nonfunctional am-
phiphiles like SDS to the two-phase system due
to the formation of mixed micelles was ex-
pected. In fact, there was no observation in the
presence of small concentrations of SDS (entry
2). Slight enhancement of activity and enantios-
electivity was aobtained in the presence of high
concentration of SDS (entry 3). The replace-
ment of water by ethylene glycol as polar phase
increased the activity and enantioselectivity (en-
try 4). This was partialy due to the elimination
of the negative effect of water. The highest
activity (77.0 h™! TOF) and enantioselecti-
vity (82.2% e.e.) were observed in ethyl ac-
etate/ethylene glycol two-phase hydrogenation
in the presence of SDS (entry 5). It was interest-
ing to note that the activity and enantiosel ectiv-
ity of the two-phase hydrogenation were higher

Q.-H. Fan et al. / Journal of Molecular Catalysis A: Chemical 159 (2000) 37-43

than those of ethylene glycol homogeneous hy-
drogenation (entry 6 in Table 1 and entry 4 in
Table 2). Also, it was probably due to the
formation of micelles by the amphiphilic cata-
lyst itself which preferred the hydrogenation
reaction over the homogeneous system. In com-
parison with ethyl acetate/water system,
toluene /water two-phase hydrogenation showed
low activity and enantioselectivity (entry 6).
High enantioselectivity with low activity was
observed in toluene/ ethylene glycol system (en+
try 7).

The asymmetric hydrogenation of substrates
3b and 3c in two-phase and homogeneous sys-
tems had been studied and the results were
summarized in Table 3. The results of 3b and
3c were similar to the observation in the asym-
metric hydrogenation of 3a. It showed that the
amphiphilic PEG-bound Ru(BINAP) catalyst
was effective in the two-phase systems.
Turnover frequencies of 3.92 and 0.25 h~*, and
e.e. of 83.0% and 17.8% were observed in ethyl
acetate/water two-phase and ethyl acetate ho-
mogeneous hydrogenation of 3b, respectively
(entries 1 and 6). The replacement of water with
ethylene glycol gave higher activity (entries 2, 8
to 1, 7). The activity of hydrogenation of 3c in
ethyl acetate /water two-phase system decreased
sharply compared to that in methanol among the

Table 3

Two-phase and homogeneous hydrogenation of 3b and 3c catalyzed by PEG-bound Ru(BINAP) catalyst?

Entry Substrate H,/atom Solvent Time/h Conversion/% TOF/h~1b ee /%°
1 3b 4 EA/H,0 24 90.1 3.92 83.0
2 3b 4 EA/EG 24 100 - 77.1
3 3b 4 MeOH 15 80.0 5.33 89.2
4 3b 4 MeOH/H,0 68 86.4 127 85.3
5 3b 4 EG 24 67.0 4.46 74.5
6 3b 4 EA 24 5.94 0.25 17.8
7 3c 60 EA/H,0 8 80.4 10.1 76.8
8 3c 60 EA/EG 8 100 - 86.4
9 3c 60 MeOH 1 74.0 74.0 87.2

10 3c 93 MeOH - - 131.0 88.24

11 3c 95 EA/H,0 84 53.6 0.34 78.44

#Hydrogenation was carried out in 0.01-0.04 M solution under the following conditions: subtrate/ catalyst = 100 (mol /mol) except for
entry 11 (substrate/catalyst = 50). Subtrate/NEt; = 2:1 (mol /mol) except for entries 7-9 (4:1); reaction temperature = 24—30°C.

®All TOFs mentioned are average TOFs calculated over the given reaction time.

°Based on GLC analysis with a Chrompack Chirasil-dex (25m x 0.25).

YIRU(BINAP-4S0,Na)Cl ,] was used as catalyst (Ref. [15]).
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three cases (entries 7 and 9, 1 and 3, and entry 1
in Table 2 and entry 2 in Table 1). This was
probably due to the lower solubility of 3c than
those of 3a and 3b in water. The activity of the
amphiphilic PEG-bound Ru(BINAP) catalyst
was about 30 times higher than the Ru(BINAP-
4S0,Na) catalyst by comparing the experimen-
tal results of entries 7 and 11.

4. Conclusion

We have developed a new, easily prepared
and highly effective amphiphilic polymeric
catalyst for the asymmetric hydrogenation in
two-phase systems. The activity and/or enan-
tioselectivity in ethyl acetate/water two-phase
system were observed to be higher than those in
ethyl acetate or methanol—-water (1:1) homoge-
neous systems in the asymmetric hydrogenation
of «,B-unsaturated carboxylic acids, 3a, 3b and
3c. The replacement of water with ethylene
glycol increased the activity and enantiosel ectiv-
ity. The activity of the amphiphilic PEG-bound
RU(BINAP) catalyst was shown to be 30 times
higher than that of Ru(BINAP-4SO,Na) re-
ported by Van and Davis [15] in the two-phase
asymmetric hydrogenation of 2-(6'-methoxy-2'-
naphthyl)-acrylic acid.

Tailor-made polymer support of the PEG-
bound BINAP ligand and synthesis of am-
phiphilic dendritic BINAP ligands are now in
progress in our laboratory in order to evaluate
the positive effect of micelle-forming on this
reaction.
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