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Abstract

A new bio-polymer heterobimetallic complex wool-Pd—Co is found to be a novel efficient catalyst for asymmetric hydration of unsaturated
carboxylic acids with high enantioselectivity by simple and clean process under mild conditions. Chemical and optical yields are affected by some
parameters, such as the (Pd + Co) content in wool-Pd—Co, the Co/Pd molar ratio, reaction time, reaction temperature and amount of water. After
five-time use of the complex, the chemical and optical yields of the products show no significant changes. Obviously, the methods provide an

alternative way to produce chiral 3-hydroxycarboxylic acids.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Many organic acids can be obtained by fermentation or by
incomplete oxidation of the corresponding primary alcohols.
The latter method is an old and established way to produce differ-
ent acids, such as acetic or gluconic acids, in an industrial scale
and it may also be used to produce aliphatic acids employed as
natural flavors or chiral intermediates [1]. Regio- and enantios-
elective oxidation of diols can afford hydroxycarboxylic acids,
such as a-methyl-B-hydroxypropanoic acid, to be used as chiral
building blocks [2]. Although the production of carboxylic acids
by microbial means is very attractive, its industrial application is
still severely hampered by the low productivity compared with
conventional chemical methods and by the difficulties concerned
with product isolation [3].
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Enantioselective functionalization of olefins constitutes
among the most exciting challenges in modern synthetic chem-
istry to provide various chiral units [4], among which palladium-
catalyzed asymmetric Wacker process has proven to be one
of the most versatile methods for functionalization of alkenes
(adding water or ethanol to alkene). In this field, Murahashi
and co-workers have done a lot of pioneering work on chiral
intramolecular Wacker-type oxidation cyclization and asym-
metric acetalization of alkenes [5]. A mechanistic study of the
reaction revealed that the chiral center of the product is created
by trans-oxypalladation and 1,2-stereoselective hydride migra-
tion [6]. Uozumi [7] and Arai [8] also revisted and advanced
the reaction of Wacker-type oxidation and oxidative cyclization.
Furthermore, the palladium-catalyzed asymmetric hydrosilytion
of alkenes have been also recognized to be a potent variant
of the enatioselective Wacker process for functionalization of
alkenes [9]. However, most methods usually involved oxida-
tion steps using oxidants such as HO,, --BuOOH and O;. The
less developed competing reaction is the protonolysis of the
o-alkyl bond on palladium to give the addition product rather
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than oxidation product [10]. That is, when water is the nucle-
ophile, alcohols are generated directly from alkenes (hydration).
Since our first description of an effective asymmetric hydration
of allyl alcohol catalyzed by polysulfostyrene—gelatin—cobalt
(PSS-GE—Co) [11], we have been striving for new catalytic sys-
tems, such as wool-Pd [12] and silica-supported—casein—cobalt
(§10,—CS—Co) [13], to obtain different optical alcohols. These
chiral ligands, wool, CS and GE, are very cheap, abundant in
nature. Directly green catalytic asymmetric hydration with water
as benign reagent under mild conditions is another feature.

We continued to be interested in exploiting novel readily
available alkenes in the synthesis of chiral alcohols. In the
course of our study on the hydration of unsaturated polyesters,
we firstly have a need to attempt the hydration of some
unsaturated carboxylic acids. We used above catalytic sys-
tems to catalyze asymmetric hydration of these compounds
with much less satisfactory results. In view of our success-
ful research on using wool as an elegant chiral ligand [11,14]
and the fact that interesting catalytic systems that contain two
kinds of bimetallic center within one catalyst promote many
reactions with high chemoselectivity and/or enantioselectivity
[15,16], we were prompted to design heterobimetallic complex
wool—palladium—cobalt (wool-Pd—Co) to promote the hydra-
tion. Although we speculate that the development of a directly
catalytic asymmetric hydration might be feasible, our initial con-
cerns were dominated by the possibility that our heterobimetallic
asymmetric catalysts would be ineffective at promoting hydra-
tion reactions due to existence of carboxylic acid group in these
alkene compounds. We have found that hydration reactions of
the desired type proceeded smoothly using wool-Pd—Co as cat-
alyst. In this paper, we firstly report our successful findings
in using bio-polymer heterobimetallic complex wool-Pd—Co as
novel efficient catalyst for the asymmetric hydration of unsatu-
rated acids with water as benign reagent in a very simple, mild
and facile workup under mild conditions.

To the best of our knowledge, this is the first method report-
ing the asymmetric hydration of unsaturated carboxylic acids
catalyzed by heterobimetalic complex wool-Pd—Co.

2. Results and discussion

In order to clarify the molecular interaction of Pd and Co in
palladium chloride and cobalt chloride with -NH-CO—, -NH>,
—SO3H, and —S-S- groups in wool ligand, the X-ray pho-
toelectron spectroscopy (XPS) was examined. Table 1 shows
XPS data for wool-Pd—Co, wool, PdCl, and CoCl,. It can
be seen that there are two oxidation states of Pd, Pd (0) and
Pd (II), in wool-Pd—Co complex (Scheme 1). Probably, a part
of PdCl, was converted to Pd (0) during the preparation of
wool-Pd—Co complex. The difference of Co (II)2p3 binding
energies between CoCl, and wool-Pd—Co is 0.9 eV. There are
two kinds of nitrogen containing group, -NH-CO- and —-NH>,
in wool, and their N4 binding energies are different. Such data
in wool-Pd—Co are also different from those in wool. The dif-
ference of Nj¢ binding energies between -NH-CO- in wool
and -NH-CO- in wool-Pd—Co is 1.3eV, and that between
-NH; in wool and —-NHj in wool-Pd-Co is 1.1eV. There are

Table 1
X-ray photoelectron spectroscopy (XPS) data for wool-Pd—Co, wool, CoCl,
and PdCl,

XPS peak Binding energy (eV)
Wool-Pd-Co ‘Wool PdCl, CoCl,
Pd(0)3as12 336.2
Pd(IT)34s5/2 337.5 337.8
Co(Il)2p3 781.4 782.3
Ns—NH-CO- 401.3 400.0
-NH; 399.9 398.8
S2p—SOz;H 168.0 167.8
-SH 161.9 163.6
—S-S- 163.7 164.8
Ois 532.2 531.7

three kinds of S containing group, —-SO3H, —SH and —S—S—, in
wool, and their Sy, binding energies are different. Such data in
wool-Pd—Co are also different from those in wool. The differ-
ence of Sy, binding energy between —SO3H in wool and -SO3;H
in wool-Pd—Co is 0.2 eV, that between —SH in wool and —SH
in wool-Pd—Co is 1.7 eV and that between —S—S— in wool and
—S-S—in wool-Pd—Co is 1.1 eV. The difference of O binding
energy between wool and wool-Pd—Co is only 0.5eV. These
results show that coordination or ionic bonds are formed by the
connection of N atoms (in -NH-CO- and -NH;) and S atoms
(in —SH and —-S-S-) with Pd atoms in the wool-Pd—-Co com-
plex. Only a small amount of O atom is considered to form the
complex.

The catalytic activity of various kinds of catalysts was first
investigated in the asymmetric hydration of 2-methylacrylic acid
(1a) as model (Table 2). When the direct catalytic asymmet-
ric hydration of 1a with 0.10g wool-Pd (0.05 mmol/g) was
carried out in the presence of 0.02 g oxalic acid at 90 °C for
20h, we only obtained the desired product (S)-(+)-o-methyl-3-
hydroxypropanoic acid (1b) in 51.7% yield and with 61.2% e.e.
(entry 3). The use of wool-Co was found to be also ineffective,
affording 1b in 4.0% yield and 11.2% e.e. (entry 2). Much to
our surprise and interest, however, both chemical and optical
yields were greatly changed when the second metal (Fe, Co,
Ni, Cu, Zn, Mn) is added into the complex. The three contigu-
ous bimetallic complexes, wool-Pd—Fe [17], wool-Pd—Co, and
wool-Pd-Ni, were all active catalysts for asymmetric hydration
of 1a (entries 4-6). Among these bimetallic complexes (entries
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Scheme 1. The structure of wool-Pd—Co.
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Table 2
Asymmetric hydration of unsaturated carboxylic acids catalyzed by various kinds of catalysts®
H\ y, COOH ? OOH
4 TER +H,0 —SL . HO —CH —CH
R’ R? R R

1b:R'=H. R*=CH;
2b: R'= CH;; R?=H
3b: R'=COO0H ; R*=H

la: R'=H.R’=CH,
2a:R'=CH,;R*=H
3a :R'=COOH; R*=H

Entry Catalyst Substrate Product® Yield® (%) [a]D20 ©) Optical yieldd (% e.e.) Absolute configuration®
1 PdCl; or CoCl, la 1b <5
2 Wool-CoCl, la 1b 4.0 +1.42 11.2 S
3 Wool-PdCl, la 1b 51.7 +7.78 61.2 S
4 Wool-PdCl,—CoCl, la 1b 84.3 +11.77 92.5 S
5 Wool-PdCl,-FeCls la 1b 72.5 +8.92 70.1 S
6 Wool-PdCl,-NiCl, la 1b 75.6 +10.34 81.3 S
7 Wool-PdCl,—CuCl, la 1b 53.8 +8.17 64.2 S
8 Wool-PdCl,-ZnCl, la 1b 66.4 +7.27 57.2 S
9 Wool-PdCl,-MnCl, la 1b 42.1 +4.68 36.8 S
10f Wool-PdCl,—CoCl, la 1b 435 +6.58 51.7 S
11 Wool-PdCl,—CoCl, 2a 2b 81.2 +9.71 94.3 S
128 Wool-PdCl,—CoCl, 3a 3b 62.1 +23.69 83.5 R

4 Reaction conditions: 0.10 g catalyst (0.05 mmol Pd, 0.15 mmol Co or Fe or Ni or Cu or Zn), 2.00 mmol a-methylacrylic acid, 5.0 ml 1-butanol, 2.0 ml water,

0.01 g hydroquinone, 90 °C, 0.02 g oxalic acid, 1 atm. N, 20h.
b All the products were determined by 'H NMR.
¢ Referred to GC yield.

4 Enantiomer excess were calculated on the basis of reported values for specific rotation of pure enantiomers: (S)-(+)-a-methyl-B-hydroxypropanoic acid (1b)
[alp?® + 12.72° (¢ 12.5, EtOH) [18]; (S)-(+)-3-hydroxybutyric acid (2b) [«]p?’ + 10.3° (¢ 6, Hy0) [19]; (R)-(+)-a-hydroxybutanedioic acid (3b) [a]p2® + 28.4°

(c 5.5, Py) [20].
¢ Determined by the sign of optical rotation.
f Adding no hydroquinone.
& Reaction time 28 h.

4-9), wool-Pd—Co had the highest activity with 84.3% yield
and 92.5% e.e. at 90 °C, Co/Pd molar ratio, 3/1 (entry 4). So the
catalytic behavior of wool-Pd—Co has been researched in detail.

Table 3 shows that changing the Co/Pd molar ratio in
wool-Pd—Co complex had remarkable effects on the yield and
optical yield. The reason can be explained by synergistic action.
The addition reaction requires a reasonable activation match
between the C=C and O-H (in H>O) bonds via interaction
with the active site of the catalyst. Cobalt in heterobimetallic

Table 3
Influence of Co/Pd molar ratio on asymmetric hydration of 1a*

Co/Pd molar a-Methyl-B-hydroxypropanoic acid

ratio X 2 -
Yield [a]lp Optical Absolute
(%) ©) yield (%) configuration

1/0° 4.0 +1.42 11.2 S

0/1°¢ 51.7 +7.78 61.2 S

171 71.5 +9.87 77.6 S

2/1 80.7 +11.01 86.3 S

52 81.2 +11.50 90.4 S

3/1 84.3 +11.77 92.5 S

712 71.3 +10.20 80.2 S

4/1 79.3 +10.76 84.6 S

2 Reaction conditions: 0.10g wool-Pd—Co [(Pd+Co), 0.20 mmol/g],
2.00 mmol a-methylacrylic acid, 5.0 ml 1-butanol, 2.0 ml water, 0.01 g hydro-
quinone, 0.02 g oxalic acid, 1 atm N3, 90°C, 20 h.

b Monometallic complex, wool—Co.

¢ Monometallic complex, wool-Pd.

wool-Pd-Co complex acted as a promoter of Pd to grasp more
electrophilic oxygen (H,O, -COOH) tending to accumulate on
the surface of the catalyst wool-Pd—Co, which enhanced the
probability of attack on the C=C bond of 1a by H>O. Thus,
on increasing the molar ratio from 1/1 to 4/1, catalytic abil-
ity increase initially, 71.5% yield and 77.6% e.e. at the Co/Pd
molar ratio 1/1, then at the appropriate molar ratio (Co/Pd, 3/1),
Pd and Co worked together well as two concordant partners to
realize the most harmonious match of C=C and O-H (in H,O)
bond activation. However, an obvious decline in catalytic perfor-
mance occurred after further increase in the Co/Pd molar ratio
(Co/Pd >3/1) as result of decrease in coordinative unsaturation
of the central metal Pd [21]: 79.3% yield and 84.6% e.e. were
obtained at the Co/Pd molar ratio of 4/1.

The influence of the (Pd + Co) content in wool-Pd—Co com-
plex on the asymmetric hydration of 1a is given in Table 4.
The product yield of 1a was 84.1-85.0% when the (Pd+ Co)
content was over 0.18 mol/g, but the optical yield increased
from 68.7% to 92.5% e.c. when the (Pd + Co) content increased
from 0.10 to 0.20 mmol/g, then it decreased to 89.2% e.e. at the
(Pd + Co) content of 0.25 mmol/g. From Table 4, it is clear that
the (Pd+ Co) content plays an important role in this reaction.
Low (Pd + Co) contents cannot activate the substrate adequately
and high (Pd + Co) contents will cover the active centers of the
wool-Pd—Co complex, causing the decrease in the optical yield.
So 0.20 mmol/g (Pd + Co) content was appropriate.

The influence of reaction temperature on the reaction cat-
alyzed by wool-Pd—Co has been also investigated (Fig. 1). It



S.-Q. Wang et al. / Journal of Molecular Catalysis A: Chemical 264 (2007) 60-65 63

Table 4
Influence of (Pd + Co) content on asymmetric hydration of 1a*

(Pd+Co) a-Methyl-B-hydroxypropanoic acid
content
Yield [a]p2° Optical Absolute
(%) ©) yield (%) configuration
0.10 42.7 +8.74 68.7 S
0.15 72.3 +8.94 70.3 S
0.18 84.1 +10.38 81.6 S
0.20 84.3 +11.77 92.5 S
0.25 85.0 +11.35 89.2 S

# Reaction conditions: 0.10g wool-Pd-Co (Pd/Co 1/3), 2.00mmol «-
methylacrylic acid, 5.0 ml 1-butanol, 2.0 ml water, 0.01 g hydroquinone, 0.02 g
oxalic acid, 1 atm Nj, 90°C, 20h.

can be seen that the product yield increased from 54.3% to
86.7% with increasing reaction temperature from 60 to 90 °C at
20 h. But very interestingly, optical yields keeping higher at the
specific rage of temperature (80-90 °C) evidently came down
beyond the limitation of the temperature. The decrease in the
stereoselectivity was rightly due to the transformation easily
caused by the alteration of the configuration in active centers
when the temperature increased further. The optimum reaction
temperature was 90 °C, with 84.3% yield and 92.5% e.e.

Fig. 2 shows the influence of the reaction time on the asym-
metric hydration of 1a. It can be seen that, the reaction time was
critical to optical selectivity. The suitable time for this reaction
was 20 h. The curve, which represents the product yield, climbed
up from 8 to 20 h, the other curve, which represents the optical
yield climbed up first, reached its peak 92.5% e.e. at 20h and
then decreased. With the reaction time prolonged, the product
yield increased obviously, but the optically active product would
convert to a racemic mixture.

Table 5 shows the influence of the amount of water on the
asymmetric hydration of 1a. The selectivity and yield of 1b
were relatively sensitive to the amount of water and 1-butanol.
The optimum ratio was 2/5 ml (HyO/C4H9OH). Lower selec-
tivity and yield were observed with further decreasing ratio to
1/6 ml (H,O/C4H9OH). It is obvious that, a suitable ratio of
water/1-butanol was necessary for this catalytic reaction. The
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Fig. 1. Influence of reaction temperature on the asymmetric hydration of la.
Reaction on conditions: 0.10 g wool-Pd—Co [(Pd+ Co), 0.20 mmol/g, Co/Pd
3/1], 2 mmol a-methylacrylic acid, 5.0 ml 1-butanol, 2.0 ml water, 0.01 g hydro-
quinone, 0.02 g oxalic acid, 1 atm N», 20 h.
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Fig. 2. Influence of reaction time on the asymmetric hydration of 1a. Reaction
conditions: 0.10 g wool-Pd—Co [(Pd + Co), 0.20 mmol/g, Co/Pd 3/1], 2.00 mmol
a-methylacrylic acid, 5.0ml 1-butanol, 2.0ml water, 0.01 g hydroquinone,
0.02 g oxalic acid, 1 atm N3, 90°C.

optimum water/1-butanol ratio can more efficiently strengthen
the swelling effect of the ligand wool and make the structure
of the catalyst loosen which is beneficial for the diffusion of
molecules to the active center.

Neither of the precursor, PdCI,, CoCl,, or the wool support
alone, and the mechanical mixture of wool, PdCl,, and CoCl,
could catalyze the asymmetric hydration of 1a to 1b (Table 1,
entry 1). Moreover, in the absence of hydroquinone, the yield
of 1b was very low (Table 1, entry 10), probably due to the
formation of dimers/oligomers deactivating the catalyst [22].
The wool-Pd—Co was a versatile catalyst for the asymmetric
hydration of other unsaturated acids such as trans-2-butenoic
acid (2a) to (S)-(+)-3-hydroxybutyric acid (2b) and trans-2-
butendioic acid (3a) to (R)-(+)-a-hydroxybutanedioic acid (3b)
(entry 11, 12). The optical yields of 2b and 3b reached 94.3%
e.e. and 83.5% e.e. selectively.

In order to investigate the reuse stability of the complex cata-
lyst, 2-methylacrylic acid asymmetric hydration was examined
(Table 6). After each reaction, the catalyst was separated from
the solution by filtration, washed with ethanol and dried under
vacuum, then added as the catalyst to the next batch of reaction.
It can be seen that after five-time use of the wool-Pd—Co com-

Table 5
Influence of ratio of water to 1-butanol on the hydration of 1a catalyzed by
wool-Pd-Co?

Water/butanol a-Methyl-B-hydroxypropanoic acid

(ml/ml) X 2 -
Yield [alp Optical Absolute
(%) ©) yield (%) configuration

7/0 54.6 +6.00 472 S

6/1 62.4 +6.55 51.5 S

52 67.3 +7.78 61.2 S

4/3 75.1 +9.44 74.2 S

2/5 84.3 +11.77 92.5 S

3/4 84.1 +10.48 82.4 S

2/5 76.3 +9.31 73.2 S

1/6 50.2 +8.08 63.5 S

2 Reaction conditions: 0.10 g wool-Pd—Co [(Pd + Co), 0.20 mmol/g, Pd/Co
1/3], 2.00 mmol a-methylacrylic acid, 0.01 g hydroquinone, 0.02 g oxalic acid,
latm N, 90°C, 20 h.
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Table 6
Recycling of wool-Pd-Co in the asymmetric hydration of 2-methylacrylic acid®

Run a-Methyl-B-hydroxypropanoic acid

Yield (%) [alp2 (°) Optical yield (%) Absolute
configuration
1 84.3 +11.77 92.5 S
2 84.0 +11.73 92.2 S
3 83.5 +11.66 91.7 S
4 83.1 +11.58 91.0 S
5 82.7 +11.47 90.2 S
6 713 +10.72 84.3 S

4 Reaction conditions are identical to those in Table 2.

plex, the chemical and optical yields of the products show no
significant changes.

In summary, the present work has provided a novel effec-
tive green methodology for the preparation of chiral (3-
hydroxycarboxylic acids, versatile reagents for organic synthe-
ses, in excellent enantioselectivity. Moreover, the simple and
cleaner procedure, mild reaction conditions, high stability and
recovery rate of chiral catalyst will make this catalytic system an
attractive and useful alternative to the existing methods involv-
ing expensive enzyme system or microbial means [23] with
low productivity and complicated processing. We believe this
methodology will find important application in industry.

3. Experimental
3.1. General

All starting materials and reagents were obtained from com-
mercial suppliers and were used without further purification.
Melting points were determined on an electrothermal melting
point apparatus and uncorrected. ' H NMR spectra were recorded
at 300 MHz in CDCl3. Chemical shifts (§) for '"H NMR were
recorded in ppm downfield relative to the internal standard
tetramethyl-silane (TMS). The progress of the reaction, com-
position and yield of the hydration products were analyzed on
a Shanghai 103 Gas chromatograph (GC) using a 1-m steel
column of SE-30 on silica (80-100 mesh; dinitrogen as car-
rier gas). Optical rotations were measured with a Shanghai
WZZ-1S digital polarimeter. Enantiomeric excess were deter-
mined by HPLC (CHIRALPK AD, OD, AS). XPS was recorded
on an ESCALABZOI-XL photoelectron spectrometer. Binding
energy was referred to Cyg (285.0eV). All spectral data of prod-
ucts were in accordance with those reported in literature [24].

3.2. Preparation of wool-Pd—Co complex catalyst

Common commercial white wool was washed with distilled
water and ethanol, and then cut with scissors to very short pieces.

Several samples of wool-Pd—Co complex with different con-
tents were prepared by the reaction of a definite amount of
wool pieces with PdCl,-2H, 0O and CoCl,-6H;0 in ethanol solu-
tion. For example, in order to obtain a sample of 0.20 mmol/g
(Pd+Co) in wool-Pd—Co complex, 1.00g of wool pieces,

0.05 mmol PdCl;-2H,0 and 0.15 mmol CoCl,-6H,0O and 10 ml
ethanol were placed in a 50 ml flask equipped with a magnetic
stirrer and a reflux condenser. The reaction mixture was stirred
and heated to reflux for about 10 h under nitrogen atmosphere
to cause white wool pieces to become gray and the solution
to become colorless and transparent. Then, the product was fil-
tered, washed with ethanol and dried to give about 1.00 g of gray
pieces (wool-Pd—Co).

3.3. Hydration of alkenes

The hydration reaction was carried out under an
atmospheric pressure of nitrogen. For example, 0.10g
wool-Pd—Co [(Pd + Co), 0.20 mmol/g, Pd/Co 1/3], 2.00 mmol
a-methylacrylic acid, 5.0ml 1-butanol, 2.0ml water 0.02g
oxalic acid and 0.01 g of hydroquinone, were placed in a 50 ml
flask equipped with magnetic stirrer and a reflux condenser.
The hydration was carried out at 90 °C under 1atm Nj. The
progress of the reaction, composition and yield of the hydration
products were analyzed on GC. After 20h, the reaction mix-
ture was cooled and filtered in order to separate and recover
the catalyst. The filtrate was extracted with chloroform (3x
10 ml) and the combined organic layers were washed with brine
(10 ml) and dried over Na;SOy4. Analysis of the product solution
by GC indicated 84.3% yield. The solvent was removed under
reduced pressure and products were further purified by column
chromatography (silica gel, ethyl acetate/hexane = 3/10) to yield
an analytically pure sample a-methyl-B-hydroxypropanoic acid
(1.69 mmol) as yellow oil for 'H NMR assay. 'H NMR
(300 MHz, CDCl3, § ppm): 1.28 (d, /J=6.9 Hz, 3H), 2.41-2.52
(m, 2H), 4.18-4.25 (m, 1H), 7.79 (br s, 1H).
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