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. Introduction

A large number of optically pure carboxylic acids and their
ubstituted derivatives are essential pharmaceuticals or building
locks used in the synthesis of chiral pharmaceuticals [1–3]. Among
he most convenient preparation procedures of chiral carboxylic
cids are the asymmetric hydrogenations of the corresponding
rochiral unsaturated carboxylic acids [4–6]. Following the devel-
pment of a large variety of highly enantioselective chiral noble
etal complexes these reactions gained increased industrial impor-

ance [7–10]. Replacement of these highly efficient soluble catalysts
y heterogeneous catalytic systems results in several economic
nd technical advantages provided the heterogeneous catalysts are
ompetitive as concerns the activity and the optical purity of the
aturated products. The simplest approach for developing enan-
ioselective heterogeneous hydrogenation catalysts is the surface

odification of the conventional metal catalysts by chiral com-
ounds [11–14]. However, up to now only a few efficient modified
eterogeneous metal catalysts are known for the enantioselective
ydrogenation of prochiral unsaturated compounds. Such catalytic
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tion of mono and dimethoxy-substituted 2,3-diphenylpropenoic acids has
modified supported Pd catalyst. The hydrogenation of the six monosubsti-
)-2,3-diphenylpropenoic acid showed that the position of the substituent
initial reaction rate and the enantioselectivity. High enantioselectivities,
hydrogenation of mono-substituted derivatives with a favourable sub-
ere rationalized in terms of either the electronic or the steric effects of
ined by its position. These suggestions were also applicable in interpret-

ydrogenation of substituted (Z)-2,3-diphenylpropenoic acids and selected
penoic acids. The combined steric and electronic effects of the substituents
sured the highest enantioselectivities, up to 92% ee, in the hydrogenation

(4-methoxyphenyl)propenoic acid.
© 2008 Elsevier B.V. All rights reserved.

systems are the tartaric acid modified Ni catalysts for the hydro-
genations of �-keto esters and �-diketones [12–15], the cinchona
alkaloid modified Pt catalysts for the hydrogenations of �-keto

esters and other activated carbonyl compounds [12–14,16] and the
cinchona modified Pd catalysts for the hydrogenation of prochi-
ral C C group in 2-pyrone derivatives [14,17] and �,�-unsaturated
carboxylic acids [14,18–20].

Due to the practical importance of the optically pure chiral
carboxylic acids, following the promising early results [21–23],
the enantioselective hydrogenation of prochiral �,�-unsaturated
carboxylic acids of various structures has been studied in detail
over Pd catalysts [18–20,24–33]. The highest enantioselectivi-
ties were obtained in the hydrogenations of �-phenylcinnamic
acid and its para-methoxy-substituted derivatives. The optical
purity of the products increased by a proper choice of the
catalyst and on using benzylamine as additive [34]. The 4-
methoxy substituent either on the �- or the �-phenyl ring
of �-phenylcinnamic acid had a beneficial effect, the highest
enantioselectivities were achieved in the hydrogenation of the
disubstituted (E)-2,3-di(4-methoxyphenyl)propenoic acid [18,34].
The increase in the enantioselectivity was attributed to the
enhanced cinchonidine–substrate interaction due to the electron
donating effect of the methoxy substituent. However, the steric
effect of the substituent or the interaction of the methoxy group

http://www.sciencedirect.com/science/journal/13811169
mailto:szollosi@chem.u-szeged.hu
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with the modifier may also play role in the enantiodifferentia-
tion. Since the exact structure of the intermediate complex is still
unknown, it is difficult to predict the behaviour of the deriva-
tives substituted in the ortho or meta position of either of the
two phenyl rings and whether the steric effect of the methoxy
substituent in a certain position would be favourable on the enan-
tiodifferentiation. Accordingly, in the present study we examined
the effect of the position of the methoxy substituent by investi-
gating the enantioselective hydrogenation of six monomethoxy-,
selected dimethoxy-(E)-2,3-diphenylpropenoic acids and some
substituted (Z)-2,3-diphenylpropenoic acids. The results were also
compared with results obtained in the hydrogenation of unsub-
stituted (E)-2,3-diphenylpropenoic acid under identical reaction
conditions.

2. Experimental

2.1. Materials

The catalysts used in this study were 5% Pd/Al2O3 (Engelhard,
40692), 5% Pd/C (Fluka, 75992), 10% Pd/C (Aldrich, 205699) and 5%
Pd/TiO2 prepared by precipitation [35] using TiO2 P25 (Degussa,
55 m2 g−1 surface area). The 5% Pd/Al2O3 was used mainly after the
following pretreatment: 0.3 g catalyst was heated with 7.5 K min−1

to 523 K in 30 cm3 min−1 H2, kept at this temperature for 100 min,
and cooled to room temperature in 30 min followed by 10 min
flushing with He. The pretreated catalyst denoted as Pd/Al2O3

P

was stored no more than 5 days. Cinchonidine (CD, Fluka, ≥98%),
benzylamine (BA, Fluka, ≥99.5%) and H2 gas (Linde AG, 99.999%)
were used as received. (E)-2,3-Diphenylpropenoic acid ((E)-1,
Aldrich, ≥97%) was purified by crystallization in acetone–water.
N,N-Dimethylformamide (DMF, Reanal, ≥99%) was distilled under
vacuum before use.

2.2. Preparation of the diarylacrylic acids

The substituted 2,3-diphenylpropenoic acids were prepared by
Perkin condensation according to the Feiser method [36–38] using
the corresponding aromatic aldehydes and arylacetic acids pur-
chased from Fluka or Aldrich. A stirred mixture of arylacetic acid
(40 mmol) and aromatic aldehyde (40 mmol) in 4 cm3 triethy-
lamine and 8 cm3 acetic anhydride was refluxed for 2–3 h. To the

cooled mixture 9 cm3 conc. HCl solution and 30–40 cm3 water
was added and the resultant precipitate was filtered and washed
with water. After drying the solid was dissolved in 1% NaOH aque-
ous solution and the alkaline solution was stirred with charcoal
at room temperature and filtered. For the separation of isomer
acids the alkaline solution was gradually acidified with 1/1 conc.
HCl/water solution. If the reaction product after acidification was
semi-solid or oil, it was dissolved in diethyl ether (200–250 cm3).
The ethereal solution was extracted with 1% NaOH solution and
the alkaline solution was treated as above. The isomer acids were
used without purification or purified by crystallization in methanol
or ethanol. The isomer distribution of the crude reaction products
and the purity of the prepared acids were monitored by analyti-
cal TLC (Fluka Silica gel/TLC cards, eluent hexane/acetone 5/3) and
GC–MS analysis (as methyl esters prepared using CH2N2 ethereal
solution, Agilent Techn. 6890N GC-5973 MSD, HP-1MS, 60 m cap-
illary column). The purities of the acids were checked by melting
point measurements and by recording their 1H- and 13C NMR spec-
tra using Bruker Avance DRX 500 NMR instrument (1H at 500 MHz,
13C at 125 MHz) in (CD3)2SO solution. Their purity was over 98%.
The structures of the investigated compounds are presented in
Scheme 1.
Scheme 1. Structure of the 2,3-diphenylpropenoic acid derivatives used.

2.3. Hydrogenation procedure and product analysis

The hydrogenations were carried out in batch reactors under
atmospheric H2 pressure and room temperature (unless otherwise
noted) in a glass hydrogenation apparatus using magnetic stirring.
The H2 consumption up to 25% of the total H2 up-take was used
for calculations of the initial rates taking into account the fast
hydrogenation of the vinyl group of CD. In a typical run 0.025 g
catalyst and 3 cm3 DMF containing 2.5 vol.% H2O were introduced
into the reactor, the apparatus was flushed with H2 and the cat-
alyst was pretreated in situ by stirring (1000 rpm) for 0.5 h. After
pretreatment 0.025 mmol CD, 0.5 mmol unsaturated acid, 0.5 mmol
BA (when used) and another 2 cm3 solvent were added, the system
was flushed again with H2 and the reaction was started by turning
on the stirring. Unless otherwise noted over 98% conversions were
obtained in 1–2 h during hydrogenations in the absence of modi-
fier and in 6–8 h over modified catalysts. After the given time 2 cm3

10% HCl solution was added to the slurry, the catalyst was filtered
and the solvent was evaporated under reduced pressure. Small por-
tion of this products were transformed in methyl esters using conc.
H2SO4 in methanol or CH2N2 ethereal solution. The resulting com-
pounds were identified by GC–MS analysis. Conversions (X%) and
enantiomeric excesses (ee%) were determined by GC analysis using

a HP 5890 II GC-FID and a 30 m chiral capillary column (Cyclosil-
B). The enantiomeric excess (ee%) was calculated with the formulae
ee% = 100 × |[S] − [R]|/([S] + [R]), where [S] and [R] are the concentra-
tions of the product enantiomers. The ee values were reproducible
within ±1% resulting from repeated experiments with several sub-
strates. The remaining products were taken up in 1 cm3 10% HCl
solution in 9 cm3 water, the crude acids were extracted with three
portions of 5 cm3 CHCl3, the combined organic layers were dried
over Na2SO4 and the solvent was evaporated to give the saturated
acids in over 90% yields as pale yellow oils or solids and in ≥98%
purity as determined by 1H NMR spectroscopy and by GC analysis
of the methyl esters obtained by methylation with CH2N2 ethe-
real solution. The optical purity of these crude products was the
same as determined for the corresponding samples analyzed before
work-up. The absolute configurations of the excess enantiomers of
unsubstituted and 4-methoxy-substituted 2,3-diphenylpropionic
acids were assigned in previous studies to be S [18,21]. The configu-
ration of the excess enantiomers resulting in the hydrogenation of
the other compounds has not yet been determined however, based
on the same rotation sign we assume that also the S enantiomers
were formed in excess. Optical rotation measurements using a Pola-
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Scheme 2. Enantioselective hydrogenation of (E)-2,3-diphenylp

mat A polarimeter showed that all these products contained the
dextrorotatory enantiomers in excess.

3. Results and discussions

The hydrogenation of (E)-2,3-diphenylpropenoic acid in the
presence of CD results in the preponderant formation of (S)-2,3-
diphenylpropionic acid as presented in Scheme 2. By now it became
well-known that in the enantioselective hydrogenation of this
unsaturated acid the highest optical purities are obtained by using
low H2 pressure and low reaction temperature in polar solvents
containing small amounts of water, such as DMF and 1,4-dioxane
[27]. Indeed, in our preliminary experiments the best ee in the
hydrogenation of (E)-2 was obtained in DMF having a 2.5 vol.% H2O

content both methanol and 1,4-dioxane with 2.5 vol.% H2O gave
lower ee values.

The proper choice of the catalyst also has a crucial influence
on the out-come of these hydrogenations. Beside the right metal
dispersion [39,40] the textural properties of the support have a sig-
nificant effect on the enantioselectivity [39,41]. It was found that
good ee values are obtained over Pd deposited on the outer sur-
face of the supports or by using nonporous supports. The so-called
“eggshell” type Pd/C catalysts and the use of BA additive afforded
over 90% ee values in the hydrogenation of (E)-12 [34]. However, the
catalyst used in the latter study was not available to us. Thus, we
tested several catalysts in the hydrogenation of (E)-2, and selected
results are summarized in Table 1.

As expected the initial hydrogenation rates decreased signifi-
cantly over the modified catalysts as compared with the racemic
reactions. The ratio between the initial reaction rates on unmodi-
fied (ru) and modified (rm) catalysts could be well correlated with
the obtained ee the lowest ru/rm value and also the best ee was
obtained over the 5% Pd/Al2O3 having 185–200 m2 g−1 B.E.T. sur-
face area and 0.19–0.21 Pd dispersion [42,43]. Further increase in
the ee was obtained by pretreating this catalyst in H2 flow at 523 K.

Table 1
Hydrogenation of (E)-2 over supported Pd catalysts

Catalyst ru
a rm

a ru/rm rBA
b ee (%) eeBA

b (%)

5% Pd/TiO2 24.4 3.2 7.6 15.1 69 77
5% Pd/C 61.7 4.9 12.6 20.3 42 67
10% Pd/C 86.4 8.3 10.4 20.5 62 78
5% Pd/Al2O3 49.9 7.6 6.6 18.2; 16.3c 72 80; 77c

5% Pd/Al2O3
P,d 22.9 5.7 4.0 11.1 76 85

Reaction conditions: 25 mg catalyst, 5 mL DMF + 2.5 vol.% H2O, 0.025 mmol CD,
0.5 mmol (E)-2, 0.1 MPa H2, 294 K, conversions >98% in 2 h (unmodified)–8 h (mod-
ified).

a ru and rm are the initial rates (mmol h−1 g−1) obtained in absence and presence
of CD.

b rBA and eeBA are the initial rate and ee obtained on addition of 0.5 mmol (1 equiv.)
BA.

c Values obtained by using 0.25 mmol (0.5 equiv.) BA additive.
d Catalyst pretreated in H2 flow at 523 K for 100 min before use, see Section 2.1.
lysis A: Chemical 290 (2008) 54–59

oic acid over supported Pd catalyst in presence of cinchonidine.

Such pretreatment results in removal of surface contaminations, a
decrease in the Pd dispersion due to sintering of the metal parti-
cles [39,41] and migration of the metal from pores to the external
surface of the support. Indeed, both ru and rm decreased over the
pretreated catalyst as a result of decrease in the number of active
sites. A more pronounced decrease in the rate was observed over
the unmodified catalyst, leading to the lowest ru/rm value and to
increased ee over Pd/Al2O3

P.
Addition of BA to the reaction mixture increased both the initial

rate (rBA) and the ee. The ee and rate increase in the presence of
BA was attributed to the preferential acceleration of the reaction
on modified sites by promoting the desorption of the saturated
product interacting with CD on the Pd surface [27]. Although in
the presence of BA the highest ee increase was obtained over the
5% Pd/C catalysts, like in the reactions carried out in absence of
BA, the highest ee value (ee 85%) was obtained over the pretreated
Pd/Al2O3

P. The enantioselectivity over a modified heterogeneous
catalyst under certain experimental conditions is influenced by the
fraction of the modified sites and by the intrinsic stereoselectivity of
the modifier–substrate interaction on the surface [18,44]. Accord-
ing to the above results, among the catalysts used in this study
the Pd/Al2O3

P has the highest ratio of modified surface metal sites.
Henceforth we have used this catalyst in our investigation. Further
increase in the ee may be expected by improving the stereose-
lectivity of the modifier–acid interaction by modification of either
the modifier or the unsaturated acid structure. This approach was
used by Nitta and coworkers by examining the 4-methoxy deriva-
tives [18]. In the present work we extended these investigations
by studying the effect of the methoxy substituent position on both
phenyl rings using the compounds presented in Scheme 1.

Results obtained in the hydrogenation of (E)-1 and its mono-

methoxy derivatives are summarized in Table 2. Substitution on the
�-phenyl ring only in the ortho position led to notably high ee as
compared with the hydrogenation of (E)-1, while the 3-methoxy
and especially the 4-methoxy substituent on the �-phenyl ring
increased significantly the ee. Surprisingly low ee was obtained
in the reaction of (E)-7 having the 2-methoxy substituent on the
�-phenyl ring. Thus, both ortho-substituted derivatives exhibited
unusual behaviour; the 2-methoxy group on the �-phenyl ring had
a beneficial effect while that on the �-phenyl ring a detrimental
effect on the enantioselectivity. We note that the hydrogenation of
(E)-2 occurred with the lowest ru. In contrast, in the hydrogenation
of (E)-7 ru decreased only to a small extent as compared with (E)-1,
while over modified catalyst led to the lowest rm.

According to these results the 2-methoxy substituent on both
the �- and the �-phenyl ring has a striking effect on the enantiose-
lective hydrogenation of substituted 2,3-diphenylpropenoic acids.
The two 2-methoxy substituents have different effects as a con-
sequence of the orientation of the two phenyl rings, the �-phenyl
ring being close to parallel to the olefinic double bond while the
phenyl in the � position is turned to an almost perpendicular orien-
tation, shown by the computed structures using ab initio methods



r Cata

f mon

rm
a

8.6
5.7

12.5
10.8
7.3
6.2
7.9
2.2

CD, 0

of CD
D and
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Table 2
Effect of the methoxy substituent position on the enantioselective hydrogenation o

Substrate Substituent on ru
a

�-Phenyl �-Phenyl

(E)-1 – – 50.8
(E)-2 2-MeO – 22.9
(E)-3 3-MeO – 49.6
(E)-4 4-MeO – 45.1
(Z)-4 4-MeO – 51.2
(E)-5 – 4-MeO 41.7
(E)-6 – 3-MeO 38.5
(E)-7 – 2-MeO 49.2

Reaction conditions: 25 mg 5% Pd/Al2O3
P, 5 mL DMF + 2.5 vol.% H2O, 0.025 mmol

(modified).
a ru and rm are the initial rates (mmol h−1 g−1) obtained in absence and presence
b rBA and eeBA are the initial rate (mmol h−1 g−1) and ee obtained in presence of C
c ee obtained at 275 K reaction temperature in presence of BA additive.
d Conversions obtained in 8 h at 275 K using BA additive.

[45,46]. Accordingly, the 2-methoxy group on the �-phenyl ring
hinders the adsorption of the acid and decreases its hydrogena-
tion rate (ru). Moreover, this 2-methoxy substituent hindered the
adsorption of the prochiral acid on the pro-R face to a larger extent
as compared with the unsubstituted acid probably due to the steric
repulsion between the modifier and this group. On the other hand,
the 2-methoxy group on the �-phenyl ring inhibited the stereos-
elective interaction between the modifier and the acid, though in
the absence of CD this acid was easily hydrogenated. The electronic
effect of this group is similar to that of the 4-methoxy substituent
as illustrated by the acidities of (E)-1, (E)-5 and (E)-7 (pKa 7.00,
7.23 and 7.30, respectively [47]). Thus, both substituted compounds
are slightly weaker acids than (E)-1 and are transformed in more
basic carboxylates leading to increase in the strength of the modi-
fier substrate interaction. Hence the drastically different behaviour
of (E)-5 and (E)-7 cannot be interpreted based on the electronic
effects of the substituents. Thus, the low ee observed in the hydro-
genation of (E)-7 is due to the inhibited interaction of this acid with
adsorbed CD on the metal surface caused by the steric hindrance
of the 2-methoxy group, while the hydrogenation over unmodified
sites could remain unchanged. The above suggestions correlate well
with the effect of BA on the initial rates and ee-s obtained in the
hydrogenation of (E)-2 and (E)-7. While in the hydrogenation of
(E)-2 significant increase in the ee and initial rate was obtained by
using BA, in that of (E)-7 rBA was still very low and the ee decreased

in the presence of BA. Thus, the latter acid barely interacts with CD
during hydrogenation.

The presence of the 3-methoxy substituent on the �-phenyl
ring ((E)-6) gave significant enantioselectivity increase as com-
pared with (E)-1. As in previous studies the effect of the 4-methoxy
substituent has been explained by increase in the electron density
of the extended conjugated �-system [18], the above observation
is rather unexpected. The 3-methoxy substituent on the �-phenyl
ring increases the electron density in the ortho and para posi-
tions as shown by the acidity of the substituted methoxycinnamic
acids: pKa 3-methoxycinnamic acid < pKa cinnamic acid < pKa 4-
methoxycinnamic acid [48,49]. Further studies are needed to reveal
the reason for the observed behaviour, which could be either the
steric effect or an additional interaction of the 3-methoxy sub-
stituent with the modifier, but in no case the electronic effect of
the 3-methoxy substituent. The presence of BA increased signifi-
cantly the initial rates and the ee when the methoxy substituent
was in the meta or para position on either the �- or the �-phenyl
ring. It is interesting that the substituent in the ortho position on the
�-phenyl ring hinders the selective interaction with the modifier
while that in the meta position on the same ring makes this interac-
lysis A: Chemical 290 (2008) 54–59 57

o-substituted 2,3-diphenylpropenoic acids

rBA
b ee (%) eeBA

b (%) eeBA
c/Xd (%)

12.4 70 73 80/99
11.1 76 85 86/42
19.0 71 75 80/99
21.0 70 77 80/96
5.8 35 38 40/>99

17.8 83 89 89/76
31.9 77 87 90/>99
3.1 13 10 10/43

.5 mmol substrate, 0.1 MPa H2, 294 K, conversions >98% in 2 h (unmodified)–8 h

.
0.5 mmol BA.

tion more stereospecific, reaching ee values close to that obtained
with the 4-methoxy-substituted compound or even surpassing this
at low reaction temperature. To our best knowledge, the high ee
values obtained at low temperature in the hydrogenation of (E)-5
(89%) and (E)-6 (90%) are unprecedented in the hydrogenation of
mono-substituted �-phenylcinnamic acids.

The orientation of the �-phenyl ring is crucial for obtaining high
enantioselectivity, the hydrogenation of (Z)-4 resulted in about half
ee values as compared with (E)-4, in line with the results obtained
in the hydrogenation of the two �-phenylcinnamic acid isomers
[21]. Considering the large acidity difference between these iso-
mers [50], the much lower basic character of the carboxylate formed
from the Z isomer may be the cause of the poor ee. The decrease in
the initial reaction rate in the hydrogenation of (Z)-4 by addition of
BA also indicated a loose contact between CD and this acid. Further-
more, the geometry of the Z isomer may not either be appropriate
for establishing an efficient interaction with the modifier.

The above results showed the crucial importance of both the
acidity of the substrate influenced by the substituents (by electronic
effects) and the geometry of the acid affected by the hindrances
of the substituents (steric effects) in establishing an efficient con-
tact between the modifier and the substrate in order to obtain high
enantioselectivity.

Based on the report of Nitta et al. on the hydrogenation of 4-
methoxy derivatives [18,34], higher ee may be obtained in the

hydrogenation of dimethoxy derivatives substituted on both phenyl
rings. Moreover, confirmation of the effect of the methoxy sub-
stituent position was sought from these hydrogenations. Results
of the hydrogenation of selected dimethoxy derivatives are sum-
marized in Table 3.

In the hydrogenations of these compounds the effects of the
methoxy substituents on both the initial rates and the ee were
similar to those in the reactions of the mono-substituted acids.
As a result of the combined effect of the 2-methoxy substituent
on the �-phenyl and the 4-methoxy group on the �-phenyl rings
the ee obtained in the presence of BA in the hydrogenation of
(E)-8 exceeded even the value obtained with the di-4-methoxy-
substituted compound (E)-12. On the other hand the 2-methoxy
substituent on the �-phenyl ring, in spite of the presence of the
4-methoxy group on the �-phenyl ring ((E)-10), decreased the ee
as in the hydrogenation of (E)-7. Furthermore, in the reaction of
(E)-10 the initial rate decreased in the presence of BA support-
ing the conclusions previously drawn from the behaviour of (E)-7.
High enantioselectivities were obtained in the hydrogenations of
the compounds bearing the 3-methoxy substituents on the � or
both phenyl rings ((E)-11 and (E)-9, respectively). The optical puri-
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Table 3
Effect of methoxy substituents position on the hydrogenation of di-substituted �-phenylcinnamic acid derivatives

Substrate Substituent on ru
a rm

a rBA
b ee (%) eeBA

b (%) eeBA
c/Xd (%)

�-Phenyl �-Phenyl

(E)-8 2-MeO 4-MeO 8.2 3.7 3.8 83 90 92/60
(E)-9 3-MeO 3-MeO 21.4 7.1 14.4 75 85 87/92
(E)-10 4-MeO 2-MeO 27.8 9.0 5.3 10 10 8/51
(E)-11 4-MeO 3-MeO 18.2 6.3 9.9 78 86 88/96

4.0
5.1
3.8

CD, 0

of CD
D and

c acid
(E)-12 4-MeO 4-MeO 28.9
(Z)-11 4-MeO 3-MeO 38.6
(Z)-12 4-MeO 4-MeO 54.5

Reaction conditions: 25 mg 5% Pd/Al2O3
P, 5 mL DMF + 2.5 vol.% H2O, 0.025 mmol

(modified).
a ru and rm are the initial rates (mmol h−1 g−1) obtained in absence and presence
b rBA and eeBA are the initial rate (mmol h−1 g−1) and ee obtained in presence of C
c ee obtained at 275 K reaction temperature in presence of BA additive.
d Conversions obtained in 8 h at 275 K using BA additive.

Scheme 3. Preparation of (S)-2-(2-methoxyphenyl)-3-(4-methoxyphenyl)propioni

ties obtained in the hydrogenations of (Z)-11 were similar to those
obtained with (Z)-4, while nearly racemic products resulted in the
reaction of (Z)-12.

Finally, we note that our experiments showed without any doubt
that the methoxy substituent in the para position on either of
the two phenyl rings of (E)-2,3-diphenylpropenoic acid results in
increased enantioselectivity as compared with the unsubstituted
acid. Moreover, substitution in the meta position on both rings and
the ortho substituent on the �-phenyl ring also leads to increase
in the optical purity of the saturated product the latter was found
even more efficient than the substitution in the para position on the
same phenyl ring. As a consequence, in the hydrogenation of sev-
eral compounds high ee could be obtained. The results obtained
in this study besides being of practical importance due to the
easy preparation of chiral carboxylic acids of high optical purity

such as (S)-2-(2-methoxyphenyl)-3-(4-methoxyphenyl)propionic
acid (see Scheme 3) may also serve as a useful starting point
in elucidating the structure of the intermediate complex of the
reaction. Studies with this aim are in progress in our labora-
tory.

4. Conclusions

The effect of the methoxy substituent position on the initial
reaction rate and the enantioselectivity in the hydrogenation of
methoxy-substituted 2,3-diphenylpropenoic acids over cinchoni-
dine modified supported Pd catalysts has been investigated. The
results obtained cannot be interpreted solely by the electronic
effects of the substituents. Depending on the substituent position
the steric effects may become a dominant factor. This was indi-
cated by the opposite effect on the initial rate and enantioselectivity
of the 2-methoxy substituents situated on the �- and �-phenyl
rings, the former increasing while the latter significantly decreasing
the optical purity of the resulting saturated products. The highest
enantioselectivities were obtained in the hydrogenation of the (E)-
2-(2-methoxyphenyl)-3-(4-methoxyphenyl) propenoic acid, up to

[

[
[
[
[

7.5 86 89 90/73
3.2 34 30 –
3.5 2 9 –

.5 mmol substrate, 0.1 MPa H2, 294 K, conversions >98% in 2 h (unmodified)–8 h

.
0.5 mmol BA.

by enantioselective hydrogenation over cinchonidine modified Pd catalyst.

92% ee, due to a combined favourable steric and electronic effect of
the substituents on the �- and �-phenyl rings.
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