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bstract

The enantioselective hydrogenation of methyl benzoylformate (MBF) and pyruvaldehyde dimethyl acetal (PA) was investigated under mild
xperimental conditions on Pt-alumina catalyst modified with MeOCD, MeOCN, MeOQN and MeOQD alkaloid derivatives in acetic acid (AcOH)
nd in toluene (T). Besides low rate high ee’s were achieved (>90%) in the case of PA using MeOCD and MeOQN modifiers in AcOH. Under
imilar experimental conditions in the case of MBF the highest ee’s (50–80%) were obtained in T. Hydrogenation in the presence of MeOCN
nd MeOQD proceeded with low ee’s, namely 4–8% for MBF in AcOH and 40–50% for PA in T. Studies on the hydrogenation of MBF and PA
uggested that the low ee are attributable to repulsive interactions of OMe and ethyl groups of the modifiers with the substrates and with Pt surface.
he formation of the complex responsible for enantioselection and, as a consequence, for high ee may be presumed to necessitate a two-point

nteraction between the cinchona alkaloid and the substrate. The two-point interaction requires a closer geometrical fit as compared to a one-point
nteraction, while the cinchona alkaloid and the substrate are bound to active sites of the catalyst through the quinoline skeleton and the oxo group

o be hydrogenated, respectively. These new experimental results can be interpreted on the basis of adsorbed 1:1 interaction model not only of
lectrophilic mechanism but also in toluene by the nucleophilic mechanism, too.

2008 Elsevier B.V. All rights reserved.

eywords: Cinchona alkaloid derivatives; Enantioselective hydrogenations; Methyl benzoylformate; Pyruvaldehyde dimethyl acetal; Pt-alumina; Nucleophilic

t
a
g
i

t
m
a

echanism; Stereochemistry

. Introduction

An important method of the various selective catalytic
rganic reactions (e.g. [1]) is the enantioselective hydrogena-
ion of C O and C C bonds containing compounds on Pt and
d catalysts modified by cinchona alakoids (Orito reaction [2],
cheme 1) and Ni catalysts modified by tartaric acids [3]. The
esults published in the Orito reaction [2] have been reviewed

egularly (since 2005 [4,5]). In spite of the fact that about 300
anuscripts have been published on research involving ethyl

yruvate (EP), a number of questions concerning the Orito reac-

� Part 1 see: K. Balázsik, I. Bucsi, Sz. Cserényi, Gy. Szöllősi, M. Bartók, J.
ol. Catal. A: Chem., doi:10.1016/j.molcata.2007.10.028.
∗ Corresponding author.

E-mail address: bartok@chem.u-szeged.hu (M. Bartók).
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ion are still unanswered. Finding the answers to these questions
nd revealing further details of a heterogeneous catalytic hydro-
enation with above 90% enantioselectivities [6–8] is highly
mportant for further practical applications of the reaction.

The main objectives of recent studies have been to expand
he field of utilization of this reaction, to elucidate the reaction

echanism and to interpret chiral induction. The question we
sked is this: Why does the behavior of parent cinchonas (CD,
N, QN, QD) differ from that of their methyl ethers, when the
xperimental data obtained using MeOCD and CD are highly
imilar [9]? In order to answer this question, it was also nec-
ssary to perform new measurements under entirely identical
xperimental conditions.
Here, we only outline recent results disclosed during the last
years with respect to the present state of this important area.
urther catalysts [10–14] and substrates [15–20] were studied.
hese studies span the interpretation of the effect of solvents

http://dx.doi.org/10.1016/j.molcata.2007.10.028
mailto:bartok@chem.u-szeged.hu
dx.doi.org/10.1016/j.molcata.2008.01.019
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Scheme 1.

21–23], and the application of various instrumental techniques
22,24–30] and quantum chemical calculations [13,31–35]. New
nformation has been presented on the relationship between

odifier structure and enantioselectivity [14,22,29,36–45]. It
hould be noted that the relative adsorption strength of chiral
odifiers has been recently studied not only by instrumen-

al techniques [23] but in a continuous fixed-bed reactor too
46–49].

Recent studies aimed the elucidation of the relationships
etween the enantiomeric excess (ee) and conversion and
etween the rates of enantioselective and racemic hydrogenation
n this context, which have been violently disputed [28,49–52].
ddressing the structure of the intermediate responsible for

hiral induction has greatly contributed to the clarification
f the mechanism of enantioselective hydrogenation and the
rigin of chiral induction [30,44,45,48,53–57]. Recognition
f the unexpected inversion of enantioselectivity over 50%
58,59] gave a new impulse to research on reaction mechanisms
11,16,17,19,39,48,57,60,61].

The new results summarized above confirm previous con-
lusions regarding the interpretation of chiral induction. It is
enerally accepted that the intermediate responsible for the
nantioselection is the 1:1 complex of the cinchona alkaloid as
hiral modifier and the substrate (see [4,5]). No consensus has
een reached, however, concerning the structure of this inter-
ediate. According to recent evidence the activated ketones are

ttached to the cinchonas through the protonated N of the quinu-
lidine part and through the C5′-H region of the quinoline moiety

f modifiers [30,53,55].

The results described in this study represent the continuation
f our previous work [9] in which we addressed the chiral hydro-
enation of (EP) and ketopantolactone (KPL) [9] and methyl

4
a

Scheme 2. The Orito react
reaction.

enzoylformate (MBF) and pyruvaldehyde dimethyl acetal (PA)
this work = tw) in acetic acid (AcOH) and toluene (T) as solvent
n Pt-alumina catalyst modified by parent cinchona alkaloids
nd their C9-O-methyl derivatives (Scheme 2). Studying the
our activated ketones with diverse structures under identical
xperimental conditions, in the presence of the parent cinchona
lkaloids and their hardly ever studied C9-O-Me derivatives
s catalyst modifiers yielded further information on this most
ntensively researched enantioselective heterogeneous catalytic
ydrogenation reaction. Our new measurements opened the way
or drawing generalizable conclusions and allowed to find the
nswer to some of the open questions.

. Experimental

.1. Materials

MBF, PA, parent cinchona alkaloids (CD, CN, QN, QD) and
olvents were from Aldrich or Fluka, and used as received.
he C9-OMe cinchonas were synthesized as in ref. [9].
BF (bp 391–393 K at 5 Hgmm) and PA (bp 325–327 K at

5 Hgmm) were distilled in vacuum using Vigreaux-column.
2: 99.999% (Linde), D2: 99.8% (Linde). The pretreated Engel-
ard E4759 Pt-alumina catalyst was used as in ref [9]. Using
ltrasound treatment also improves the catalyst performance
62].

.2. Spectroscopy
NMR spectra were recorded on Bruker Avance 200 and
00 MHz spectrometers, using CDCl3 as solvent. The ESI-MSD
nd ESI-MSD-ion-trap (AGILENT 1100 LC-MSD TRAP SL

ion of MBF and PA.
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Table 1
Experimental data on enantioselective hydrogenation of MBF on Pt-alumina
catalyst modified by parent cinchona alkaloids and their C9-OMe derivatives
(standard conditions)

Entry Modifier Solvent Time (min) Conversion (%) ee (%)

1 CD AcOH 30 50 76 R
2 CD T 30 94 88 R
3 MeOCD AcOH 60 26 43 R
4 MeOCD T 60 87 57 R
5 CN AcOH 60 55 55 S
6 CN T 60 77 77 S
7 MeOCN AcOH 60 47 4 S
8 MeOCN T 60 100 24 S
9 QN AcOH 45 80 35 R

10 QN T 60 61 67 R
11 MeOQN AcOH 70 57 46 R
12 MeOQN T 50 76 58 R
13 QD AcOH 60 76 12 S
14 QD T 60 42 50 S
1
1

b
h
f
t
p
c
M
(
l
t
d
(
i
Pt-MeOQD catalysts. The differences compared to EP in hydro-
genation rate and in ee are presumably related to the solvation
of MBF, its lower mobility and its adsorption.

Table 2
Experimental data on enantioselective hydrogenation of PA on Pt-alumina cat-
alyst modified by parent cinchona alkaloids and their C9-OMe derivatives
(standard conditions)

Entry Modifier Solvent Time (min) Conversion (%) Ee (%)

1 CD AcOH 60 34 93 R
2 CD T 60 42 65 R
3 MeOCD AcOH 60 20 95 R
4 MeOCD T 60 51 70 R
5 CN AcOH 60 21 89 S
6 CN T 60 21 50 S
7 MeOCN AcOH 60 17 91 S
8 MeOCN T 60 26 48 S
9 QN AcOH 45 44 96 R

10 QN T 60 41 61 R
11 MeOQN AcOH 60 24 95 R
12 MeOQN T 90 17 46 R
6 K. Balázsik et al. / Journal of Molecula

on-trap MS) was operated under positive ion and auto MS–MS
ode as described earlier [9,63].

.3. Hydrogenation

Hydrogenations were performed as in ref. [9]. Standard
onditions were: 12.5 mg E4759, 2.5 mL solvent (AcOH or
), 1 bar hydrogen pressure, 294–297 K, 1 mM of mod-

fier concentration, 900–1000 rpm, 0.5 mmol of substrate.
he product identification and the enantiomeric excess

ee% = ([R] − [S]) × 100/([R] + [S])] were monitored by gas
hromatography (HP 6890 N GC-FID, 30 m long Cyclodex-B
apillary column. Retention times (min): MBF 383 K, 25 psi
e: 21.7 of MBF, 29.9 of (R)-MM, 30.9 of (S)-MM; PA 338 K,
1.65 psi He: 5.2 of PA, 8.6 of (R)-LA, 9.1 of (S)-LA; repro-
uctibility was ±2%.

.4. Deuteration

Deuteration was performed in the system used for hydro-
enations under the following experimental conditions: 50 mg
4759, 7 mL T, RT, D2 pressure 1 bar, CD concentration
mmol L−1, 240 �L PA. Prior to deuteration the hydrogenat-

ng system was flushed with helium. The catalyst was stirred in
, in the presence of D2 for 1 h. Injection of the T solution of CD
as followed by stirring for a few minutes and the injection of
A. 100% conversion necessitated 6 h of deuteration. The raw
roduct was processed in the usual way, desiccated over Na2SO4
nd analyzed by GC–MS and 1H NMR.

. Results and discussion

.1. Results of enantioselective hydrogenations

The results of enantioselective hydrogenations on Pt-
eO-cinchona alkaloid chiral catalysts are summarized in

ables 1 and 2 and Figs. 1 and 2. For comparison, the tables also
ontain the data obtained using the parent cinchona alkaloids as
hiral modifiers under identical experimental conditions just like
n the case of EP and KPL [9]. Experimental data obtained under
ubstantially different experimental conditions were reported by
laser and co-workers [64].

.1.1. Enantioselective hydrogenation of MBF
The most widely studied model compound has been EP [4,5].

n contrast with EP, the hydrogenation of MBF and ethyl ben-
oylformate (EBF) has been only little studied [16,19,48,64–69],
n spite of the fact that the reaction was already described by
he group of Orito [70]. The experimental data in Table 1 and
ig. 1 leading to the following main conclusions: (i) just like
or the parent cinchonas in the case of MeO-cinchonas differ-
ntly from EP ee is higher in T than in AcOH; (ii) although
maller or larger differences exist, the tendency of the ee values

re very similar to the ee values measured at a hydrogen pressure
f 50 bar [64]; (iii) the hydrogenations were faster using parent
inchonas as compared to MeO-cinchonas in both solvents; (iv)
he experimental data did not show unambiguous correlation

1
1
1
1

5 MeOQD AcOH 60 39 8 S
6 MeOQD T 60 29 14 S

etween the ee and the rate; (v) similarly to parent cinchonas
ydrogenation is somewhat faster in AcOH as compared to T
or C6′-OMe cinchonas, however, without the C6′-OMe group
he opposite results were obtained; (vi) again quite similarly to
arent cinchonas, using of MeO-derivatives ee is higher in the
ase of MeOCD and MeOQN (C8S, C9R) than it is with the
eOCN–MeOQD pair (C8R, C9S); in the case of the latter pair

S)-MM is formed in excess, whereas the presence of the former
eads to the formation of (R)-MM in excess (Scheme 2); (vii)
he presence of the C6′-OMe group on the quinoline skeleton
oes not favor a high ee, especially with the MeO-cinchonas;
viii) the most remarkable results are the low ee values attained
n both solvents when using the chiral catalysts Pt-MeOCN and
3 QD AcOH 60 32 91 S
4 QD T 60 20 46 S
5 MeOQD AcOH 60 6 84 S
6 MeOQD T 90 16 48 S
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ig. 1. The enantioselective hydrogenation of MBF on modified Pt in toluene
since eeT > eeAcOH, standard conditions).

.1.2. Enantioselective hydrogenation of PA
Hydrogenation of �-ketoacetals under the conditions of the

rito reaction was first realized 20 years after the discovery
f the reaction [8]. Only a few studies have since presented
urther information about the hydrogenation of �-ketoacetals
64,68,69,71]. The results of the enantioselective hydrogena-
ion of PA (Table 2) call attention to the following: (i) under
onditions identical with those of MBF hydrogenation, PA is
ydrogenated in considerably higher enantioselectivities and at
lower rate than MBF in the presence of either chiral modifier,
hich is probably due to its different adsorption; (ii) unlike in the

ase of MBF, ee values are lower in T than in AcOH; (iii) simi-
arly to MBF the hydrogenation is faster using parent cinchonas

s compared to MeO-cinchonas in both solvents; (iv) the induc-
ion period of the hydrogenations differed, phenomenon that
annot be interpreted on the basis of the experimental data pub-

ig. 2. The enantioselective hydrogenation of PA on modified Pt in AcOH (since
eAcOH > eeT, standard conditions).
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ished up to now; (v) in the presence of cinchonas not containing
C6′-OMe group, the reactions are generally faster in T than in
cOH; (vi) however, in the presence of cinchonas that do contain
C6′-OMe group, hydrogenation rates in the two solvents are
early identical, or hydrogenation is somewhat faster in AcOH
han in T; (vii) beside excellent ee’s the most unexpected result
s the low enantioselectivity observed in T especially with the
8R, C9S cinchona alkaloids. These differences are presumably

elated to the different modes of adsorption of the substrates as
ell as to the solubility of cinchonas.
The unexpected new experimental observations regarding

he Pt-MeO-cinchona chiral catalysts that, in the same condi-
ions (RT, 1 bar of H2 pressure) have never been studied before
namely, that ee in the hydrogenation of both substrates is con-
iderably different in both solvents), raise several new questions,
hat needs further studies to be answered (e.g. initial transient
eriod, adsorption of modifiers).

.2. Deuteration

Because of the diverse behaviors of substrates under the con-
itions of the Orito reaction – with especial regard to PA, in the
ase of which an outstandingly high ee (91–96%) was observed
t a low reaction rate – it appeared important to perform further
tudies using the available methods. In view of the theoreti-
al possibility of the enolizations, D-tracer studies of PA were
eemed suitable.

In the reaction of PA with D2 over modified E4759, at 296 K
H3CD(OD)CH(OCH3)2 is formed, as verified by EI fragmen-

ation (Scheme 3). The formation of CH2DCD(OH)CH(OCH3)2
r CH3CD(OH)CD(OCH3)2 indicative of enolization were not
bserved. This experimental observation not only indicates that
he hydrogenation takes place on the C O group, as in the case of
P hydrogenation [72], but also suggests that the mechanism of

he Orito reaction is different from that in the case of EP. Namely,
he rate of EP hydrogenation is manifold faster than that of PA
ydrogenation. Consequently, it can be supposed that the origin
f chiral induction and that of reaction rate may be different and
oth adsorption and interaction between substrate and modifier
ay be different for each substrate to be hydrogenated.
.3. Transient behavior of modifier mixtures

In order to interpret our results, experiments were carried out
ddressing the stability of the chiral modifiers under the condi-

Scheme 3. EI mass fragmentation of PA.



8 r Catalysis A: Chemical 285 (2008) 84–91

t
[
f
c

p
o
[
p
l
p
A
b
b
b
C D.
T
w
e
i
h

o
t
o
o
y

4

o
k
i
1
s
s
t
f
T
b
g
i
i

[
t
t
u
K
s
s
m
c
(

d

F
a
d

i
m
a
t
t
f
M
e
a
(
t
b
c
K
v

responsible for enantioselection is the adsorbed 1:1 complex of
the cinchona alkaloid (chiral modifier) and the substrate [4,5].
No consensus has been reached, however, concerning the struc-
ture of this intermediate. The main possible types are presented
8 K. Balázsik et al. / Journal of Molecula

ions of hydrogenation [9] as well as their nonlinear behavior
9]. According to our new results MeO-cinchonas exhibit dif-
erences in stability under the conditions of hydrogenation and
haracteristic differences also exist in adsorption strength [9].

Studying the nonlinear behavior of chiral modifiers has
roved to be useful in the enantioselective hydrogenation
f activated ketones [61,73–75]. In our previous manuscript
9] on the research of EP and KPL hydrogenation in the
resence of the rarely studied C9-OMe cinchona alka-
oid derivatives, their different adsorption strengths were
resented and compared to those of the parent alkaloids.
lthough there were differences between the data sets of
oth substrates in both solvents (T, AcOH), which may
e due to a variety of reasons, the following order could
e established for the adsorption strengths of the cinchonas:
D > MeOCD > QN > CN > MeOQN > MeOCN > QD ∼ MeOQ
his order of adsorption strengths proved to be in agreement
ith the ee values, i.e. the stronger the adsorption, the higher the

e%. The experimental data presented in ref. [9] may be used
n the interpretation of the data obtained in the enantioselective
ydrogenation of MBF and PA.

The results of the numerous spectroscopic studies and the-
retical calculations on adsorbed chiral modifiers published in
he literature can also be utilized for the interpretation of the
bserved phenomena. At the time of the initiation of our studies
n the four MeO-cinchonas the majority of the latters were as
et unknown.

. Interpretation of the results and conclusion

The effect of C9-OMe cinchona alkaloid chiral modifiers
n the enantioselectivity of the hydrogenation of four activated
etones (EP and KPL [9], MBF and PA (tw)) was studied under
dentical, mild experimental conditions (RT, hydrogen pressure
bar, modifier concentration 1 mM). The objective of these

tudies was to find a relationship between the structure of the
ubstrates and modifiers (substituents of the rubane skeleton:
wo OMe groups and one ethyl group) and ee, in order to obtain
urther information on the stereochemistry of the Orito reaction.
he results obtained are suitable for this purpose, since it has
een verified by deuteration that, similarly to EP [72], hydro-
enation of PA also does not involve an enol intermediate, i.e.
n the case of all four activated ketones it is the oxo group that
s hydrogenated.

The experimental data regarding ee in both manuscripts (ref.
9] and tw) are summarized in Figs. 3 and 4. Attention is called
o the following: (i) hydrogenation of EP and KPL is faster than
hat of MBF and especially than that of PA; (ii) ee values are
sually higher in AcOH, with exceptions mainly in the case of
PL and MBF, depending on the modifiers present; (iii) the more

ubstituents on the rubane skeleton, the lower the ee values (with
ome exceptions); (iv) hydrogenation of EP and PA in AcOH
ay produce ee values in excess above of 90%; (v) ee values are
onspicuously low in the presence of MeOCN, QD and MeOQD
with the exception of PA), especially in T.

The slow rate of PA hydrogenation, which is significantly
ifferent from the three �-ketoesters, together with the outstand-

F
a
(

ig. 3. Experimental data on enantioselective hydrogenation of EP, PA, MBF
nd KPL on Pt-alumina catalyst modified by cinchona alkaloids in AcOH (stan-
ard conditions).

ngly high ee may indicate the operation of a different reaction
echanism. The slow hydrogenation rate of PA may presum-

bly be related to its adsorption mode and to the desorption of
he product (LA in Scheme 2). This phenomenon, unusual in
he Orito reaction [76] – slow reaction rate and high ee – calls
or further studies. As regards the ee values, in the case of EP,

BF and PA substrates outstandingly high, medium and low
e values were also obtained. In the case of KPL the ee values
re lower and can be classified to two groups in both solvents
39–63 and 2–28%). The lowest ee values mainly occured with
he use of MeOCN and MeOQD. The highest ee values could
e attained in hydrogenations of PA and EP in the presence of
inchonas with C8(S), C9(R) configuration. Hydrogenation of
PL and especially that of MBF usually resulted in higher ee
alues in T.

It is generally accepted that the intermediate complex (IC)
ig. 4. Experimental data on enantioselective hydrogenation of EP, PA, MBF
nd KPL on Pt-alumina catalyst modified by cinchona alkaloids in toluene
standard conditions).
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cheme 4. Proposed intermediates in the Orito reaction: A [73,76], B [73,76],
[52,59], D [77], E [5a], F [53,55] (X = activating group, Ql = quinolinyl).

chematically in Scheme 4. Experimental data on IC structure
ave verified the following: (i) flat adsorption of the quinoline
keleton of cinchona alkaloids (see, e.g. [76,78]); (ii) open-3
onformation of adsorbed cinchona alkaloids [65]; (iii) the inter-
ction of the protonated N of quinuclidine with the substrate, in
polar medium as well [79]; (iv) two-point interaction of the
uinuclidine N and the C5′-H with the substrate [53,55].

One of our conclusions is that, due to the inhibition of flat
dsorption, formation of the appropriate IC responsible for enan-
ioselectivity is inhibited by OMe groups attached to the C6′, C9
toms and by the C3-Et group. Namely different tilted structures
an be formed. We assume that the extent of tiltedness (i.e. the
xtent of divergence from flat adsorption depending of the repul-
ive interactions of C6′-OMe, C9-OMe and C3-Et) increases in
he following order: MeOCD < MeOQN < MeOCN < MeOQD.
ifferent extents of divergence from flat adsorption results in
ifferent steric positions and orientations of the N-lone pair
f quinuclidine. The formation of the complex responsible for
nantioselection and, as a consequence, for high ee may be
resumed to necessitate a two-point interaction between the cin-
hona alkaloid and the substrate, requiring a closer geometrical
t. The more favorable geometrical fit is produced by attractive
nd repulsive interactions for the formation of IC, the higher ee
ill result. The rigid structure of KPL prevents a close fit, there-

ore hydrogenation in the presence of MeOCN and MeOQD
roceeds with low ee in AcOH and hardly at all in T.

In AcOH an electrophilic mechanism (N–H–O interaction,
cheme 4A and B) can be proposed (Fig. 5A), whereas in T
ot only an electrophilic but, in certain cases, also a nucle-
philic (interaction between the quinuclidine N-lone pair and
he C O bonds) mechanism can be envisaged (Fig. 5B). Since
hese we have discussed in detailed in our previous works [61,75]
e scetched only the IC’s of electrophilic and nucleophilic

nteractions. The presence of these complexes are sup-
orted by experimental evidence and/or theoretical calculations
29,30,35,45,53,55–57,79]. At the present time it cannot yet be
onfirmed which of these complexes (depending on the modifier-
ubstrate pair) is indeed responsible for chiral induction.

The different steric positions and orientations of the N-
one pair of quinuclidine appear to be determinant [45,55–57].
ased on the new experimental data, it may be supposed that

two-point binding between reactant and chiral modifier is a

rerequisite of the formation of the substrate-modifier 1:1 IC on
latinum surface [53,55]. Therefore, the stereochemical factors
lay a determinant role in obtaining high ee values.
ig. 5. The proposed structures of the pro S 1:1 adsorbed adducts for KPL
ubstrate and MeOQD modifier (A, electrophilic IC; B, nucleophilic IC).
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M. Bartók, Gy. Wittmann, Gy. Göndös, G.V. Smith, J. Org. Chem. 52 (1987)
1139;
Gy. Wittmann, G.B. Bartók, M. Bartók, G.V. Smith, J. Mol. Catal. 60 (1990)
1;

T. Osawa, T. Harada, O. Takayasu, Curr. Org. Chem. 10 (2006) 1513.

[4] A. Baiker, Catal. Today 100 (2005) 159;
D.Y. Murzin, P. Maki-Arvela, E. Toukoniitty, T. Salmi, Catal. Rev. Sci.
Eng. 47 (2005) 175;
G.J. Hutchings, Annu. Rev. Mater. Res. 35 (2005) 143.



9 r Cat

[

[
[

[

[
[

[

[

[
[
[
[

[

[
[

[
[
[

[

[

[

[

[
[
[

[

[
[

[

[

[

[

[

[
[

[

[

[
[
[
[

[
[
[

[
[

[

[

[
[

[

[
[

[

[

[
[
[

[

[
[
[

[

[

0 K. Balázsik et al. / Journal of Molecula
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Mol. Catal. A: Chem. 247 (2006) 108.
40] A. Solladie-Cavallo, C. Marsol, K. Azyat, M. Roje, C. Welch, J. Chilenski,

P. Taillasson, H. D’Orchymont, Eur. J. Org. Chem. (2007) 826.

[

alysis A: Chemical 285 (2008) 84–91

41] M. Maris, D. Ferri, L. Konigsmann, T. Mallat, A. Baiker, J. Catal. 237
(2006) 230.

42] J.L. Margitfalvi, E. Taı̌las, F. Zsila, S. Kristyaı̌n, Tetrahedron Asym. 18
(2007) 750.

43] A. Kraynov, R. Richards, Phys. Chem. Chem. Phys. 9 (2007) 884.
44] S. Diezi, D. Ferri, A. Vargas, T. Mallat, A. Baiker, J. Am. Chem. Soc. 128

(2006) 4048.
45] K. Balázsik, T.A. Martinek, I. Bucsi, Gy. Szőllősi, G. Fogassy, M. Bartók,
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