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Abstract Results on nonlinear phenomenon (NLP) in the

liquid phase hydrogenation of methyl benzoylformate

(MBF) and pyruvaldehyde dimethyl acetal (PA) on chiral

Pt-cinchona catalyst are reported for the first time (enan-

tiomeric excess 90–95%). The new data support the

conclusions of the NLP studies on ethyl pyruvate (EP) and

ketopantolactone (KPL). Namely, the order of the adsorp-

tion strengths of the parent cinchona alkaloids are:

CD [ CN [ QN * QD and the results of the NLP mea-

surements indirectly verify the so-called 1:1 model of

enantioselection. The new data, however, call attention to a

new, substrate and modifier dependent phenomenon, which

necessitates further experiments for a better understanding

of the mechanism of the Orito reaction.

Keywords Asymmetric hydrogenation � Platinum �
Cinchona alkaloids � Ketones � Nonlinear phenomenon

1 Introduction

The enantioselective hydrogenation of prochiral ketones

and C=C containing compounds on tartaric acid modified

Ni [1] and on Pt and Pd catalysts modified by cinchona

alkaloids (Orito reaction, Scheme [2]) are important

methods among various selective catalytic organic reac-

tions (e.g. [3]). The significance of the Orito reaction is

underlined not only by its industrial application [4] and the

high enantioselectivities observed [5–7], but also by

numerous reviews (since 2005: [8]) discussing and evalu-

ating the steady flow of novel results in the enantioselective

hydrogenation of activated ketones. The preferred model

compound for this research has been ethyl pyruvate (EP)

that can be hydrogenated in ee over 90%. Only a few

papers have reported on the hydrogenation of MBF and

PA, two compounds with structures different from that of

EP but also hydrogenated in high ee [7]. Detailed studies

on the mechanism of the enantioselective hydrogenation of

these compounds may yield further important information

for the interpretation of the origin of chiral induction.

The present report gives account of new results in a

narrow segment of reaction mechanism research, the so-

called nonlinear phenomenon (NLP). This phenomenon,

termed ‘‘nonlinear effect’’ may arise in the interaction of a

substrate with two enantiomers of opposite configurations

and was first recognized in 1986, in a study on homoge-

neous asymmetric catalysis [9]. Nonlinearity in the Orito

reaction was first observed by Wells et al. in the hydro-

genation of methyl pyruvate (MP) [10]. Baiker et al. and

later many other authors have widely utilized NLP in their

studies on the heterogeneous enantioselective hydrogena-

tion of activated ketones. The results of studies carried out

to date (using modifier mixtures, transient method, con-

tinuous flow measurements) can be summarized as follows.

Studies on NLP have mainly been performed in enantio-

selective hydrogenations on Pt [10–21] and Pd [22–25]

catalysts. A study using Rh catalyst has also been published

[26]. The substrates hydrogenated over Pt catalysts were

MP [10], but most of all EP [11, 14, 16–18, 21, 24, 27] and

KPL [12, 13, 15, 19, 26, 27]; hydrogenations over Pd were

performed on 4-methoxy-6-methyl-2-pyrone [25], a-phe-

nylcinnamic acid [23] and isoforon [22], and those over Rh
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on KPL [26] as substrate. One component of the chiral

modifiers used was a parent cinchona alkaloid (CD, CN,

QN, QD), whereas the other component was the opposite

enantiomer of CD, CN, QN, QD or their C9-O-R deriva-

tives [12, 13, 16, 18, 19, 24, 26–28]. In addition to

cinchona alkaloids and their derivatives, other chiral

modifiers including synthetic chiral compounds and achiral

modifiers were also investigated [11, 15, 20, 22].

Experimental results on NLP have yielded, on one hand,

information on the adsorption strength and the way of

adsorption of chiral modifiers. On the other hand, studies on

NLP have also contributed with new experimental evidence

to the elucidation of the mechanism of the Orito reaction,

namely they have verified that, in the hydrogenation of EP

and KPL, the intermediate complex responsible for chiral

induction is the 1:1 complex of the chiral modifier and the

substrate formed on the catalyst surface.

The present publication has a dual aim: on the one hand,

to study NLP for compounds not tested before; on the other

hand, to determine whether or not the conclusions drawn

from NLP studies on EP and KPL can be generalized to the

enantioselective hydrogenation of activated ketone types

not studied before. MBF and PA were selected as model

compounds (Scheme 1).

2 Experimental

2.1 Materials

MBF, PA, CD, CN, QN, QD and solvents were from

Aldrich or Fluka, and used as received. MBF (b.p. 391–

393 K at 5 Hg mm) and PA (b.p. 325–327 K at

25 Hg mm) were distilled in vacuum using Vigreaux-col-

umn. H2 (99.999%) was purchased from Linde. The

pretreated Engelhard E4759 Pt-alumina catalyst was used

as in Ref. [27]. Using ultrasound treatment also improve

the catalyst performance [29].

2.2 Spectroscopy

NMR spectra were recorded on Bruker Avance 200 and

400 MHz spectrometers, using CDCl3 as solvent. The ESI-

MSD-ion-trap (AGILENT 1100 LC-MSD TRAP SL ion-

trap MS) was operated under positive ion and auto MS-MS

mode as described earlier [30].

2.3 Hydrogenation

Hydrogenations were performed as in Ref. [27]. Standard

conditions were: 12.5 mg E4759, 2.5 mL solvent (AcOH

or T), 1 bar hydrogen pressure, 294–297 K, 1 mM of

modifier concentration, 900–1,000 rpm, 0.5 mmol of sub-

strate. The product identification and the enantiomeric

excess [ee% = ([R] - [S]) 9 100/([R] + [S])] were mon-

itored by gas chromatography (HP 6890 N GC-FID, 30 m

long Cyclodex-B capillary column. Retention times (min):

MBF 383 K, 25 psi He: 21.7 of MBF, 29.9 of (R)-methyl

mandalate (R)-MM), 30.9 of (S)-methyl mandalate (S)-

MM); PA 338 K, 21.65 psi He: 5.2 of PA, 8.6 of (R)-

lactaldehyde dimethyl acetal (R)-LA), 9.1 of (S)-lactalde-

hyde dimethyl acetal (S)-LA); reproductibility was ±2%

(for abbreviation see Scheme 1).

2.4 Measurements Using Mixtures of Modifiers

Hydrogenation with mixtures of modifiers (1 mM) and

transient behavior measurements (0.5 mM for both modi-

fier) was carried out in T and AcOH as described above for

a single modifier with the exception that in the transient

method the hydrogenation was continued after the addition

of the second modifier to the reaction mixture containing

the first modifier (standard conditions were: 25 mg E4759,

5 mL solvent, 1 bar H2, 294–297 K, 1 mmol substrate).

The procedure was as follows: hydrogenation was per-

formed until 10% conversion was achieved; at this point

stirring was stopped and after 1 min a sample was taken.
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The second modifier was added next and hydrogenation

and sampling were continued. Ee was measured as

described above.

3 Results and Discussion

3.1 Enantioselective Hydrogenation of MBF and PA

(Figs. 1, 2)

Considering that studies on NLP necessitate the use of

chiral modifiers of opposite configurations, and that this

type of research has not been included in studies on the

hydrogenation of MBF and PA, the parent cinchonas were

selected for these investigations (Scheme 1). The experi-

mental results of enantioselective hydrogenation are shown

in Figs. 1 and 2. Of the solvents that had been found

optimal in previous hydrogenation studies, T was selected

for hydrogenation of MBF and AcOH for that of PA.

Comparison of the data in Figs. 1 and 2 with the data of

the extensively studied EP hydrogenation and comparison

of the data of MBF hydrogenation with those of PA leads

to the following main conclusions: (i) hydrogenation of EP

is faster than that of MBF and considerably faster than that

of PA; (ii) the rate of MBF hydrogenation runs an identical

course with that of EP, depending on the chiral modifier,

i.e. CD [ CN [ QN * QD and the ee values follow the

same order; (iii) after optimization, *95% ee can be

attained for both compounds (MBF and EP), for EP in

AcOH and for MBF in T; (iv) the most remarkable phe-

nomenon among the hydrogenation results presented is the

very slow hydrogenation of PA, associated with an

unusually high ee (over 90%) independently of the 4 parent

cinchonas; (v) this phenomenon, so far unprecedented in

the history of the hydrogenation of activated ketones [4],

i.e. low rate + high enantioselectivity can be attributed to

the effect of the structure of PA, which is different from

that of other activated ketones (a-ketoester––a-ketoacetal,

Scheme 1), on the mechanism of enantioselective hydro-

genation. Similar phenomenon to the best of our

knowledge during the hydrogenation of b-ketoesters over

tartaric acid modified Ni was not observed [1e].

3.2 NLP Results Using Modifier Mixtures

and Transient Method

To our best knowledge, no data on the nonlinear behavior

of modifiers in the MBF and PA hydrogenation have been

published in the pertinent literature. The experimental data

on MBF and PA hydrogenation are summarized in Figs. 3–

6, respectively. The shape of the individual ee-time-con-

version curves reveals that they are somewhat different

from those observed for EP and KPL. These differences

may be related to differences in hydrogenation rate due to

different substrate adsorption.

3.2.1 Results of NLP in MBF Hydrogenation

(Figs. 3, 4)

When MBF was hydrogenated over Pt-alumina catalyst

modified by mixtures of CD + CN of various composi-

tions in either solvent, nonlinearity was observed (Fig. 3),

just like in the case of EP and KPL [27]. The adsorption
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strength of CD is higher than that of CN, therefore mostly

(R)-methyl mandalate is formed and any considerable

excess of (S)-methyl mandalate is only formed when the

CN content of the modifying mixture exceeds 80%. From

the data in Fig. 3 and from transient measurements in

toluene (Fig. 4), the order of the adsorption strengths of the

four modifiers can be derived. The most probable order is

CD [ CN [ QN * QD, because, in the case of identical

cinchona concentrations, QD does not affect the formation

of (R)-methyl mandalate on Pt-CD chiral catalyst, just like

QN does not affect the direction of enantioselective

hydrogenation on Pt-CN chiral catalyst. The higher

adsorption strength of CD as compared to QD and of CN as

compared to QN is verified by the observation that CD

replaces QD on the Pt-QD chiral catalyst and CN replaces

QN on the Pt-QN chiral catalyst.

3.2.2 Results of NLP in PA Hydrogenation (Figs. 5, 6)

Since no experimental data have been published on NLP in

the case of PA, it was expedient to carry out these studies in

the presence of the CD + CN mixtures in toluene and in

AcOH. When PA was hydrogenated in the presence of

mixtures of CD + CN, the process produced surprisingly

low conversion in both solvents, in spite of the 2-h hydro-

genation time (Fig. 5). The result of transient measurements

was the same (Fig. 6); interpretation of these results

necessitates further experiments. The order of adsorption

strengths in AcOH was CD [ CN [ QN * QD, because

CD can replace CN more readily than vice versa, CD can

replace QD more readily than CN replaces QN.

In the case of the CD–QD pair, in addition to the already

well-known large difference between adsorption strengths,

the higher conversion relative to the other modifier pairs is

also noteworthy. Independently of all these differences, it
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should be emphasized that an ee exceeding 90% is

achievable with all four parent alkaloids and this obser-

vation also calls for further research. The recent in situ

RAIRS results [20] based on the earlier studies by Zaera

and coworkers [31] revealed a different adsorption order of

the cinchona alkaloids, thus, the interpretation of the phe-

nomenon (Kads solvent dependence, adsorption mode of the

alkaloids) calls the attention on the importance of further

studies.

4 Conclusion

The research carried out to realize the dual objective out-

lined in the Introduction suggest that the new results of NLP

studies on substrates not studied before (MBF, PA) are

mostly in agreement with the conclusions of research on EP

and KPL. Namely, in T and AcOH the order of the

adsorption strengths of the chiral modifiers studied is

CD [ CN [ QN * QD. The relative different adsorption

strength and the different adsorption modes of the modifiers

are the primary reason of the NLP on the metal surface.

These new results are in agreement with the proposed

mechanistic models for the interpretation of the origin of

chiral induction in the Orito reaction assuming 1:1 type

modifier-substrate intermediate complexes. There is no

consensus so far, however, on the structure if intermediate

complexes [10, 32] and [33]. The remarkable phenomenon

that has not yet received sufficient attention in the Orito

reaction and the speciality of the enantioselective hydro-

genation of PA, presented in the manuscript, is the

extremely high ee at low reaction rates. The same unusual

phenomenon is indicated by the NLP results obtained with

PA. The data shown in Figs. 5, 6 raise novel problems that

urge further experimentation. Answering these newly raised

questions may open new possibilities to get a better under-

standing of the mechanism of a complex heterogeneous

catalytic reaction occasionally producing outstandingly

high ee values, and may thereby bring us closer to the

interpretation of the origin of chiral induction.

The high enantioselectivities achieved during hydroge-

nation of MBF and PA make necessary the investigation of

the following parameters and factors regarding the mech-

anism of the Orito reaction: adsorption of the individual

substrates, nucleophilicity of the C=O group to be hydro-

genated, interaction of substrates and cinchona alkaloids in

solution, adsorption and stability of the resulting interme-

diate complex.

The role of the above parameters has been extensively

studied in the case of EP and KPL, however, similar studies

have not been performed on activated ketones of the either

type. At the present time only questions and assumptions

may be formulated which can only be answered and veri-

fied when experimental evidence becomes available. These

studies naturally necessitate the application of various

methods and their results may contribute to the elucidation

of the origins of chiral induction and its further practical

utilization.
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