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Abstract

Solvent effects in enantioselective hydrogenation of 1-phenyl-1,2-propanedione (A) were investigated in a batch reactor
over a cinchonidine modified Pt/Al2O3 catalyst. The effect of different solvents, binary solvent mixtures and solvent dielectric
constant on regio- and enantioselectivity as well as on the hydrogenation rate were studied. The hydrogen solubility in
different solvents and the dielectic constants of solvent mixtures were measured. The highest enantiomeric excesses (ee) of
(R)-1-hydroxy-1-phenylpropanone (B) (65%) were obtained in toluene. The ee decreased non-linearly with an increasing
solvent dielectric constant being close to zero in methanol. The role of the reactant conformation in different solvents was
evaluated by quantum chemical calculations and the role of the Open(3) conformer of the modifier, cinchonidine was discussed.
The dependence of ee on the dielectric constant could not solely be attributed to the abundance of the Open(3) conformer of
cinchonidine in the liquid phase. A possible involvement of additional factors was proposed and discussed. The non-linear
dependence of the ee on the dielectric constant was included in a kinetic model to describe quantitatively the variation of the
ee in different solvents.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords:Enantioselective hydrogenation; Pt catalyst; Diones; Solvent effect; Transition state theory; Dielectric constant

1. Introduction

In the production of fine chemicals over hetero-
geneous catalysts, the choice of the solvent has a
crucial impact; a bad selection of the solvent leads
to a complete loss of selectivity and/or activity, thus
destroying the possible utilization of a potentially
efficient process in practice. Therefore, the choice
of a solvent and the understanding of solvent effects
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is of central importance and thus requires a careful
investigation.

Solvent effects have been widely studied and the
phenomena known as solvent effects cover a very
broad topic[1,2]. The effects rising from the use of
different solvents are observed as variations in activ-
ity, selectivity and stereoselectivity. However, the fac-
tors responsible for these variations can be several,
e.g. solubilities of liquid and gaseous reactants and
their adsorption on the catalyst surface, competitive
adsorption of solvent molecules, interaction of sol-
vent with the reactant(s) either in the liquid phase or
on the catalyst surface as well as catalyst deactivation
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caused by the solvent[3]. Furthermore, complex or-
ganic molecules commonly coexist in various confor-
mations and the apparent population of different con-
formers can vary as a function of solvent dielectric
constant and thus affect the selectivity[1]. Therefore,
the phenomena understood under the label of solvent
effects are a combination of very different physical
and chemical phenomena and thus it is difficult to un-
derstand them completely.

A mechanistically very interesting case of heteroge-
neous catalysis is asymmetric hydrogenation over chi-
rally modified catalysts. These kinds of reactions are
of interest for pharmaceutical industry, where more ef-
ficient catalytic methods have a potential in increasing
the production capacity of optically pure compounds.
The mechanism of enantiodifferentiation over hetero-
geneous catalyst has been extensively studied by using
cinchonidine-modified Pt catalysts and�-ketoesters as
reactants. The effects of different parameters includ-
ing the solvent effect have been thoroughly assessed
and excellent reviews have been written[4–6]. Hydro-

Fig. 1. Reaction scheme of 1-phenyl-1,2-propanedione hydrogenation.A: 1-phenyl-1,2-propanedione;B: (R)-1-hydroxy-1-phenylpropanone;
C: (S)-1-hydroxy-1-phenylpropanone;D: (S)-2-hydroxy-1-phenylpropanone;E: (R)-2-hydroxy-1-phenylpropanone;F: (1R,2S)-1-phenyl-1,
2-propanediol;G: (1S,2S)-1-phenyl-1,2-propanediol;H: (1S,2R)-1-phenyl-1,2-propanediol;I: (1R,2R)-1-phenyl-1,2-propanediol.

genation of�-ketoesters over Pt catalysts modified by
cinchona alkaloids are one of the few examples, where
the selectivities obtained over heterogeneous catalysts
exceed those obtained over homogeneous ones[7]. In
this mechanistically complex reaction, the selection of
the solvent plays a central role in steering the enantios-
electivity. The selectivity varies significantly in dif-
ferent solvents: enantiomeric excesses (ee) exceeding
95% is obtainable in a right solvent and under opti-
mized conditions, while a bad choice of the solvent
leads to a significant decline in both enantioselectivity
and activity[8,9].

Generally, high enantioselectivities can be obtained
in solvents with dielectric constant between 2–10[8].
Consequently, acetic acid[9] and toluene are known to
be among the best solvents. It was recently proposed
that the dependence of the enantioselectivity with the
dielectric constant correlate with the population of the
Open(3) conformer of the modifier in liquid[10]. This
offers a plausible explanation for the dependence of
the enantioselectivity on the dielectric constant. The
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dependence of the Open(3) conformer population on
the dielectric constant of the medium is non-linear,
resembling the shape of the Onsager function[11].

Hydrogenation of asymmetric diketones produces
hydroxyketones and diols, which consist of two pairs
of enantiomers and four diastereomers, respectively.
These compounds are biologically active and can be
used as intermediates for pharmaceuticals. In this
work, hydrogenation of asymmetric 1-phenyl-1,2-
propanedione (A) over cinchonidine modified Pt cat-
alyst was chosen as a model system[12]. The most
prominent hydrogenation product is (R)-1-hydroxy-1-
phenyl-2-propanone (B), also recognized by the triv-
ial name ofl(−)-phenylacetylcarbinol, This molecule
acts as a key intermediate in the synthesis of many
pharmaceuticals, e.g.l-ephedrine[13]. The complete
reaction scheme is displayed inFig. 1.

The general features of 1-phenyl-1,2-propanedione
hydrogenation over cinchonidine modified Pt catalysts
have been reported recently[12,14–16], including pre-
liminary kinetic modeling[16]. Up to this moment,
however, the solvent effects have not been studied in
detail and the modeling of solvent effects has not been
described previously. This very evident gap needs to
be bridged and therefore, a more careful investigation
and modeling of solvent effects is necessary. In this
work, the solvent effects were studied experimentally
and quantum chemical calculations were used to get
a deeper theoretical insight about the reaction mecha-
nism. An extension of the previously developed kinetic
model[16] was included in order incorporate solvent
effects. The effective modifier concentration plays a
central role in the kinetic modeling.

2. Experimental

2.1. Hydrogenation experiments

A pressurized micro reactor (Sotelem 100 cm3)
with a liquid volume of 50 cm3 was used in the hy-
drogenation experiments. The reaction temperature
and the hydrogen pressure were 25◦C and 10 bar,
respectively. The stirring rate was 2000 rpm. The
catalyst (Johnson Matthey 94, 74 mg) was reduced
at 400◦C before the reaction. The reactant (cA =
50 × 10−3 mol dm−3), 1-phenyl-1,2-propanedione
(Aldrich, 99%) and (−)-cinchonidine (Aldrich, 96%)

(cM = 0.7 × 10−3 mol dm−3) were injected into the
reactor and the reaction was commenced (in situ cat-
alyst modification). Two approaches were employed:
(i) several solvents, toluene (J.T. Baker, 99.5%),
ethyl acetate (LAB-SCAN, 99.8%), methyl acetate
(Acros, 99%), tetrahydrofuran (LAB-SCAN, 99.8%),
1-pentanol (Fluka, 98%), 2-propanol (LAB-SCAN,
99.7%), ethanol (Primalco, 99.5%), methanol (J.T.
Baker, 99.8%) with dielectric coefficients (ε) varying
between 2 and 33, were tested, and for more elabo-
rated studies, two inert solvents were selected (ethyl
acetate and 2-propanol), their mixtures were prepared
and tested. The chemicals were used as received
without further purification. Samples from the reactor
were withdrawn and analyzed with a gas chromato-
graph equipped with a chiral column and a flame
ionization detector (FID); the details of the analytical
procedure have been reported previously[12].

The catalyst characterization has been previously
reported[17]. The main results are as listed here: the
metal dispersion 22%, the BET specific surface area
131 m2 g−1

cat and the pore volume 0.93 cm3 g−1
cat.

2.2. Hydrogen solubility measurements

The solubility of hydrogen in different solvents at
25◦C and 10 bar pressure was measured with a gas
chromatograph (Varian 1400) equipped with a thermal
conductivity detector (TCD), two sampling loops and
a packed column (Chromosorb 102, length of 3.5 m,
80/100 mesh). The construction of the injection sys-
tem allowed the carrier gas to flow through the one
sampling loop, while the reactor content was circu-
lated in the other one. By switching the injection valve,
the loop contents from the reactor entered the GC.
The column and detector temperatures were 110 and
250◦C, respectively. Nitrogen was used as a carrier
gas (16 cm3 min−1). The solvents were flushed with
hydrogen prior to the measurements to degas the sol-
vent. Hydrogen pressure was applied and the tempera-
ture was adjusted to the desired level. An HPLC-pump
was utilized to circulate the reactor contents (the
solvent containing dissolved hydrogen) through the
sampling loop of the GC and back into the reactor. A
liquid trap was mounted before the GC column, be-
cause it was found necessary to remove the main bulk
of the liquid to prevent column damages. An H2/N2
gas mixture (996 ppm H2 in N2, AGA) was used for
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Table 1
Dielectric coefficients (ε) of the solvents used in the calibration
of Dipolmeter DM01

Solvent ε (at 25◦C)

Ethyl acetate 6.02
Tetrahydrofuran 7.43
1-Octanol 9.90
1-Pentanol 13.9
Cyclohexanol 15
Acetophenone 17.4
2-Propanol 18.3
1-Propanol 20.1
Acetone 20.7
Ethanol 24.3

calibration of the quantitative analysis. A single solu-
bility value was calculated as an average of at least five
independent measurements. Due to the low dione and
catalyst modifier concentrations used in the catalytic
experiments, the hydrogen solubility was measured
in pure solvents, but it could be attributed to reaction
mixtures.

2.3. Measurement of the dielectric coefficient of the
solvent mixtures

The dielectric coefficient (ε) of the medium (also
known as relative permittivity), was measured with
Dipolmeter DM01. The apparatus was calibrated
with solvents having known dielectric coefficients
(Table 1). After the calibration, the dielectric con-
stants of following solutions were measured at 25◦C:
(a) the 0.05 mol dm−3 reactant solutions in ethyl ac-
etate and 2-propanol, (b) ethyl acetate and 2-propanol
mixtures with the mole fractions of ethyl acetate 0.25,
0.50 and 0.75 and (c) tetrahydrofuran at 25◦C.

2.4. Quantum chemical calculations

The structure of 1-phenyl-1,2-propanedione was
first optimized by the Hartree–Fock (HF) approxi-
mation with the 6-31+ G∗∗ [18–21] basis set. In
order to investigate the solvent effect on the reactant
geometry, the Mulliken atomic charges and dipole
moment calculations using the polarized continuum
model (PCM) [22] were carried out applying the
HF approximation and the density functional the-
ory (DFT) with 6-31+ G∗∗ basis set. The solvents

considered in the calculations were toluene, ethanol
and methanol having dielectric constants of 2.4, 24.3
and 32.6, respectively. In the DFT calculations, the
B3LYP [23] functional was used where Becke’s three
parameter hybrid functional (B3)[24] is applied for
the exchange part and Lee–Yang–Parr (LYP) func-
tional [25] for the correlation part. Gaussian 98[26]
software was used in the calculations.

3. Results

The complete reaction scheme of 1-phenyl-1,2-
propanedione (A) hydrogenation in the presence of
cinchonidine is displayed inFig. 1. When referring
to dielectric constants in the text, the dielectric con-
stants of pure solvents were used excluding the effect
of small amounts of reactant and modifier. To verify
this assumption, the dielectric constant of the reac-
tant solution (0.05 mol dm−3) in ethyl acetate and
2-propanol were measured and the difference in the
dielectric constants of the medium with respect to
the pure solvent were within the experimental error
(Table 2). Therefore, due to the low concentrations
of the reactant and modifier used, the approximation
of employing the dielectric constants of pure solvent
is justified. In the sequel, the qualitative hydrogena-
tion kinetics in various solvents is described in terms
of reaction rates, the regio- and enantioselectivity as
well as the diastereoselectivity, after which the as-
pects of solvent effects are discussed, and finally, a
quantitative model is developed.

3.1. Reaction rate

The reaction rate varied in different solvents, the
highest reaction rate was observed in 2-propanol and
very low reaction rates in 1-pentanol and tetrahydrofu-
ran (THF), while relatively high rates were obtained in
the other solvents studied. As can be seen fromTable 2,
the initial hydrogenation rate did not correlate with the
measured hydrogen solubilities. The measured hydro-
gen solubility decreased with an increasing solvent di-
electric constant. No correlation between the activity
and the dielectric constant was observed. In THF, the
reaction practically seized after the first hydrogenation
step to hydroxyketones, and did not proceed further
to diols. The low reaction rate in 1-pentanol was an
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Table 2
Dielectric coefficient of the solvents (ε), measures hydrogen solubility given as mole fraction (xH2) at 10 bar H2 in different solvents,
initial reaction rate and regioselectivity (rs) at 80% conversion of reactant in the hydrogenation of 1-phenyl-1,2-propanedione (A)

Solvent ε (at 25◦C) xH2 (10−4) Initial reaction rate
(10–3 mol dm−3 min−1 g−1

cat)
rs

Toluene 2.38 3.2 7.8
Ethyl acetate 6.02 3.5 39 6.7
0.05 M A in ethyl acetate 6.18a 39
Methyl acetate 6.68 3.0 42 7.1
Ethyl acetate (x = 0.75)–2-propanol (x = 0.25) mixture 7.3a – 49 6.9
Tetrahydrofuran 7.4a 2.9 23 8.5
Ethyl acetate (x = 0.50)–2-propanol (x = 0.50) mixture 9.25a – 53 7.1
Ethyl acetate (x = 0.25)–2-propanol (x = 0.75) mixture 12.2a – 54 6.3
1-Pentanol 13.9 2.7 23 7.8
2-Propanol 18.3 2.7 62 5.8
0.05 M A in 2-propanol 18.8a 62
Ethanol 24.3 2.1 38 8.5
Methanol 32.6 – 36 5.3

a Measured values.

exception with respect to the other alcohols screened.
The activity in the binary solvent mixtures is described
later (Section 3.6).

Internal and external mass transfer limitations were
found to have a negligible effect on the enantio- and
regioselectivity in the hydrogenation ofA [27]. The re-
action order with respect to hydrogen has been found
to be close to zero in detailed kinetic experiments[28]
carried out in ethyl acetate. Therefore, it is understand-
able that the differences in the hydrogen solubility
have a minor effect on the reaction rate and selectiv-
ity as well. For this reaction, other effects originating
from the utilization of different solvents play a much
more decisive role than the concentration of dissolved
hydrogen.

3.2. Enantioselectivity

The main effort was focused on the understanding
of the variation of the enantioselectivity in different
solvents. Enantiomeric excess of (R)-1-hydroxy-1-
phenylpropanone (B) over (S)-1-hydroxy-1-phenyl-
propanone (C) defined as ee= ([B] − [C]/[B] + [C]),
varied significantly in different solvents, the ee be-
ing almost zero in methanol and exceeding 65% in
toluene.Fig. 2 shows a highly non-linear dependence
of the ee on the dielectric constant of the solvent. The
ee as well as the enantioselectivity, es= {rB/rC},
decreased with increasing solvent dielectric constant.

A decrease of ee with an increasing solvent dielec-
tric constant has been reported, e.g. in ethyl pyruvate
[8] and ketopantolactone[29] hydrogenation over
cinchonidine-modified Pt catalysts.

The ee was relatively constant with increasing
conversion of dione in ethyl acetate, methyl acetate
and alcohols, i.e. methanol, ethanol, 1-pentanol and
2-propanol. In tetrahydrofuran, the ee decreased with
increasing conversion of dione.

At very high conversion levels (>90%) of 1-phenyl-
1,2-propanedione, the kinetic resolution between (R)-
and (S)-1-hydroxy-1-phenylpropanones increases the
ee. An analogous kinetic resolution has been observed
in the hydrogenation of 2,3-butanedione[30,31].

3.3. Quantum chemical calculations

Numbering of the atoms and definition of the tor-
sion angles are presented inFig. 3. All the relevant
torsion angles, bond distances and Mulliken atomic
charges in equilibrium are reported inTables 3–5. Cal-
culated dipole moments in different media are reported
in Table 6.

3.3.1. HF/PCM calculations
In the previous study[32], it has been shown that

C=O bond in position 1 is slightly weaker than the
one in position 2. This is a plausible explanation for
regioselectivity in the hydrogenation of 1-phenyl-1,
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Fig. 2. Dependence of enantiomeric excess on solvent dielectric constant. Symbols: (�), neat solvents; (�), binary mixtures of ethyl
acetate and 2-propanol.

Fig. 3. Planar structure of 1-phenyl-1,2-propanedione. Selectively
numbered atoms and definition of torsion anglesτ1 and τ2

(τ1 = C2′–C1′–C1–O1,τ2 = O1–C1–C2–O2).

2-propanedione. In the HF optimized structure of
1-phenyl-1,2-propanedione in vacuum (ε = 1), the
torsion angleτ1 is almost 0◦ indicating that the car-
bonyl group in position 1 is coplanar with the phenyl
ring. The torsion angleτ2 has a value 136.6◦ indicat-
ing the s-transconformation with nonplanar carbonyl

Table 3
Mulliken atomic charges of 1-phenyl-1,2-propanedione in different media calculated by using HF/PCM and B3LYP/PCM methods

Atom HF optimized B3LYP optimized

Vacuum Toluene Ethanol Methanol Vacuum Toluene Ethanol Methanol

C1′ 0.67 0.64 0.46 0.47 0.04 0.82 0.61 0.62
C1 −0.18 −0.15 −0.07 −0.07 0.34 −0.24 −0.13 −0.15
C2 0.53 0.53 0.59 0.60 0.37 0.59 0.55 0.57
C3 −0.47 −0.47 −0.52 −0.52 −0.38 −0.56 −0.58 −0.58
O1 −0.44 −0.46 −0.50 −0.50 −0.46 −0.41 −0.46 −0.46
O2 −0.44 −0.46 −0.51 −0.51 −0.42 −0.40 −0.44 −0.45

groups. There were no remarkable changes in the ge-
ometry or in the Mulliken atomic charges as the effect
of solvent was included. In toluene, the geometry and
the Mulliken atomic charges are almost the same as
in the HF optimized structure in vacuum. This was
expected, because dielectric constant of toluene (ε =
2.4) is close to 1. The dipole moment in toluene (2.80
D) was also close to the value in vacuum (2.48 D). A
polar medium shows a more pronounced solvent ef-
fect than toluene. In ethanol and methanol, the torsion
angle τ1 increased slightly to−9◦ and the torsion
angleτ2 decreased to 126◦ giving a less pronounced
s-trans character to the molecule. Hence, the dipole
moment increased by 1 D, which was expected in the
more polar medium. The dipole moments of s-trans
and s-cis conformers (τ2 constrained to 0 and 180◦)
were, 0.99 and 5.85 D, respectively. The bond length
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Table 4
Selected bond distances (in pm) of 1-phenyl-1,2-propanedione in different media calculated by using HF/PCM and B3LYP/PCM methods

Bond HF optimized (in pm) B3LYP optimized (in pm)

Vacuum Toluene Ethanol Methanol Vacuum Toluene Ethanol Methanol

C1′–C1 149 149 148 148 149 148 148 147
C1–C2 154 154 153 154 155 155 154 154
C2–C3 150 150 150 150 151 150 150 150
C1–O1 120 120 120 120 122 123 123 123
C2–O2 119 119 119 120 122 122 122 122

Table 5
Torsion anglesτ1 and τ2 (◦) of 1-phenyl-1,2-propanedione in different media calculated by using HF/PCM and B3LYP/PCM methods

HF optimized (◦) B3LYP optimized (◦)

Vacuum Toluene Ethanol Methanol Vacuum Toluene Ethanol Methanol

τ1 −2.9 −4.4 −9.3 −9.2 −2.4 −2.2 −6.2 −5.5
τ2 136.6 136.5 126.4 126.4 154.0 136.9 124.1 120.1

Table 6
Dipole moments of 1-phenyl-1,2-propanedione in different media
calculated by using the HF and B3LYP methods

Method Dipole moment/Debye

Vacuum Toluene Ethanol Methanol

HF 2.48 2.80 3.86 3.87
B3LYP 1.66 2.86 4.71 5.00

between the phenyl ring and carbon C1 decreased
by 1 pm. In methanol, the length of the double bond
C2–O2 increased to 120 pm having equal length with
the other C=O double bond C1–O1. There were also
changes in the Mulliken atomic charges. With an in-
creasing dielectric constant, the carbons C1′, C3 and
both oxygen atoms gain, while the carbonyl carbons
C1 and C2 lose electrons, although the change was
not significant. It was largest in carbon C1′ (−0.2).

3.3.2. B3LYP/ PCM
The B3LYP optimized structure in vacuum has a

largerτ2 torsion angle (154◦) and a large divergence in
Mulliken atomic charges for carbons atoms C1′ and C1
compared to the HF optimized structure. In toluene,
however, the structure was very similar to the one op-
timized in toluene by using HF/PCM, except for the
small differences in the Mulliken atomic charges. In
all solvents, the bond distances and torsion angles are

almost the same as the corresponding values in the HF
optimized structure, although both torsion angles were
slightly smaller. The dipole moments were larger than
in the HF optimized structure and the largest variation
can be seen in the Mulliken atomic charges. This can
be partly explained by the smaller torsion angleτ2
giving a less s-trans character to the molecule. Fur-
thermore, the C=O bonds were 3 pm longer than in
the HF optimized structures. The B3LYP optimized
C=O distances were close to the values calculated
earlier with the Møller–Plesset perturbation theory of
second-order[32].

3.4. Regioselectivity

The regioselectivity (rs) is defined as the ratio be-
tween the concentrations of 1-hydroxy-1-phenylpro-
panone (1-OH) and 2-hydroxy-1-phenylpropanone
(2-OH) and can be expressed as follows:

rs = [B] + [C]

[D] + [E]

The rs was relatively constant until about 90% con-
version levels of the reactant, after which rs gradually
increased due to the kinetic resolution of regioisomers
1-OH and2-OH. The rs did not exhibit any strong de-
pendence on the dielectric constant. However, a slight
non-linear decrease in the regioselectivity as a function
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of the dielectric constant was observable (Table 2), ex-
cluding the high regioselectivities in THF, 1-pentanol
and ethanol. The rs in toluene (ε = 2.4) was about
eight, but decreased to about five in methanol (ε =
33). The rs’s reported inTable 2were calculated at
80% conversion of the reactant, this point is repre-
sentative of the constant rs-value observed from 10 to
90% conversion of the reactant. In the beginning of
the reaction (at lower than 10% conversion), the ex-
perimentally recorded rs-values were unreliable due
to the small amounts of2-OH.

3.5. Diastereoselectivity

The final hydrogenation products consist of four
diastereomers (F, G, H, I, Fig. 1). Interestingly,
as enantioselectivity, also the product distribution
among diols varied in different solvents. The main
product in non-polar solvents was (R,S)-1-phenyl-1,2-
propanediol,F, (yield of F = 55%), whereas (1S,2R)-
1-phenyl-1,2-propanediol,H, (yield of F = 25%) was
the main diol in polar solvents. The yield of (1S,2S)
and (1R,2R)-1-phenyl-1,2-propanediols (G and I in
Fig. 1) remained low in all of the investigated solvents
(yield1R,2R + 1S,2S < 25%).

3.6. Binary mixtures of ethyl acetate and 2-propanol

The dielectic constant range from 6.2 to 18.3 was
investigated by using binary solvent mixtures of ethyl
acetate (ε = 6.2) and 2-propanol (ε = 18.3). The
dielectric constants of the prepared ethyl acetate—
2-propanol mixtures were measured (Table 2) and the
solutions were used in the hydrogenation. The depen-
dence of the ee on the dielectric constant is illustrated
in Fig. 2. The ee decreased with increasing dielec-
tric constant, without any major deviations from the
general trend observed for different solvents (Fig. 2).
The hydrogenation rates in solvent mixtures varied
between the boundary values observed in pure ethyl
acetate and 2-propanol. This was not the case when
1-pentanol (ε = 14) and THF (ε = 7.6) were used as
solvents, in which the reaction rate was considerable
lower (Table 2). However, the ee’s obtained in THF
and 1-pentanol followed the general trend displayed
in Fig. 2. In other words, despite the significant dif-
ferences in the hydrogenation rates the ee still obeyed
the same trend.

The data illustrate the advantage of using solvent
mixtures instead of different solvents, while verifying
the solvent effects. The dependences on the dielectric
constant are clearly visible and no unexpected differ-
ences in activity appear, arising from the non-inertness
of the solvents. However, there exist some complica-
tions in this approach, which should be considered.
The selection of the components in a binary solvent
mixture should be done with care (at least inert sol-
vents are needed with no mutual reactions). Physical
parameters (e.g. dielectric constant) characterizing
the binary mixtures should be measured, because
these kind of data are not readily available in litera-
ture under desired conditions. A linear approximation
of the dielectric constant as a function of the mole
fractions might be insufficient. For instance, in the
present case, a non-linear dependence on the mole
fraction of ethyl acetate in 2-propanol was observed
(Table 2).

4. Discussion

In enantioselective hydrogenation, the solvent ef-
fects comprise an interplay between catalyst surface,
reactant, products, catalyst modifier and the solvent.
The following treatment highlights features relevant
to the topic; for a more detailed treatment of solvent
effects, excellent literature is available[1–3,33].

4.1. Solvent interactions with catalyst
surface-catalytic activity

Solvent interactions with the catalyst surface can
be of adsorptive type and/or of reactive type (solvent
decomposition or hydrogenation) and can be signif-
icant due to the large liquid-phase concentration of
the solvent. In cases the adsorption strengths of the
solvent and reactants are similar the solvent competes
with the reactant on the available surface and conse-
quently, occupies a majority of the surface due to its
significantly higher liquid-phase concentration and
inhibits the reaction. The interaction of THF with Pt
surface is known to be very high due to the oxygen
lone pair orbital bonding[34,35], and competition
of solvent and reactant might explain the low initial
activity and inhibition of the further reaction to diols
when THF was used as a solvent. The exceptionally
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high hydrogenation rate in 2-propanol can be due
to the hydrogen donating properties[35]. The low
hydrogenation rate in 1-pentanol was somewhat an
exception; other alcohols tested gave relatively high
reaction rates. The exceptionally low reaction rates
in THF and 1-pentanol were due to the deactivation
induced by the solvent and solvent impurities.

4.2. Solvation of modifier

The effect ofsolvation in catalytic hydrogenation
have been reported previously[3,36], the rule of
thumb being that polar organic compounds (reactant
and modifier) remain more strongly solvated in polar
media and thus the non-polar components can adsorb
more facile on the catalyst surface, i.e. solvation di-
rectly affects adsorption equilibria. The situation is
vice versa in non-polar media.

Adsorption studies of cinchonidine on Pt/Al2O3
[37] in different solvents have revealed that more cin-
chonidine was adsorbed from toluene on the catalyst
than from methanol. Based on this observations, it is
probable that the solvent dependence of enantioselec-
tivity is affected by the differences in the solvation of
the modifier. However, in the present case, rather high
modifier concentrations were used and therefore, the
effect of modifier solvation can be considered to be
minor.

4.3. Effect of modifier conformation

The conformational behavior of cinchona alkaloids
has been studied in detail[10,38,39]. Cinchonidine
exhibits a rich conformational behavior: at room tem-
perature six different conformers have been recog-
nized consisting of two “Closed” conformers and four
“Open” conformers[10]. This complex liquid-phase
equilibrium varies as a function of the solvent dielec-
tric constant. The Open(3) and Closed(1) conformers
are displayed inFig. 4. Many authors conclude that
the “Open form” (Open(3) conformer) of the mod-
ifier is involved in the enantio-differentiating step
[5,40]. Experimental support on the involvement of
open form of the modifier has been provided by the
high enantiomeric excesses obtained by using rigid
cinchona modifiers, which have a fixed Open(3) con-
formation [41]. In non-polar solvents, the Open(3)
conformer of cinchonidine is the most stable one and

Fig. 4. Open(3) and Closed(1) conformers of cinchonidine. The
arrow is pointing to the quinolicnidine N atom.

the stability decreases with an increasing dielectric
constant[10].

The dielectric constant dependence of enantiose-
lectivity using different reactants over cinchonidine-
modified Pt/alumina catalysts is displayed inFig. 5.
As can be seen, in the case of ethyl pyruvate, a linear
dependence dominates, whereas, for ketopantolactone
and 1-phenyl-1,2-propanedione an exponential decline
of the dependence is visible.Fig. 5 also describes the
modeled dependence of Open(3) conformer and ex-
perimental data determined by NMR[10].

Some interesting effects can be observed. Firstly, the
population of the Open(3) conformer decreases from
about 70% to about 30% attaining a constant value at
higher dielectric constant. Secondly, the ee values im-
pair significantly in the case of ketopantolactone and
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Fig. 5. Experimentally observed enantiomeric excesses (ee) and population of Open(3) conformer of cinchonidine as a function of solvent
dielectric constant. Symbols: (�), ee in ethyl pyruvate hydrogenation[8]; (�), ee in 1-phenyl-1,2-propnedione hydrogenation; (�), ee in
ketopantolactone hydrogenation[10], (×), experimentally determined (NMR[10]) population of Open(3) conformer and (- - -) modelled
population (B3LYP 6–31+ G∗∗ [10]).

1-phenyl-1,2-propanedione and the enantioselectivity
is practically lost atε = 30, whereas, for ethyl pyru-
vate the decline in ee is much less. This raises a ques-
tion that is it the population of Open(3) conformer,
which is solely responsible for the observed depen-
dencies or should some other factors be considered.

When comparing the case of ketopantolactone and
1-phenyl-1,2-propanedione with the case of ethyl
pyruvate, the loss of ee in the former and the less than
20% decline of ee in the latter case explained by the
analogous loss of slightly over 50% of the Open(3)
conformer (from 70 to 30%) in the liquid phase seem
to be a bit contradictory. In all of the results presented
in Fig. 5, the effect of the Open(3) conformer should
be almost the same due to the similar type of catalyst
and modifier used and yet no clear correlation is visi-
ble. Therefore, in the light ofFig. 5 and the previous
statements, it is difficult to imagine that the decline
in ee could be exclusively attributed to the Open(3)
conformer appearance on the solvent dielectric
constant.

4.4. Role of reactant conformation

The effect of reactant conformation in�-ketoesters,
including ethyl pyruvate (EP) and ketopantolactone

(KPL) hydrogenation over analogous systems has
been reviewed[42], but no clear involvement of
a particular conformer of reactant on the enantio-
differentiating step could be revealed.

The effect of conformation of 1-phenyl-1,2-propa-
nedione was studied by means of quantum chemical
calculations. Both methods, HF and B3LYP, were giv-
ing similar results in different media (Tables 3–6). The
effect of a polar solvent gave only a slight decrease in
the torsion angleτ2 and thus, the dipole moment of
the molecule increased in polar media. In general, the
effect of the solvent on the reactant conformation can
be considered relatively minor. This was the case also
with ethyl phenylglyoxylate (EPG), where the poten-
tial energy surface overτ2 has a similar shape[42].

When comparing the solvent dielectric constant
dependence of ee in 1-phenyl-1,2-propanedione (A),
EP [8], methyl pyruvate[43], KPL [29], EPG [43],
2,3-butanedione[44], some interesting differences
can be seen (the structures are illustrated inFig. 6). It
became clear thatKPL, A and EPG [32,42] exhibit
pronounced solvent dependencies, whereas, the others
have less pronounced solvent dependence (i.e. decline
in ee with increasing solvent dielectric constant).
Therefore, some reactant specific factors should be
involved in the explanation of solvent effects.
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Fig. 6. Different substrates and maximum enantiomeric excesses obtained in hydrogenation over cinchonidine modified Pt/alumina catalysts.
For conditions see ([29,31,43,46,47]and this work).

4.5. Reaction between reactant and alcoholic
solvents

In general, in alcoholic solvents the ee remained
rather low (Fig. 2). The reasons for this are not yet
clear, however, formation of acetals from the reactant
and alcoholic solvents can be a contributing factor.
Formation of hemiketals was shown[49] to be im-
portant when there is a strong electron-withdrawing
group in � position to the keto-carbonyl group, i.e.
in hydrogenation of�,�,�-trifluoromethylketone. In
the latter case, there is a strong tendency of the ke-
tone to undergo enolization, reaction which is much
less profound for other ketones. For instance in ethyl
pyruvate hydrogenation, the acetals (hemiketals) were
reported to have minor role[48,49]. It is thus reason-
able to assume that hydrogenation of 1-phenyl-1,2-
propandione via the hemiketal formation route is not
significant.

Another complication with alcoholic solvents is
that they are prone to hydrogen bonding and these

interactions might disturb the hydrogen bonding
between the quinuclidine nitrogen and the carbonyl
group (N· · · H · · · C=O) of the reactant. In the tran-
sition state complex between the reactant and the
modifier hydrogen bond interaction is in central role,
as proposed by mechanistic models for ethyl pyruvate
hydrogenation[6]. It could well be that the alco-
holic solvent inhibits these specific hydrogen bonding
interactions and thus leads to low enantioselectivity.

4.6. Effect of solvent polarity on diastereoselectivity

The product distribution of diols has been studied
in ethyl acetate both in batch and continuous reactors
and the excess formation ofRS-diol (F) has been ob-
served in the presence of cinchonidine. In the absence
of the modifier, a racemic mixture ofSR-diol (H) and
RS-diol (F) was obtained[32]. The excess formation
of F exhibited analogous behavior with respect to the
enantiomeric excess ofB as a function of the modi-
fier concentration. In the continuous fixed bed reactor
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Fig. 7. Disappearance rate ofB (�) and C (�) in the second hydrogenation step to diols as a function of solvent dielectric constant.

[32], the development of the ee and the excess ofF
were interrelated, too. Therefore, it can be assumed
that similar enantio-differentiating interactions are re-
sponsible for both effects in ethyl acetate. As the ee de-
clined with increasing solvent dielectric constant one
would expect the excess ofF to diminish and approach
a racemic (50%RS: 50%SR) diol mixture. However,
this was not the case because an excess ofRS-diol (F)
was formed in polar media.

The disappearance rates ofB andC are illustrated
in Fig. 7. It is clear that in non-polar media the
R-enantiomer,B, reacts faster than theS-enantiomer,
C, yielding an excess ofF (RS-diol). In polar solvents,
the situation is opposite and an excess ofH (SR-diol)
is formed. This is true, if the minor contributions
(yieldRR+SS< 25%) of theSS- andRR-diols (G andI
in Fig. 1), which could not be separated, is excluded
and also the effect of2-OH converted to diols (<5%).
The origin of the observed change in the diol distri-
bution cannot at present be rigorously studied due to
the separation difficulties of diols in GC. However, it
cannot be solely attributed to the effects, which are
responsible for the loss of ee with an increasing sol-
vent polarity, because in that case one would end up
with a racemic diol mixtures. The excess formation of
SR-diol (H) in polar solvents could be due to a specific
interaction with the alcoholic solvents and the inter-
mediate hydroxyketones as the polar solvents consid-
ered in this work were all alcohols. Further studies are

needed to elucidate the origin of the changes in diol
distribution.

5. Modelling of solvent effects

5.1. Kinetic model for enantioselective
hydrogenation of 1-phenyl-1,2-propandione

The general principle of a kinetic model used in
this work was based on the previously developed
model [16] for enantioselective hydrogenation ofA,
which takes into account parallel enantioselective and
racemic hydrogenation routes in the presence of the
modifier. The reactions taking place on unmodified
sites produce racemic mixtures of products, while
the reactions occurring on modified sites result in the
selective formation of theR-enantiomer (e.g.B) The
reversible reactant and modifier adsorption is assumed
to be rapid, whereas, the irreversible addition of dis-
sociated hydrogen is rate determining according to the
model. Generally, the rates on modified and unmodi-
fied sites can be written according toEqs. (1)–(3),

rj = rj,mod + 0.5rj,unmod (1)

rj,mod = kj,modf (pH2)
KAiMKMcAi

cM

D
(2)

rj,unmod= kj,unmodf (pH2)
KAi

cAi

D
(3)
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where Ki is the adsorption equilibrium constant of
compoundi, f (pH2) is a function which describes the
hydrogen pressure dependence on the rate andD is
the adsorption termD = 1 + KMcM + ∑

KAi
cAi

+∑
KAiMKMcAi

cM + KScS. Noteworthy is that the
enantioselectivity is exclusive caused by the modified
reactions occurring on the modified sites. This implies
in practice that a specific substrate-modifier complex
is formed on the modified sites.

5.2. The solvent effect extension

The issue of how the solvent interaction should be
included in the model can be tackled with the aid
of transition state theory. Keeping in mind that the
enantio-differentiating transition state includes both
the reactant and the modifier, which can be treated as
the dipole–dipole interaction. The Kirkwood treatment
[45] for the case when the reactants are not charged
leads to

ln kmod = ln ko
mod − k′ (µ=)2 − (µA)2 − (µM)2

ε
(4)

whereε is the dielectric constant andµ denotes the
dipole moments, andk′ is a constant, which depends
on temperature.

If the reaction occurs with the formation of an acti-
vated complex, which is less polar than the reactants
(i.e. (µ=)2 < ((µA)2 + (µM)2)), the rate constant de-
creases with increasing dielectric constant. Hence, the
rate constant on modified sites can be expressed in the
following way:

kmod = ko
modeα/ε (5)

where α is a constant, which demonstrates how
strongly the rate constant depends on the solvent
polarity.

TakingEqs. (1)–(3) and (5)into account the gener-
ation rates ofB in the batch reactor is given by

1

ρB

dcB

dt
= rB,mod + rB,unmod

= k0
B,modf (pH2)

KAM KMcAcM

D
eα/ε

+kB,unmodf (pH2)
KAcA

D
(6)

whereρB is the catalyst bulk density.

Analogously the generation rate ofC is expressed
by

1

ρB

dcC

dt
= rC,unmod= kC,unmodf (pH2)

KAcA

D
(7)

Similar expressions hold for the generation rates ofE
andD,

1

ρB

dcE

dt
= rE,mod + rE,unmod

= k0
E,modf (pH2)

KAM KMcAcM

D
eα/ε

+kE,unmodf (pH2)
KAcA

D
(8)

1

ρB

dcD

dt
= rD,unmod= kD,unmodf (pH2)

KAcA

D
(9)

Eqs. (6)–(9)provide a direct possibility to express the
regioselectivity as a function of dielectric constant:

rs= [B] + [C]

[D] + [E]
= 1 + f1 exp(α/ε)

f2 + f3 exp(α/ε)
(10)

where

f1 = ko
B,modKAM KMCM

kB,unmodKA + kC,unmodKA

= ko
B,modKAM KMCM

2kB,unmodKA
(11)

f2 = kE,unmodKA + kD,unmodKA

kB,unmodKA + kC,unmodKA

= kE,unbmodKA

kB,unmodKA
(12)

f3 = ko
E,modKAM KMCM

kB,unmodKA + kC,unmodKA

= ko
E,modKAM KMCM

2kB,unmodKA
(13)

According to the model the rate constantskB,unmod=
kC,unmod and kE,unmod = kD,unmod are equal, as the
reaction on unmodified sites leads to a racemic mixture
of products.

Similarly to the regioselectivity, the enantioselec-
tivity in the formation of the major product can be
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expressed as a function ofε by Eq. (14),

es= B
C

= ko
B,modKAM KMCM exp(α/ε)+kB,unmodKA

kC,unmodKA

= 1 + f4 exp
(α

ε

)
(14)

where

f4 = ko
B,modKAM KMCM

kC,unmodKA
(15)

Eq. (14) was used to describe the dependence of
enantioselectivity as a function of dielectric constant
(Fig. 8). A very good description was obtained as
shown in Fig. 8. The values of the parameters ob-
tained by non-linear regression weref4 = 0.0143 and
α = 35.6. This value ofα was utilized in parameter
estimation for regioselectivity (Eq. (10)). The num-
ber of parameters in the regression was reduced by
specifying the value of parameterf2, as in fact this pa-
rameter determines the regioselectivity in the absence
of the modifier, which was found to be equal to 5.

Fig. 8. Dependence of enantioselectivity on solvent dielectric constant. Points: experimental; line: calculated.

The results of the calculations demonstrated, that
the model was able to describe the trend of increasing
regioselectivity with decreasingε (Fig. 9), the excep-
tions being the high regioselectivities in 1-pentanol
and THF, which were excluded from the calcula-
tions. The values of parameters weref1 = 0.049 and
f3 = 0.007.

The impact of solvent polarity on the hydrogenation
rate can be evaluated fromEqs. (6)–(9). Neglecting the
adsorption terms of products one arrives at a following
expression:

t = 1

ρB{f5c
∗
H + f6c

∗
H exp(−f3ε)}

×
[
ln

c0A

cA
+ f7(c0A − cA)

]
(16)

where t is the reaction time, at which the reactant
concentration iscA, while c0A corresponds to the beg-
inning of the reaction (t = 0). The f5, f6, f7 are pa-
rameters, which include rate constants. According to
Eq. (16), the reaction rate decreases with increasing
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Fig. 9. Dependence of regioselectivity on solvent dielectric constant. Points: experimental; line: calculated.

solvent dielectric constant, if hydrogen solubility is
taken as constant. The rates vary within boundary
values as a function ofε. The two exceptions were
2-propanol and 1-pentanol. The former had a very high
reaction rate with respect toε, while for the latter one,
the behavior was somewhat exceptional, the reaction
rate was low and the catalyst deactivated.

6. Conclusions

Solvent effects in enantioselective hydrogenation of
1-phenyl-1,2-propanedione (A) were investigated in a
batch reactor over a cinchonidine modified commer-
cial 5 wt.% Pt/Al2O3 (JM94) catalyst at 25◦C and
10 bar H2. The effect of different solvents, binary sol-
vent mixtures and solvent dielectric constant on the
regio- and enantioselectivity as well as on the overall
hydrogenation reaction rate was studied. The hydro-
genation rate did not correlate with the experimentally
recorded hydrogen solubilities, which could be ex-
pected based on the zero-order dependence of the rate
on hydrogen pressure. The highest reaction rate was
observed in 2-propanol and the lowest in 1-pentanol.
No correlation between the solvent dielectric constant

and hydrogenation rate could be found. The highest
enantiomeric excesses (ee) of 65% was obtained in
toluene as solvent. The ee decreased non-linearly with
increasing solvent dielectric constant being close to
nil in methanol.

The role of the reactant conformation in differ-
ent solvents was evaluated using polarized continuum
model applying the Hartree–Fock approximation and
density functional theory. The results demonstrated
that the solvent did not change significantly the re-
actant conformation and structure compared to the
vacuum-optimized structure.

The solvent dielectric coefficient dependence of
ee could not solely be attributed to the abundance of
the Open(3) conformer of cinchonidine in liquid. Thus
the incorporation of additional factors, characteristic
to the structure of the reactant were proposed. The
solvent effect was included in a previously proposed
kinetic model in order to describe quantitatively the
variation of enantioselectivity in different solvents.
The dielectric constant dependence was taken into ac-
count by applying the transition state theory and the
Kirkwood treatment, which accounts for the effects
of the solvent dielectric constant on the rate constant.
The developed model was able to predict the behavior
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of the system as a function of the solvent dielectric
constant and a good description of both es and rs was
obtained.
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[28] E. Toukoniitty, B. Šev̌ćıková, P. Mäki-Arvela, J. Wärnå, T.
Salmi, D. Yu. Murzin, Kinetics and modeling of hydrogena-
tion of 1-phenyl-1,2-propanedione: coverage dependent
adsorption modes of substrate and catalyst modifier, submitted
for publication.

[29] M. Schürch, O. Schwalm, T. Mallat, J. Weber, A. Baiker,
J. Catal. 169 (1997) 275.

[30] J. Slipszenko, S. Griffiths, P. Johnston, K. Simons, W.
Vermeer, P. Wells, J. Catal. 179 (1998) 267.

[31] M. Studer, V. Okafor, H.-U. Blaser, J. Chem. Soc. Chem.
Commun. (1998) 1053.

[32] E. Toukoniitty, P. Mäki-Arvela, V. Nieminen, M. Hotokka, J.
Päivärinta, T. Salmi, D.Yu. Murzin, Enhanced regioselectivity
in batch and continuous hydrogenation of 1-phenyl-1,2-
propanedione over modified Pt catalysts, submitted for
publication.

[33] R.L. Augustine, P. Techasauvapak, J. Mol. Catal. 87 (1994)
95 (and reference therein).

[34] B.A. Sexton, A.E. Hughes, Surf. Sci. 140 (1984) 227.
[35] R. Augustine, R. Warner, M. Melnick, J. Org. Chem. 49

(1984) 4853.



E. Toukoniitty et al. / Journal of Molecular Catalysis A: Chemical 192 (2003) 135–151 151

[36] J.P. Wauquier, J.C. Jungers, Bull. Soc. Chim. Fr. (1957) 1280.
[37] H.-U. Blaser, H. Jalett, D. Monti, J. Reber, J. Wehrli, in:

M. Guisnet, et al. (Eds.), Heterogeneous Catalysis and Fine
Chemicals, Elsevier, Netherlands, 1988, p. 153.

[38] G.D.H. Dijkstra, R.M. Kellogg, H. Wynberg, J.S. Svendsen, I.
Marko, K.B. Sharpless, J. Am. Chem. Soc. 111 (1989) 8069.

[39] G.D.H. Dijkstra, R.M. Kellogg, H. Wynberg, J. Org. Chem.
55 (1990) 6121.

[40] T. Bürgi, A. Baiker, J. Catal. 194 (2000) 445.
[41] M. Bartok, K. Felföldi, G. Szöllosi, T. Bartok, Catal. Lett 61

(1999) 1.
[42] D. Ferri, T. Bürgi, A. Baiker, J. Chem. Soc. Perkin Trans.

2 (2) (2000) 221.

[43] Y. Orito, S. Imai, S. Niwa, J. Chem. Soc. Jpn. (1980) 670.
[44] X. Zuo, H. Liu, J. Tian, J. Mol. Catal. A: Chem. 157 (2000)

217.
[45] K.J. Laidler, Chemical Kinetics, Harper & Row, New York,

1987.
[46] J.L. Margitfalvi, E. Talas, M. Hegedus, Chem. Commun.

(1999) 645.
[47] H.-U. Blaser, H.P. Jalett, Stud. Surf. Sci. Catal. 78 (1993)

139.
[48] B. Minder, T. Mallat, P. Skrabal, A. Baiker, Catal. Lett. 29

(1994) 115.
[49] M. von Arx, T. Mallat, A- Baiker, J. Catal. 202 (2001)

169.


	Solvent effects in enantioselective hydrogenation of 1-phenyl-1,2-propanedione
	Introduction
	Experimental
	Hydrogenation experiments
	Hydrogen solubility measurements
	Measurement of the dielectric coefficient of the solvent mixtures
	Quantum chemical calculations

	Results
	Reaction rate
	Enantioselectivity
	Quantum chemical calculations
	HF/PCM calculations
	B3LYP/ PCM

	Regioselectivity
	Diastereoselectivity
	Binary mixtures of ethyl acetate and 2-propanol

	Discussion
	Solvent interactions with catalyst surface-catalytic activity
	Solvation of modifier
	Effect of modifier conformation
	Role of reactant conformation
	Reaction between reactant and alcoholic solvents
	Effect of solvent polarity on diastereoselectivity

	Modelling of solvent effects
	Kinetic model for enantioselective hydrogenation of 1-phenyl-1,2-propandione
	The solvent effect extension

	Conclusions
	Acknowledgements
	References


