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Abstract—The present work comprises a detailed investigation of a complex reaction system, revealing fea-
tures of reaction mechanisms that are general for asymmetric heterogeneous catalysis. Heterogeneous enanti-
oselective hydrogenation of 1-phenyl-1,2-propanedione was studied over cinchonidine modified Pt catalysts
producing (R)-1-hydroxy-1-phenylpropanone as the main product with an enantiomeric excess (ee) of 65% at
maximum yield, which could be further increased above 90% due to kinetic resolution. The results of kinetic
studies in batch and continuous reactors, catalyst screening and characterization results, as well as quantum
chemical calculations, are summarized, and pertinent mechanistic aspects are discussed.

INTRODUCTION

The synthesis of pure optical isomers is of utmost
importance in the production of pharmaceuticals, agro-
chemicals, fragrances, nutraceuticals, etc. Asymmetric
catalysis provides the preferred way for production of
optically active compounds from prochiral raw materi-
als. Asymmetric homogeneous and enzymatic catalysts
often exhibit a superior (enantio)selectivity; however,
the limitations in large-scale industrial production are
evident. Modified heterogeneous catalyst are particu-
larly interesting alternatives for large-scale production.
The limited examples available have demonstrated that
high enantiomeric excesses (ee > 95%) exceeding those
obtained over existing homogeneous catalysts for the
same reaction can be achieved [1, 2]. The principle of
modified heterogeneous catalysis is superficially sim-
ple: achiral substance called amodifier ispresent in the
system, and enantioselectivity is obtained due to spe-
cific interactions induced by the modifier. However,
today the limited understanding of the reaction mecha-
nism has rendered the utilization of heterogeneous
modified catalysis to industrially interesting processes
difficult.

Supported Pt catalysts modified with cinchona alka-
loids have been widely used in the hydrogenation of
o-keto esters[2, 3] to corresponding lactates with an ee
approaching 98%. The hydrogenation of other sub-
strates has been limited [4—6] to minor screening of the
system properties. However, for a general understand-
ing of asymmetric induction over modified noble metal
catalysts, the extensive investigation of other model
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systems becomes important. In this work the results
obtained using asymmetric dione, 1-phenyl-1,2-pro-
panedione [7-12], have been summarized, and some
mechanistic aspect are discussed.

EXPERIMENTAL

1-Phenyl-1,2-propanedione was hydrogenated in a
pressurized autoclave (Parr Instruments, V = 300 cm?).
The hydrogen pressure and temperature were 1.2-6.5 bar
and 0-35°C, respectively. Catalyst was activated prior
to the reaction under hydrogen flow for 2 h at 400°C.
Aninsitu catalyst modification procedure was adopted,
i.e., the degassed solvent, cinchonidine, and the sub-
strate were injected into the reactor, where the activated
catalyst was under hydrogen, and the reaction was com-
menced immediately. The initial concentrations of
1-phenyl-1,2-propanedione and cinchonidine were typ-
icdly 0.025 mol dm3 and 2.3 x 10 mol dmr3, respec-
tively. Details of the batch reactor experiments have
been reported elsawhere [7, g].

Hydrogenation of 1-phenyl-1,2-propanedione was
also carried out in a continuous fixed-bed reactor
(10 cm in length and 1.2 cm in internal diameter) at
25°C and 5 bar H,. The knitted fibrous catalyst (5 wt %
Pt/SiO,) was placed between stainless steel nets, and
glass beads were used as an inert packing material.
Prior to the reaction, the catalyst was reduced in situ
under flowing hydrogen at 400°C for 2 h. The experi-
mental setup and catalyst structure are demonstrated in
Fig. 1. Experimental details have previously been
reported [12, 13].

0023-1584/03/4404-0562$25.00 © 2003 MAIK “Nauka /Interperiodica’



TOWARDS A MOLECULAR UNDERSTANDING

563

Pt/SiO,
fiber catalyst
(5 wt % Pt)

Fig. 1. Reactor setup and SEM images of a knitted fibrous catalyst support and a single catalyst fiber.

Collected samples were anadyzed with agas chromato-
graph. Details of the analysis procedure and identification
of the peaks have been published previoudy [7].

RESULTS
General

The reaction scheme of 1-phenyl-1,2-propanedione
(A) hydrogenation is displayed in Fig. 2. The reactant,
A, has two carbonyl groups, both of which can be
hydrogenated. Due to the complexity of the system,
consecutive hydrogenation and kinetic resolution of
intermediate hydroxyketones, as well as regio-, enan-
tio-, and diastereoselective product formation, are
involved.

Cinchonidine was used as a catalyst modifier (M,
Fig. 2). Thevinyl-group (C10-C11, Fig. 2) of cinchoni-
dine hydrogenated under reaction conditions rapidly
within thefirst minutes of reaction converting cinchoni-
dineto 10,11-dihydrocinchonidine (GC-M S conforma-
tion) [7]. Therefore, the actual modifier during the main
course of reaction was 10,11-dihydrocinchonidine
instead of cinchonidine. The main product in hydroge-
nation of A in the presence of cinchonidine was (R)-1-
hydroxy-1-phenylpropanone (B, Fig. 2), akey interme-
diatein the synthesis of, for example, L-ephedrine [17,
18]. When cinchonine, a near enantiomer of cinchoni-
dine, was used, the main product was (S)-1-hydroxy-1-
phenylpropanone, C [15]. 2-Hydroxy-1-phenylpro-
panone (D + E) and diols G and I were formed in minor
amounts under al reaction conditions. The enantio-
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meric excess of B (ee) and regioselectivity are defined
asfollows:

_ [Bl-[C]
ee = W 100%, (1)
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where [B], [C], [D], and [E] are the concentrations of
compounds B, C, D, and E (Fig. 2).

Qualitative Kinetics

Kinetic experiments were carried out in the absence
of external and internal mass transfer limitations [8].
The effect of hydrogen pressure was negligible. The
reaction order with respect to hydrogen was around
zero over the pressure range studied (1.2-6.5 bar). The
reaction rate, ee, and rs remained constant while the
hydrogen pressure was varied.

The reaction order with respect to the reactant was
0.7 (calculated from the initial hydrogen uptake rates)
at different initial concentrations of A (0.010-
0.025 mol dm ). The regioselectivity remained con-
stant (rs = 10) as the reactant (A) concentration was
varied, whereas ee increased dlightly with increasing
reactant concentration [8]. The increase of ee with
increasing reactant concentration is in analogy with
observations made with a-ketoesters [1], where both
racemic and enanti osel ective hydrogenation exhibited a
maximum as a function of the reactant concentration.
In present case maxima in ee was not yet reached, due
to the low substrate concentrations (C,,, = 0.025 M)
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Fig. 2. Reaction scheme of 1-phenyl-1,2-propanedione hydrogenation and the catalyst modifier (M), cinchonidine. A: 1-Phenyl-
1,2-propanedione, B: (R)-1-Hydroxy-1-phenylpropanone, C: (S)-1-Hydroxy-1-phenylpropanone, D: (S)-2-Hydroxy-1-phenylpro-
panone, E: (R)-2-Hydroxy-1-phenylpropanone, F: (1R,29-1-Phenyl-1,2-propanediol, G: (1S29)-1-Phenyl-1,2-propanediol, H:
(1S, 2R)-1,2-propanediol, and I : (1R,2R)-1-Phenyl-1,2-propanediol.

used, and therefore ee increased as the substrate con-
centration was increased. The concentration of the
reactant was not increased above 0.025M because this
would cause a shift from an experimentally verified
kinetic controlled regime to a hydrogen diffusion con-
trolled regime and thusinvalidate the basic prerequisite
for a proper kinetic experiment.

The most pronounced effects on catalyst activity, ee
and rs, were observed as the cinchonidine concentra-
tion was varied (Fig. 3). The reaction rate varied as a
function of the modifier concentration [8]. The maxi-
mum rate acceleration of 30% with respect to the
absence of modifier was observed at a1 : 5 molar ratio
of cinchonidine-to-surface Pt. When the cinchonidine-
to-surface Pt molar ratio was increased above 2 : 1, the
overall hydrogenation rate decreased below the racemic
hydrogenation rate. The maximum ee was observed at
the same 2 : 1 cinchonidine-to-surface Pt molar ratio
(Fig. 3), which indicates that no significant overall rate
acceleration can be observed, as is generally the situa-
tion in a-keto ester hydrogenation over the same cata-
lyst. Thershad amaximum at around a1 : 1 cinchoni-
dine-to-surface Pt molar ratio. After the observed max-
imum values, the reaction rate, ee, and rs decreased as
the concentration of cinchonidine was further
increased.

The reaction proceeds further to 1-phenyl-1,2-pro-
panediols (F-I, Fig. 2) after extended reaction times.
The most abundant diol was F in nonpolar media, while

the main product was H in polar media (¢ > 15) [11].
Only small amounts of G and | were formed.

The reaction temperature had an effect on the overdl
conversion rate, ee, and rs. The rate constant increases
with increasing temperature following the law of Arrhe-
nius. The apparent activation energy estimated from the
initia hydrogen uptake rates was 23 kJ mol= [14]. The
temperature increase from 15 to 35°C resulted in a
decrease of rs and ee from 9.5 to 7.5 and from 65 to
58%, respectively [8]. The dependence of ee and rson
temperature can be explained by the temperature
dependence of the cinchonidine adsorption equilib-
rium.

Three regions of rs and ee as afunction of the reac-
tant conversion can be distinguished. At low conver-
sions (conversion of A < 30%), atransient increase was
often observed, which is typical also for a-keto ester
hydrogenation [19]. Selectivity between 30 and 90%
conversion of A wasrelatively constant (ee=65%, rs=
10); however, at conversions exceeding 90%, dramati-
caly increasing rs and ee were observed, with the ee
approaching 90%. Theincrease of rstook place both in
the absence and presence of a catalyst modifier,
whereas the increase of ee occurred only when a cata-
lyst modifier was present. (The increase of ee was a
consequence of kinetic resolution of the intermediate
hydroxyketones B and C to diols.) Theincrease of ee at
a high conversion of A was achieved at the expense of
alowered yield of B. In enantiosel ective hydrogenation
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Fig. 3. Formation rates of (1) (R)- and (2) (9-1-hydroxy-1-
phenylpropanones at different molar ratios of cinchonidine
(M)-to-surface Ptgand (3) enantiomeric excess (e€).

of butane-2,3-dione [4, 5], an analogous kinetic resolu-
tion has been reported. The dependence of rs on con-
version can be explained by the differencesin reactivity
of 1-OH and 2-OH; i.e.,, 2-OH reacts faster to diols
than 1-OH, and thus rs increases at high reactant con-
versions.

In the absence and at very low concentrations of cin-
chonidine, hydrogenation of the phenyl-ring of A took
place [8, 13]. However, the yield of cyclohexyl deriva
tives remained low (<10%), and in the presence of
higher amounts of cinchonidine, formation of these
products was not observed.

Solvent Effect

Enantiomeric excess varied significantly in the dif-
ferent solvents, the ee being almost zero in methanol
and exceeding 65% in toluene [11]. A highly nonlinear
dependence of ee on the dielectric constant of the sol-
vent was observed (Fig. 4). In general, relatively non-
polar solvents (toluene, dichloromethane, and ethyl
acetate [9]) gave the highest ees. The hydrogenation
activity and regiosel ectivity varied in different solvents,
but the initial hydrogenation rate did not correlate with
the measured hydrogen solubilities, which can be
understood in the light of the zero order dependence of
the reaction rate on hydrogen pressure. The measured
hydrogen solubility [11] decreased with an increasing
solvent dielectric constant. Thersdid not exhibit strong
dependence on the solvent dielectric constant [11].

Interestingly, the product distribution among the
diols varied in different solvents. The main product in
nonpolar solvents was F, whereas H was the dominat-
ing diol in polar solvents. In nonpolar media, B reacted
faster, yielding an excess of F, and in polar solvents C
reacted faster, resulting in an excess of H [11].

In the present case, the inferior enantiosel ectivity in
alcohoalic solvents was attributed to the solvent’s ability
to interact with the catalyst modifier via hydrogen
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Fig. 4. The dependence of enantiomeric excess on solvent
dielectric constant using neat solvent and binary ethyl ace-
tate 2-propanol mixtures. (1) Neat solvent and (2) binary
ethyl acetate-2-propanol mixture.

bonding, similar to the way that substrate and modifier
interact, thus preventing enantiospecific interaction
between the catal yst modifier and reactant and resulting
in decreased enantiosel ectivity.

Cinchonidine exhibits a rich conformational behav-
ior: at room temperature six different conformers have
been recognized consisting of two “Closed” conform-
ers and four “Open” conformers. This complex liquid-
phase equilibrium varies as a function of the solvent
dielectric constant [20]. However, solvent dependence
of ee cannot be attributed solely to the liquid-phase
concentration of the Open(3) conformer [20], as has
been proposed for hydrogenation of ketopantolactone
over an analogous modifier catalyst. In[11] the dielec-
tric constant dependence was taken into account 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 model
developed was able to predict the behavior of the sys-
tem as a function of the solvent dielectric constant, and
agood description of both ee and rs was obtained [11].

Catalyst Selection, Pretreatment
and Role of Oxygen

Commercial 5 wt % Pt/Al,O; catalysts (Johnson
Matthey 94 and Strem Chemicals, 78-1660), which
have arelatively large average Pt particle size (2.5 nm,
Strem) and low dispersion (40%, Strem) gave the high-
est ees and rss in the hydrogenation of A. In prepared
Pt/Al,O, catalysts, an increasing Pt particle size corre-
lated with anincreasing ee[9] (Fig. 5). The best catalyst
had an average Pt particle size of 4.0 nm and dispersion
of 25%. Asdifferent Pt/SiO, catalystswere screened, an
optimum dispersion of 27% and average Pt particle size
of 3.8 nm was found to give the highest activity and
enantioselectivity [12] (Fig. 6). Deviations from the
optimum resulted in adecreasein both reaction rate and
ee. Figure 5 demonstrates clearly that there is an opti-
mum Pt particle size, around 2—4 nm, independent of
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Fig. 5. Enantiomeric excess (ee) at 50% reactant conversion
as afunction of average Pt particle size of different Pt cata-
lysts. (1) Commercial Pt/Al,O3 (Strem Chemicals),
(2) Pt/Al,05 prepared from an H,PtClg precursor,
(3) Pt/SiO, prepared from an H,PtCls precursor and
(4) Pt/Al,0O5 prepared from a Pt(NO3), precursor.

the support and metal precursor used for catalyst prep-
aration, which gives the highest ee. The particle size
measurement in Fig. 5 was based on hydrogen chemi-
sorption, and al the experiments were carried out with
ethyl acetate as the solvent. The characteristic features
of the optimal catalyst are in line with the observation
made using a-keto esters as well [3].

The catalyst pretreatment also influences the selec-
tivity and activity. The effect of the catalyst reduction
temperature was studied over the commercia Pt/Al,O,
catalyst (Strem) [10]. For maximum ee and reaction
rate, a catalyst reduction temperature of about 400°C
was necessary to obtain a metal surface free of organic
impurities.

The small amounts of dissolved oxygen present in
the reactant solution were found to influence the reac-
tion rate and ee[10]. This effect became clear by inject-
ing oxygen into the reactor through the injection loop
[10]. A lower reaction rate and ee were observed under
anaerobic conditions. Furthermore, trace quantities of
oxygen, as well as other impurities, which were
removed by solvent distillation, had a beneficial effect
on the enantiodifferentiation (Fig. 7) and hydrogena-
tion rate [10]. Similar observations have been made in
ethyl pyruvate hydrogenation over acinchonidine mod-
ified Pt/SiO, catalyst [21], where anaerobic conditions
resulted in alow ee and reaction rate.

Quantum Chemical Calculations

Theoretical calculations (Hartree—Fock approxima-
tion, Mdller—Plesset perturbation, and Density Func-
tional Theories) were used in order to increase the
molecular level knowledge of the system [16]. The cal-
culations provided explanation for the origin of regi-
oselectivity and also gave valuable information about
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Fig. 6. The maximum enantiomeric excess (e€) (1) and ini-
tial hydrogen uptake rate (2) as a function of Pt/SiO, cata-
lyst metal content.

the structure and conformation of the reactant (Fig. 8).
The effect of the solvent on the reactant conformation
was accounted for by the polarized continuum model
[11]. The solvent had only aminor effect on the reactant
conformation. In vacuum and when the solvent effect
was included, the reactant adopted s-trans conforma-
tion where the C=0 group 1 and the phenyl ring were
coplanar (Fig. 8). The delocdization of electrons
between C=0 group 1 and the phenyl ring resulted in
reduced C1=01 bond strength and thereby led to a
higher hydrogenation rate and regioselectivity. Regi-
oselectivity was further increased in the presence of
cinchonidine due to analogous substrate-modifier
interactions, which were responsible for enantioselec-
tivity aswell. Currently, cal cul ations about the possible
reactant—modifier diastereomeric complexes involved
in enantiodifferentiation interaction are being carried
out. Based on preliminary results, open(3) conforma-
tion of the modifier and hydrogen-bonding type inter-
action (N...H...O=C) between cinchonidine and the
reactant are important, which isin accordance with the
previous results obtained for a-keto esters.

CONTINUOUS HYDROGENATION
AND TRANSIENT EXPERIMENTS

Fixed bed experiments were carried out over an
optimized (metal content and surface area[12]) fibrous
SiO, supported catalyst, which has alow pressure drop
and shorter diffusion distance (<5 pm) compared to
conventional catalyst pellets(Fig. 1). The catalyst fibers
were knitted and thus could be easily introduced into
the reactor. In enantiosel ective hydrogenation, continu-
ous operation has received only minor attention [22,
23] and the majority of the experiments have been car-
ried out in batchwise-operated reactors. In preliminary
experiments the performance of the optimized catalyst
was encouraging in continuous operation [12]. High
conversion of A and comparable selectivities to batch
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operation were obtained (Fig. 9). Furthermore, thetran-
sient behavior of the system and the possibility of eval-
uating catalyst deactivation make continuous hydroge-
nation a viable tool for mechanistic studies as well.

Transient Behavior of Selectivity

Theinitial transient period of ee was proportional to
space time [16] (Fig. 10), which correlated with the
amount of modifier passed over the catalyst. This sup-
ports the assumption that the modifier adsorption on the
catalyst surface plays a centra role. The same steady-
state ees were achieved regardless of the differencesin
transient behavior. The steady-state ees were also inde-
pendent of the reactant concentration and catalyst mass
used. However, the steady-state ee varied with different
modifier concentrations from 39 to 55%. As expected,
in the absence of the modifier, no enantiosel ectivity was
observed. Experiments carried out by stopping and
starting the modifier flow revealed that a continuous
feeding of the modifier was necessary to maintain a
steady-state ee. Similar observations have been
reported for a-keto ester hydrogenations [22]. The cat-
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alyst premodification experiments support the hypothe-
sis that the transient behavior of ee was caused by the
modifier adsorption. As the catalyst was premodified,
the initial ee was very high (60%) but decreased with
increasing time-on-stream due to desorption of the cin-
chonidine from the catalyst surface.

In the second hydrogenation step, the ee, of F
(defined as ee, = (F — H)/(F + H)) exhibited anal ogous
behavior on the modifier concentration astheee; i.e,, it
increased along with an increased cinchonidine con-
centration [12, 13]. This supports the involvement of
modifier—reactant interactions in the second hydroge-
nation step as well.

Regioselectivity also exhibited an interesting tran-
sient period [13]. Development of rs with increasing
modifier coverage could be observed, which was anal-
ogousto the development of ee. Thiswasin accordance
with the batch reactor experiments, where rs had a
maximum as a function of modifier concentration.

Transient Behavior of Phenyl-Ring Hydrogenation

Cyclohexyl products were formed at the beginning
of the reactor operation [13]. The amount of cyclohexyl
products decreased with increasing time-on-stream,
and the decrease was proportional to the modifier con-
centration (Fig. 11), leading to a complete disappear-
ance of the cyclohexyl products. In the absence of the
modifier, the formation of cyclohexyl products attained
asteady-state value greater than zero (Fig. 11). An anal-
ogous effect became evident also when the space-time
was varied. Therefore, it might be that the space
demanded by the strongly adsorbed modifier prevents
flat phenyl ring adsorption and thereby formation of
cyclohexyl products. This also indicates that the
adsorption mode of the reactant might be different in
the presence and absence of cinchonidine.

Catalyst Deactivation

Catalyst deactivation was observed during continu-
ous operation [12, 13]. The deactivation could be
observed both in the hydrogenation of the phenyl-ring
and in the hydrogenation of the carbonyl groups of A.

Fig. 8. The Hartree—Fock (HF) optimized structure of 1-phenyl-1,2-propanedione in vacuum (right) and selected bond orders, tor-

sion angles (1), and bond lengths (left).
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Fig. 9. A comparison of the enantiomeric excesses (ee) in a
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ee, %
60 -

40

20

1 ]
0 20 40 60 80
Time-on-stream (min)

Fig. 10. The effect of space-time on the (&) enantiomeric
excess (eg). Inlet concentrations of A and M were cgp=

0.025 mol dm™ and cgy = 10 x 107> mol dm 3, respec-
tively. Symbols: space-time (1) 44 s, (2) 30 s, and (3) 22s.

0.08

0.06

0.04

0.02

| 1 1 ]
0 10 20 30 40 50 60 70
Time-on-stream (min)

Fig. 11. The effect of modifier concentration on the yield of
cyclohexyl products. Symbols: (1) no modifier, (2) 3.4,

(3) 10, and (4) 34 x 10~ mol dm3 of modifier (M).

The concentrations of the modifier did not affect the
deactivation behavior. Also therole of the solvent, ethyl
acetate, could be excluded and the origin of catalyst
deactivation could be limited to the reactant (A). The
role of impuritiesin the reactant asthe origin of deacti-
vation could be excluded based on experiments with
purified and unpurified reactant. Therefore, it was con-
cluded [13] that the reactant is either decompaosing on
the catalyst or just strongly adsorbs in the pores of the
catalyst, causing the observed deactivation. The effect
of deactivation on the ee was minor. The deactivation
influenced mainly the overall hydrogenation activity,
and not the ee. It should be kept in mind that analogous
deactivation takes place in batch reactors; however, the
interpretation of deactivation is much more difficult
compared to continuous operation.

REACTION MECHANISM

The enantiodifferentiation mechanism over cin-
chona alkaloid-modified Pt catalysts has been, until
very recently, evaluated solely based on ethyl and
methyl pyruvates, which makes the utilization of other
substrates desirable. Recent reviews can be consultedin
order to get an overall idea of the problems and consen-
susinvolved [3].

The model reaction exhibited features that were
anal ogousto thewell-studied a-keto esters; namely, the
optimum catalyst properties, the effect of dissolved
oxygen, and the solvent effectswere very similar. How-
ever, the novel features were related to the origin of
enantioselectivity, the lack of overal rate acceleration,
and regiosel ectivity.

In the presence of cinchonidine, anegligible overall
rate acceleration compared to racemic hydrogenation
was observed, and yet an ee of 65% was maximally
obtained. Thisis a specific feature of 1-phenyl-1,2-pro-
pandione hydrogenation and should not be overlooked.
For other a-keto esters, apronounced overall rate accel-
eration, as well as increased production rates of both
enantiomers in the presence of cinchonidine, has been
reported [5, 24], with the exception of ethylbenzoyl for-
mate, for which no correlation was found between the
rate and enantioselectivity [25]. The origin of enanti-
oselectivity in the hydrogenation of a-keto esters over
a cinchonidine modified catalyst has been the signifi-
cantly more increased formation rate of the (R)-enanti-
omer with respect to an increased formation rate of the
(9-enantiomer, and this has long been taken as a fun-
damental feature of the cinchona alkal oid modified cat-
alysts. However, in 1-phenyl-1,2-propanedione hydro-
genation, the formation rate of the (R)-enantiomer (B)
wasincreased in the presence of cinchonidine, whereas
the formation rate of the (S)-enantiomer (C) was sup-
pressed compared to racemic hydrogenation, thus pro-
viding ahigh ee (Fig. 3).

A maximum ee was observed at around a2 : 1 cin-
chonidine-to-surface Pt molar ratio, after which the ee
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Fig. 12. Schematic representation of the hydrogenation mechanism of A in the absence of amodifier (top), under optimum coverage
of the modifier (middle), and with alarge amount of modifier (bottom).

started to decrease with increased cinchonidine concen-
tration (Fig. 3) [8]. An explanation for the decrease of
the rate could be the change of the adsorption mode[ 26,
27] of the modifier and/or the reactant as a function of
the surface coverage in such a way that specific enan-
tiodifferentiating interactions are no longer possible.
The coverage dependent adsorption modes of reactant
and modifier were used as a basis for a quantitative
kinetic moddl, which explained the kinetics observed [§].

In the absence of a modifier, rs could be explained
by the intrinsic differences between the two reacting
carbonyl groupsof A, which result in afavorable reduc-
tion of the carbonyl group in position 1. The over two-
fold enhancement of thers, due to the small amounts of
the modifier added, was anal ogous with the ee exhibit-
ing asimilar dependence on the modifier concentration.
Therefore, the enhancement of the rs could most plau-
sibly be explained by analogous substrate-modifier
interactions on the catalyst surface that are also respon-
sible for the enantiodifferentiation and result in an
enhancement of rs.

Based on detailed kinetic experiments, a quantita-
tive kinetic model was constructed that was able to
explain the observed kinetic regularities. The maxima
in selectivity were accounted for by introducing cover-
age dependent adsorption modes of cinchonidine. The
parallel adsorption mode was assumed to be the com-
plex forming actor speciesin enantiosel ective hydroge-
nation, while the tilted adsorption mode was assumed
to be the spectator species responsible for the decline of
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activity and selectivity at high concentrations of cin-
chonidine. For the reactant two adsorption modes were
used, representing adsorption via carbonyl group 1 and 2.
The derivation of the kinetic equations and parameter
estimation procedure have been reported in [8].

In Fig. 12 the present status of the reaction mecha-
nism is presented in a schematic way. In the absence of
a modifier, the reactant (A) adsorbs mainly in paralel
s-trans conformation, which is the energy minimized
reactant conformation in all solvents. The phenyl ring
adsorbs also parallel to the catalyst plane (Fig. 12, top).
The flat adsorption mode results in the formation of
cyclohexyl products via phenyl ring hydrogenation, as
well as other products (Fig. 3) via carbonyl group
hydrogenation. No enantiodifferentiation is involved.

In Fig. 12 (middle) the situation represents the opti-
mum coverage of cinchonidine in Open(3) conforma-
tion. The fraction of possible Closed conformer of cin-
chonidine has not been illustrated asit is assumed to be
a spectator conformation in enantiodifferentiation. The
modifier in Open(3) conformation adsorbed in parallel
form is believed to be the actor speciesin enantiodiffer-
entiation. The substrate—modifier interaction on the cat-
alyst surface results in excess formation of the (R)-
enantiomer, B. Furthermore, the adsorption mode of A
is no longer totally flat, and therefore phenyl ring
hydrogenation does not readily proceed. The theoreti-
cal calculations support the assumption that the reac-
tant also adopts s-cis conformation, which seemsto be
energetically favored over the s-trans conformation in
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the substrate—modifier complex. In kinetic modeling
[8] it was assumed that the reactant adopts two adsorp-
tion modes, which correspond to the hydrogenation of car-
bonyl groups of A, thus accounting for regioselectivity.

In Fig. 12 (bottom), the situation after the maximum
in rate, ee, or rs has been reached is illustrated. The
modifier adopts a tilted adsorption mode, which is
assumed to be a spectator species. The tilted form of
modifier merely occupies the active Pt surface, thus
reducing the overall activity. The lower coverage of the
active modifier form (parallel mode) causes reduced ee
andrs.

The above described mechanistic scheme is simpli-
fied and should be regarded as a qualitative representa-
tion. However, it can account for some of the character-
istic features of hydrogenation of A, namely, the cyclo-
hexyl product formation and maximum in ee, rate, and
rs. Indirectly, the effect of the solvent can be accounted
for by the altered Open/Closed conformational equilib-
rium and competition between the alcoholic solvent
and the reactant on the active form of the modifier. The
optimum Pt particle size effect can be understood in the
light of the space requirement of the bulky substrate—
modifier complex, which setsthe lower limit for Pt par-
ticlesize.

CONCLUSIONS

Asymmetric synthesis using a modified heteroge-
neous catalyst has avast potential intheincreasing pro-
duction of optically pure chemicals.

In the present study, a multidisciplinary approach
was applied to investigate heterogeneous enantiosel ec-
tive hydrogenation of 1-phenyl-1,2-propanedione over
cinchonidine modified Pt catalysts. This complex reac-
tion enables one to address regiosel ectivity and enanti-
oselectivity in consecutive hydrogenation steps, thus
revealing the features of reaction mechanisms that are
general for asymmetric heterogeneous catalysis. Over
70% vyields of the main product (R)-1-hydroxy-1-phe-
nylpropanone were achieved with high enantiomeric
excesses (ee) exceeding 65%. However, the ee was
increased further to about 90% at the cost of a
decreased yield of the main product due to kinetic res-
olution.

1-Phenyl-1,2-propanedione hydrogenation exhib-
ited novel features for cinchona alkaloid-modified Pt
catalysts. The overall rate acceleration induced by the
modifier was negligible. The high ee obtained in the
presence of a catalyst modifier was a result of the sup-
pressed formation rate of the (S)-enantiomer accompa-
nied by an increased production rate of the main prod-
uct, the (R)-enantiomer.

TOUKONIITTY et al.

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.
The dielectric constant dependence was taken into
account by applying the transition state theory and the
Kirkwood treatment, which accounts for the effects of
the solvent dielectric constant on the rate constant.

An optimized knitted silica fiber-based catalyst was
tested under continuous operation conditions. Such
operation showed a very rich transient behavior of the
system, which further improved our mechanistic under-
standing of the reaction. The catalyst deactivation dur-
ing the continuous operation was modeled.

In the kinetic models, a dual-site approach was uti-
lized taking into account simultaneous reaction on
modified and racemic sites of the catalyst. Further
developments were made including coverage adsorp-
tion modes of the modifier and the reactant. The
advanced kinetic model gave a good description of
experimentally observed kinetics.
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