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Abstract

The nonlinear behavior of modifier mixtures has been studied with the use of the enantioselective hydrogenation of ketopanto
pantolactone as an industrially important model reaction. A 5 wt% Pt/Al2O3 catalyst was modified by pairs of enantiomers, diastereom
and chemically different chiral compounds possessing the same or different anchoring moieties (i.e., the part of the molecule resp
the strong adsorption on the metal surface). The linear correlation observed with mixtures of the two enantiomers (R,R)- and (S,S)-pantoyl-
naphthylethylamine is in agreement with the generally accepted 1:1 type reactant:modifier interaction. A strong nonlinear phe
was observed only when the anchoring moieties of the two modifiers were different. The dramatic nonlinearity induced by the ad
cinchonidine to (S)-naphthylethylamine or (S,S)-pantoyl-naphthylethylamine is traced to the different adsorption behaviors of the quin
and naphthalene fragments of the modifiers on Pt. In an extreme case, (R)-pantolactone was produced with 26.5% enantiomeric excess
with the use of a mixture containing only 0.5 mol% cinchonidine, although the (S)-product was obtained with 74% ee when (S,S)-pantoyl-
naphthylethylamine was applied alone as a modifier. The results indicate that (i) 1:1 type interactions determine the enantiosele
ordered two-dimensional chiral arrays do not play a role; (ii) the nonlinear phenomenon is traced mainly to the different adsorption
of the modifiers, although there is no general correlation between the adsorption strength and the effectiveness of the modifiers u
(iii) only traces of a strongly adsorbing impurity (� 1 mol%) can significantly distort the ee, but large amounts (≈ 50 mol%) of a weakly
adsorbing impurity may have a negligible influence on the enantioselection.
 2005 Elsevier Inc. All rights reserved.
Keywords:Asymmetric hydrogenation; Platinum; Naphthylethylamine derivatives; Cinchonidine; Nonlinear effect
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1. Introduction

The nonlinear effect in asymmetric catalysis has b
a topic of great interest in the past two decades. Acc
ing to the classical assumption, the enantiomeric excess
of the product is proportional to the ee of the chiral au
iary or ligand. A requirement for this assumption is that
two enantiomers of the auxiliary provide the same rate
the asymmetric reaction but give the opposite enantiom
of the product in excess. Kagan demonstrated for the
time the nonlinear behavior of enantiomerically impure c
ral auxiliaries[1]. The mechanistic principles and practic
consequences of the phenomenon in homogeneous c
* Corresponding author. Fax: +41 1 6321163.
E-mail address:baiker@chem.ethz.ch(A. Baiker).
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sis have been thoroughly discussed, and numerous exam
in various asymmetric reactions have been collected[2–7].
The concept has been extended to pseudo-enantiome
diastereomeric auxiliaries and to two chemically differ
ligands that give products of opposite configuration[8–10].

In heterogeneous enantioselective catalysis only the
ter “extended” nonlinear effect has been studied so far.
amples include the Pt-catalyzed hydrogenation of activ
ketones[11–16]and the C=C bond of an alkenone[17], an
alkenoic acid[18], and a pyrone[14,19]. The nonlinear be
havior of mixtures of two diastereomers or two complet
different chiral modifiers has been attributed to their d
ferent adsorption strengths[11] and geometries[13] on Pt
or Pd. It is not clear yet whether there is any nonlinea

when two enantiomers are used as the source of chirality and
whether modifier–modifier interactions on the metal surface
contribute to the observed nonlinearity.

http://www.elsevier.com/locate/jcat
mailto:baiker@chem.ethz.ch
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Scheme 1. Enantioselective hydrogenation of ketopantolactone to pan
tone over chirally modified platinum.

Fig. 1. The chiral modifiers used in this study.

In the following, the nonlinear behavior of modifier mi
tures in heterogeneous catalysis are referred to as a “no
ear phenomenon” to clearly separate it from the nonlin
effect (NLE) in homogeneous catalysis.

Here we present a systematic study of the nonlinear
nomenon, including the application of mixtures of en
tiomers, diastereomers, and chemically different chiral c
pounds possessing the same or different “anchoring m
ety” (essentially the aromatic ring via which the molec
is anchored to the metal surface). Hydrogenation of
topantolactone to pantolactone over Pt/Al2O3 has been use
as a model reaction (Scheme 1); the modifiers applied ar
shown in Fig. 1. The reaction is of industrial relevanc
since (R)-pantolactone is an intermediate in the synthe
of pantothenic acid (vitamin B family) and a constitue
of coenzyme A. Various soluble chiral Rh and Ru co

plexes afford up to 98.7% ee to (R)-pantolactone[20–25]. In
heterogeneous catalysis Pt/Al2O3 modified by cinchonidine
(CD) is the best choice[26–29], giving 91.6% ee under high-
talysis 233 (2005) 327–332
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pressure conditions[30]. Other modifiers of Pt, such as th
ether derivatives of CD[15], 1-naphthyl-1,2-ethanediol[31],
and (R)-1-(1-naphthyl)ethylamine and its N-functionaliz
derivatives[32], are less effective, although at low pressu
pantoyl-naphthylethylamine (PNEA) outperforms CD.

2. Experimental

2.1. Materials

Ketopantolactone (> 99%; Roche), cinchonidine (CD
Fluka), and (–)-(S)-1-(1-naphthyl)ethylamine (NEA, 99%
Acros) were used as received. Toluene was dried and s
over activated molecular sieves. (1′R,2R)-, (1′R,2S)-, and
(1′S,2S)-N -[1′-(1-naphthyl)ethyl]-2-amino-3,3-dimethyl-γ

-butyrolacton (PNEA,Fig. 1) and (–)-(1R)-N -(2-hydroxy-
benzyl)-1-(1-naphthyl)ethylamine (HBNEA,Fig. 1) were
synthesized by known procedures[32]. Their structure and
purity (> 99%) were confirmed by NMR, HPLC, and MS
The NMR spectra were recorded on a Bruker Avance
spectrometer.

2.2. Catalytic hydrogenation of ketopantolactone

The 5 wt% Pt/Al2O3 catalyst (Engelhard 4759) was pr
reduced before use at 673 K for 1 h in flowing hydrog
and cooled to room temperature under flowing hydrogen
30 min. After this pretreatment the metal dispersion w
0.33, as determined by TEM. The catalyst was first brou
into contact with the solvent, which contained the mo
fier(s). After a 5-min preadsorption period, the reaction w
started by introduction of the reactant.

Two different reactors were used. The reactions un
pressure were carried out in a multiple reactor system (A
onaut Technologies). The eight small mechanically stir
(n = 1000 min−1) autoclaves were equipped with 10-m
glass liners and Teflon caps to avoid contact with the m
surface. The pressure was held at a constant value
computerized constant-volume/constant-pressure equip
(Büchi BPC 9901). The standard reaction conditions wer
follows: 10 mg prereduced catalyst, 236 mg ketopanto
tone, 6.8 µmol modifier (or modifier mixture), 5 ml solve
8 bar, room temperature, and 1.5–2 h reaction time.

The reactions at atmospheric pressure were carried o
a magnetically stirred (n = 1250 min−1) 100-ml glass reac
tor. In a standard procedure, 10 mg catalyst was prered
in 5 ml solvent in flowing H2 for 5 min, at 1 bar and room
temperature. Then 3.4 µmol of modifier in 1 ml solvent w
added. After a 5-min preadsorption period the reaction
started by the introduction of 236 mg ketopantolactone
4 ml solvent. After 4 min 3.4 µmol of another modifier w
added.
The enantiomeric excess,(ee) = 100× (|R − S|)/(R +
S), was determined at full conversion with a HP 6890
gas chromatograph and a Chirasil-DEX CB (Chrompack
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7502, 25 m× 0.25 mm× 250 nm) capillary column. No
product other than pantolactone could be detected.
estimated standard deviation of the determination of
was ±0.5%. The differential ee was calculated as�ee=
(ee1y1 − ee2y2)/(y1 − y2), wherey represents the yield t
the hydrogenation product, and index 2 refers to a sam
subsequent to sample 1.

The average reaction rate was calculated from the con
sion in 25–30 min to minimize the distortion by the initi
transient period in the autoclave.

3. Results

In the hydrogenation of ketopantolactone, (R)-pantolac-
tone is formed in excess when Pt is modified by CD[27],
(R)-NEA, (R)-HBNEA, and (R,R)- or (R,S)-PNEA [32],
whereas (S)-pantolactone is the major enantiomer in t
presence of (S)-NEA and (S,S)-PNEA [32]. In the follow-
ing, the nonlinear phenomenon was studied with the us
mixtures of two modifiers that alone give the opposite en
tiomers in excess.

3.1. Nonlinear phenomenon with modifier mixtures

At first, mixtures of two enantiomers of PNEA were a
plied while the total amount of modifiers was kept co
stant (Fig. 2). In 1,1,1-trifluorotoluene solvent, (R)- and
(S)-pantolactone were produced with 51.1 and 51.7%
in the presence of (R,R)- and (S,S)-PNEA, respectively
Considering the standard deviation of the analytical meth
the difference between the two values is insignificant. T
conversions achieved in 25 min (73.0 and 72.2%) are
considered to be identical. Similarly, only a negligible d
viation from the linear correlation in enantioselectivity w
observed in the whole concentration range. This ideal be
ior was also observed in toluene, but the enantioselectiv
were much smaller; the ee varied in the range of 11%
(R)- to 11% for (S)-pantolactone (not shown).

A small but significant deviation from the ideal behav
was obtained when a mixture of two diastereomers was
plied (Fig. 3). The reactions in the presence of (S,S)- and
(R,S)-PNEA alone were characterized by considerably
ferent ees and average reaction rates (3.3 and 2.6 mmo−1,
respectively), a commonly observed situation in various
actions when Pt or Pd is modified by two diastereomers, s
as cinchonidine and cinchonine[18,33–38]. For the modifier
mixtures the theoretical or expected ee (dashed line) was
culated with the assumption that the molar ratios of the m
ifiers in solution and on the metal surface are identical, t
do not interact with each other, and the reaction rates
each modifier are the same as the reaction rates ach

with the modifiers alone.Fig. 3 demonstrates that the two
diastereomers of PNEA do not behave ideally, although the
deviation is minor. For example, the equimolar mixture of
talysis 233 (2005) 327–332 329
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Fig. 2. Hydrogenation of ketopantolactone in 1,1,1-trifluorotoluene o
Pt/Al2O3 modified by mixtures of (R,R)- and (S,S)-PNEA.

Fig. 3. Hydrogenation of ketopantolactone in acetic acid over Pt/Al2O3
modified by (S,S)- and (R,S)-PNEA. The dashed line indicates the ee c
culated for an ideal behaviour of the modifier mixture.

the diastereomers gave 30.6% ee for (S)-pantolactone in-
stead of the calculated 21.6% ee (i.e., 9% deviation from
linear behavior).

Next, two chemically different modifiers, (S)-NEA and
its N-hydroxybenzylated derivative, (R)-HBNEA, were
mixed (Fig. 4). Here the nonlinearity was slightly mor
pronounced and (S)-pantolactone was produced, with 0.7
ee, for a mixture containing only 35% (S)-NEA, although
the calculated ee for this modifier mixture was 17.5%
(R)-pantolactone. With equimolar amounts of modifiers,
deviation from the theoretical value was close to 12%. T
reaction with (S)-NEA was faster by 10% than that in th
presence of (R)-HBNEA. It is very probable that NEA an
its N-substituted derivatives adsorb to Pt via the naphtha
ring [32,39–42], in a manner analogous to that of the a
sorption of cinchonidine via the quinoline ring lying nea
parallel to the Pt surface[43–47]. Nevertheless, a contribu

tion of the hydroxybenzyl fragment of HBNEA to the ad-
sorption process cannot be excluded. Interestingly, deviation
from the linear behavior of the modifier mixture suggests a
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Fig. 4. Hydrogenation of ketopantolactone in acetic acid over Pt/Al2O3
modified by (R)-HBNEA–(S)-NEA mixtures. The dashed line indicates t
calculated ee.

Fig. 5. Nonlinear behaviour of the CD+ (S)-NEA mixture in the hydro-
genation of ketopantolactone over Pt/Al2O3 in acetic acid. The dashed lin
indicates the calculated ee.

greater than proportional contribution of (S)-NEA to enan-
tioselection.

Finally, the reaction was carried out with modifiers th
were chemically different compounds, and the ancho
moieties were different.Figs. 5 and 6show the nonlinea
behavior of CD+ (S)-NEA and CD+ (S,S)-PNEA mix-
tures, respectively. Clearly, in both cases the performanc
modifier mixtures deviates remarkably from the calcula
linear correlation. More (R)-pantolactone than expected w
always formed; that is, CD governed the enantioselection
though the reaction rate with CD (3.2 mmol h−1) was only
slightly higher than the rate measured in the presence ofS)-
NEA (3.0 mmol h−1) or (S,S)-PNEA (3.1 mmol h−1). For
example, (R)-pantolactone was produced with 3.7% ee
a CD+ (S)-NEA mixture containing only 4% CD (Fig. 5).
The nonlinearity was the greatest in the CD+ (S,S)-PNEA
system: the (R)-product formed with 26.5% ee with a mo

ifier mixture containing only 0.5% CD (Fig. 6). A similar
striking nonlinear phenomenon was found recently when
cinchonine and (R,R)-PNEA were used as modifiers[32].
talysis 233 (2005) 327–332

Fig. 6. Nonlinear behaviour of the CD+ (S,S)-PNEA mixture in the hydro-
genation of ketopantolactone over Pt/Al2O3 in acetic acid. The dashed lin
indicates the ee calculated for an ideal behaviour of the modifier mixtu

Fig. 7. Transient behaviour of ketopantolactone hydrogenation ove
Al2O3 in acetic acid, at 1 bar. An equimolar amount of CD was added a
4 min to the reaction mixture containing (S,S)-PNEA.

3.2. Transient behavior of modifier mixtures

We showed earlier that a transient method offers a
ter visualization of the competition between two modifi
[13,14,19]. In this procedure the hydrogenation reaction
started in the presence of only one modifier, and after a s
time period (at low conversion) the second modifier is
jected into the slurry.Fig. 7 presents the experiment wi
CD and (S,S)-PNEA. Under the conditions applied here,
acetic acid (S)-pantolactone was produced with 78% ee
the presence of (S,S)-PNEA, and (R)-pantolactone formed
with 53% ee when CD was applied alone as a modifie
Pt (not shown for the sake of clarity). When the react
with (S,S)-PNEA was repeated and after 4 min an eq
amount of CD was injected into the reactor, the ee for (S)-
pantolactone decreased rapidly, and shortly thereafte
opposite enantiomer was produced in excess. The tran
behavior is even more striking when the calculated differ
tial ee (�ee) is considered. Apparently, CD rapidly replac

(S,S)-PNEA on the Pt surface and the alkaloid governed the
enantioselection. In the control experiment (not shown) the
reaction was started with CD, and (S,S)-PNEA was added
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after 4 min, but the latter modifier had only negligible infl
ence on the ee (< 1%).

4. Discussion

For the Pt-catalyzed enantioselective hydrogenation
activated ketones, all existing mechanistic models ass
1:1 type interactions between modifier and reactant du
hydrogen uptake on the metal surface (although there
lively debate on the true nature of interactions leading
enantioselection; for a recent review see[48]). If these mod-
els are valid, no deviation from the linear behavior of t
enantiomers of a chiral modifier is feasible, in agreem
with the interpretation of the nonlinear effect in homog
neous asymmetric catalysis[5,6]. Note, however, that th
first model developed for the enantioselective hydroge
tion of pyruvate esters assumed the formation of an ord
array of CD on the Pt surface as the source of chiral
formation (the “template” model[49]). Later the proposa
was withdrawn[50] because of a contradiction of expe
imental observations indicating a 1:1 type interaction
tween CD and theα-ketoester. Interestingly, recent surfa
science studies revealed the formation of highly orde
two-dimensional chiral domains on extended single cry
surfaces[51–55]. The linear correlation observed with mi
tures of the two enantiomers of PNEA (Fig. 2) confirms our
expectation and provides indirect evidence against the
portance of ordered chiral arrays in practical catalysis o
nanoparticles. Note that a recent STM study of cinchonid
adsorption on Pt(111) also excludes the formation of orde
arrays[56].

There are several explanations in the literature for
nonlinear behavior of diastereomers or chemically diff
ent chiral compounds used as modifiers. Wells and
workers suggested that the stronger adsorption of cinch
dine and quinine on Pt was the reason for the small n
linearity observed in the hydrogenation of methyl pyruv
with cinchonidine–cinchonine and quinine–quinidine al
loid mixtures, respectively[11]. We proposed that the diffe
ent adsorption strengths of cinchona alkaloids may resu
different adsorption geometries of the molecules ancho
via the quinoline moiety[13]. A perpendicular or strongly
tilted position of the aromatic ring may hinder the modifie
reactant interaction, leading to enantioselection, and
be the reason for the prominent nonlinearity observed w
cinchonidine–quinidine mixtures. On the basis of adso
tion studies by UV–vis spectroscopy, this effect seeme
be more influential than that of the different surface c
centrations. A third possible interpretation is connected w
the different chemical stability of the modifiers[12]. The
rapid saturation of the aromatic ring under high hydrog
pressure leads to weaker adsorption and a loss of e

tiodifferentiating ability of the modifier. The different resis-
tance of the quinoline and naphthalene rings against hydro-
genation may contribute to the generally observed superi-
talysis 233 (2005) 327–332 331
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ority of cinchona alkaloids. Finally, it was speculated[13]
that modifier–modifier interactions may also contribute
a small extent) to the nonlinear phenomenon, but no exp
mental evidence has been found yet.

Next we address the results presented inFigs. 2–7. It is
not possible yet to provide an unambiguous interpreta
of the minor nonlinearity detected with the diastereom
(S,S)- and (R,S)-PNEA (Fig. 3). The nonlinearity increase
when mixtures of (S)-NEA and its N-hydroxybenzylate
derivative (R)-HBNEA were applied (Fig. 4). A plausible
explanation for the enhancement is the weaker adsorp
of (R)-HBNEA due to some steric hindrance by the ad
tional functional group. An analogy is the weaker adsorpt
of O-phenyl-cinchonidine relative to cinchonidine and t
resulting striking nonlinear behavior observed in ketopan
lactone hydrogenation[15]. Another explanation based o
modifier–modifier interactions involving the weakly acid
phenolic OH function is also feasible.

Considerable nonlinear behavior was observed only w
the two modifiers possessed chemically different ancho
moieties (Figs. 5–7). In these reactions cinchonidine alwa
governed the enantioselection, presumably because o
stronger adsorption of the quinoline ring of cinchonid
relative to the naphthalene ring of the other two modifie
Since the reactions were carried out at low pressure (8
hydrogenation of the naphthalene rings of NEA and PN
is expected to be negligible[32]. A comparison ofFigs. 5
and 6 reveals that again the primary amine (S)-NEA ad-
sorbed more strongly than the N-functionalized deriva
(S,S)-PNEA, although the latter molecule alone is a m
efficient chiral modifier of the reaction than (S)-NEA. It is
also interesting that under the conditions applied, (S)-PNEA
alone afforded higher ee than cinchonidine, which adso
far more strongly on Pt. Obviously, there is no direct cor
lation between the adsorption strength of the modifiers
their effectiveness in enantioselection, even though a st
adsorption to the metal surface is a necessary require
for enantio-differentiation[48].

5. Conclusions

No deviation from the ideal, linear behavior was detec
in the enantioselective hydrogenation of ketopantolact
over Pt/Al2O3 modified by mixtures of the two enantiome
of pantoyl-naphthylethylamine ((S,S)- and (R,R)-PNEA).
This observation may be considered indirect evidence fo
mechanistic models assuming 1:1 type modifier: reactan
teractions and against the importance of possible orde
two-dimensional chiral domains in enantioselective cat
sis on small metal particles[57].

Only the use of mixtures of chemically different chir

modifiers resulted in a considerable nonlinear phenomenon.
The origin of the sometimes striking nonlinearity is traced to
the different adsorption strengths of the chiral molecules.
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All of the experimental evidence gathered so far indica
that measuring the nonlinear behavior of modifier mixtu
is at present the only way to estimate the (relative) ads
tion strength of chiral modifiers on metal surfaces un
the reaction conditions. Another consequence of the n
linear phenomenon is that even trace amounts (� 1%) of a
strongly adsorbing impurity in the modifier can significan
distort the enantioselectivity and lead to a false conclus
in a mechanistic study. This is the case, for example, wh
weakly adsorbing derivative of cinchonidine is not separa
carefully from the original alkaloid. The positive side of t
nonlinear phenomenon is that even large amounts of imp
ties in the modifier may not diminish the enantioselectivit
the other chiral modifier(s) adsorb sufficiently more wea
than the major component. This fortunate situation allo
us to achieve better than 90% ee with cinchonidine-modi
Pt, although the commercially available CD contains con
erable amounts of quinidine, and the two alkaloids afford
opposite enantiomers in excess[14].
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