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Abstract. The development of new catalytic processes making efficient use of energy
and raw materials with minimal impact on the environment is an extremely challenging
task. The principal aim of our research is to improve the scientific basis for the
advancement of heterogeneous catalytic processes for fine chemical synthesis and the
abatement of pollutants that are detrimental to the environment. This aim is pursued
with strongly interdisciplinary research embracing fundamental aspects of surface
reactions, catalyst design and reaction engineering. Our research strategy and the
current projects are briefly discussed.

Our group is composed of chemists,
chemical engineers, and physicists, this
together with several national and interna-
tional collaborations with researchers at
universities and in industry provides the
multidisciplinary expeltise necessary for
extending the frontiers of catalytic sci-
ence.

2. Current Research Projects

Our group isorganized in four sections
which focus on environmental catalysis,
catalysis in fine chemicals synthesis, cat-
alyst materials, and model systems. The
topics studied in these fields are schemat-
ically summarized in Fig. 1 and will be
briefly presented next. For more detailed
information on the projects and for gain-
ing some knowledge on the world-wide
state of research in the covered fields the
reader is referred to the pertinent recent
publications and references therein.

2.1. Environmental Catalysis
Reactions relevant to environmental

control and energy technology are in the
main focus. The principle aim is to pro-
vide a basis for the advancement of pro-
cesses that make efficient use of energy
and raw materials with minimal impact on
the environment. In addition, catalytic so-
lutions are developed for the abatement of
pollutants that are detrimental to the envi-
ronment.

1. General Aim and Strategy

The research of our group is concerned
with heterogeneous catalysis, comprising
aspects of surface and solid-state chemis-
try as well as chemical reaction engineer-
ing, which are important for the design of
new catalytic processes. A strong inter-
play between fundamental research and
reaction engineering is characteristic for
most of our projects. The general aim is to
improve the scientific basis for the devel-
opment of novel efficient catalytic proc-
esses which eliminate, or at least mini-
mize the use and possible release of haz-
ardous materials. The main research areas
and their interrelation are illustrated in a
simplified fashion in the Scheme.

Catalyst design, which is most crucial
for the development of novel catalytic
processes, is an extremely interdiscipli-
nary endeavor. It requires some under-
standing of the mechanism of the catalytic
reaction, and knowledge of the crucial
properties which determine the activity,
selectivity, and lifetime of the catalyst.
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Studies of the interrelationship between
structural and chemical properties of solid
materials and their catalytic properties
(structure-activity relationship) are at the
origin of catalyst design. These studies are
frequently carried out using specially pre-
pared model catalysts which are amenable
to analysis with modern surface analytical
methods providing structural and chemi-
cal information on molecular scale. Vari-
ous techniques and concepts of solid-state
and surface chemistry are applied for mod-
ifying and synthesizing catalyst materials
with the required structural and chemical
properties (molecular engineering). An-
other crucial aspect of catalyst design, not
explicitly shown in the Scheme, is the
tailoring of the textural properties, i.e.
geometrical shape, surface area, and pore
structure. This tailoring is important for
optimizing the mass transfer of reactants
and products in the porous network of the
catalyst.

Reaction engineering generally deals
with reaction kinetics, the selection of a
suitable reactor system and the optimiza-
tion of heat and mass transfer involved in
the catalytic process. At present, our main
interests in reaction engineering is to ex-
plore the influence of supercritical condi-
tions on chemical reactions. Supercritical
fluids are applied in the preparation of
novel catalyst materials (aerogels), as re-
actants and as solvents.
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2.1.1. Reduction of NOx by hydrocarbons
Recent research on the catalytic reduc-

tion of NOx emissions from Diesel and
lean-burn engines, operating under net
oxidizing conditions, has been focused on
a new process utilizing hydrocarbons as
reducing agent. Our aim is to improve the
efficiency of the selective catalytic reduc-
tion of NO by hydrocarbons. A prerequi-
site to reach this goal is the understanding
of the complex mechanism of this reac-
tion, including the identification of sur-
face and gas-phase species [1-4]. Kinetic
measurements on promising catalysts are
performed ina microreactor sys tem Iinked
to an Ff-TR spectrometer with heatable
gas cell for gas analysis [5].

2.1.2. Dynamic Behavior of Three- Way
Automotive-Exhaust Catalysts

One method of controlling automotive
emissions is cleaning the exhaust gas by
means of three-way catalytic converters,
which simultaneously convert hydrocar-
bons, CO, and NOx into H20, CO2, and
N2. The behavior of catalytic converters
under continuous operation of combus-
tion engines has been extensively studied.
The objective of our work is to study the
dynamic behavior [6] [7] and suitability of
three-way catalytic converters for use with
an intermittently operated engine in a hy-
brid system with flywheel. For this pur-
pose a special apparatus has been con-
structed allowing the simulation of the
dynamic changes of the exhaust gas to

which a catalytic converter is exposed in a
hybrid system. FT-TR spectroscopy and
mass spectrometry are used to monitor the
gas composition at the converter inlet and
outlet, respectively. Newly developed con-
verters with Pd as noble metal are tested
and compared with conventional catalytic
converters. Fig. 2 demonstrates the bene-
ficial effect of forced A-cycling (cycling
between lean and fat air/fuel mixtures) on
the conversion of the primary target spe-
cies CO, hydrocarbons, and NO in a three-
way Pt-Rh/CeOrAI203 catalytic convert-
er. The research carried out so far indi-
cates that the effectiveness of three-way
catalytic converters can be improved by A-
cycling and that exhausts of hybrid sys-
tems can be efficiently cleaned, if the
frequency and amplitude of the cycling is
properly adjusted.

2.1.3. Selective Catalytic Reduction
(SCR) of NOx by NH]

The selecti ve catal ytic reduction (SCR)
of NOx by NH3 is an effective method for
treating flue gases from stationary com-
bustion sources. Our research concentrates
on the development of novel efficient cat-
alysts. Supported by studies on the reac-
tion mechanism, a series of new catalysts
based on vanadium oxide [8-11], chromi-
um oxide [12-14] and tungsten oxide [15]
have been developed. Special attention is
given to the influence of oxygen, H20, and
S02 on the behavior of these catalysts.
Another focal point is the design of cata-

Iysts which are efficient for converting
NH3 slipping from the DeNOx unit to
nitrogen by selective oxidation. Kinetic
models [16] are developed with the aim to
simulate the dynamic behavior of SCR
catalysts and to aid in the scale up of the
microreactorexperiments to technical hon-
eycomb structures.

2.1.4. Catalytic Combustion
Catalytic combustion offers an effi-

cient way for complete combustion of
fuels over wide air/fuel ratios without sig-
nificant NOx or soot formation and per-
mits system designs with improved com-
bustion efficiency and energy recovery.
Of special interest are applications with
high heat throughput, such as gas turbines
and industrial boilers, where requirements
of the catalyst systems are severe and high
thermal stability is an essential prerequi-
site. These properties can be found with
unsupported [17][ 18] and supported per-
ovskite-type oxides [19][20]. The main
focus of the work includes the develop-
ment of new materials having high ther-
mal stability and durability, and low light-
off temperatures for the 'clean' combus-
tion of hydrocarbons.

2.1.5. Low-Temperature CO Oxidation
CO oxidation catalysts with high ac-

tivity are not only interesting for environ-
mental applications, but also find impor-
tant use in orbiting CO2 lasers and CO
detectors. Studies in our group have shown
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Fig. 2. Time-dependence of concentrations of harmful products measured at the outlet of a three-way
Pt-Rh/CeOrAI20] catalytic converter during A-cycling with different frequencies (0.3, 0.5, 1 Hz).
Concentrations were measured by combined use of Ff -IR spectroscopy and mass spectrometry. The
simulated exhaust gas contained a mixture of CO and H2 (3: 1), O2, NO (2000 ppm), C3Hg (500 ppm),
C3H6 (500 ppm), CO2 (12%), H20 (10%), and N2 (balance). The A-value, defined as the normalized
molar air/fuel ratio, was changed in the range A == 1.05 (lean mixture) and A == 0.95 (fat mixture) by
altering the flows of O2 and CO/H2, respectively. Note the extreme effect of the A-cycling frequency
on the concentrations of the harmful gases, indicating that forced cycling between lean and fat air/fuel
ratio can be a powerful tool for improving the efficiency of catalytic converters. Measurements were
performed at 583 K and with a gas hourly space velocity (GHSV) of 100'000 h-I.

ofthese complex catalytic systems. Based
on this knowledge, new efficient catalytic
systems are designed.

Substantial effort has been made to
reveal the nature of reactant-modifier and
solvent-modifier interactions and the
mechanism of enantiodifferentiation, us-
ing molecular mechanics and ab initio
calculations [31-33], X-ray crystal-struc-
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30]. The chiral information is transferred
by a chiral auxiliary (modifier) which is
adsorbed on the surface of supported Pt or
Pd catalysts. Besides, chiral materials of
natural origin, such as cinchona alkaloids,
several chiral N-compounds have been
synthesized and tested in these reactions.
Our aim is to gain information about the
crucial factors determining the behavior

that highly active CO oxidation catalysts
for low-temperature applications can be
prepared from Zr-based amorphous Au
and Pd alloys as catalyst precursors [21-
24]. Pd/ZrOz prepared from oxidation of
glassy Pd-Zr alloys was also found to be
extremely active for the disproportiona-
tion of CO which is followed by incorpo-
ration of carbon into the Pd lattice [23].
Further efforts towards designing efficient
low-temperature CO oxidation catalysts
with improved long-term behavior are
presently undertaken.

2.2. Catalysis in Fine and Pharmaceu-
tical Chemistry

Research in this field is driven by the
effort of the fine chemical and pharma-
ceutical industries to replace wasteful non-
catalytic processes by economical and
clean catalytic routes. Heterogeneous ca-
talysis is gaining increasing importance in
the production of fine chemicals and phar-
maceuticals due to its definite technical
advantages. The aim of our research is to
provide the fundamental catalytic and re-
action engineering elements which indus-
try needs for designing new environmen-
tally friendly and economic catalytic proc-
esses. Generally, this comprises reaction
mechanism, catalyst design, solvent-reac-
tant interaction, mass transfer, and reactor
design. Understanding of the interplay of
these elements is crucial for successful
development of novel catalytic processes.

2.2.1. Enantioselective Hydrogenation
on Chirally Modified Pt Metals

The enantioselective hydrogenation of
various organic compounds possessing
C=O, C=N, or C=C functional groups is
investigated in three-phase reactors [26-

2.1.6. Chemicals from CO2
Based on its large-scale availability,

CO2 represents a suitable starting material
for the manufacture of valuable chemicals
and fuels. The objective of the work is the
development of heterogeneous catalytic
processes, starting from CO2 as the source
of carbon, to produce various chemicals
such as alcohols, amines, and formamides.
Recently we demonstrated that organo-
nitrogen compounds such as methylamines
can be produced in a one-step reaction
overCu/ Al203 catalysts starting from CO2,
H2, and NH3 [25]. Further research com-
prises the heterogeneous catalytic produc-
tion of N,N-dimethylformamide (DMF)
from CO2, hydrogen, and dimethylamine
under supercritical conditions. Besides
conventional transition-metal-based cata-
lysts, new catalytic sol-gel-hybrid sys-
tems are prepared.
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ture analysis and 2D-NMR. As an exam-
ple, Fig. 3 depicts the structure of the
complex formed upon interaction between
co-adsorbed (R)-2-(pyrrolidin-l-yl)-1-
(naphth-l- yl)ethanol (chiral auxiliary) and
reactant in the enantioselecti ve hydrogen-
ation of methyl pyruvate over A120rsup-
ported Pt, as predicted by molecular mod-
eling.

Regarding novel engineering aspects,
we have recently shown that enantioselec-
tive hydrogenation can be successfully
carried out in supercritical solvents [34].

2.2.2. Aerobic Oxidation on Pt Metals in
the Liquid Phase

The selective transformation of prima-
ry and secondary alcohols to the corre-
sponding carbonyl compounds or carbox-
ylic acids is the only example in which a

truly heterogeneous catalyst can be used
under mild conditions and with molecular
oxygen as oxidant. Striking enhancement
in activity and selectivity of supported Pt
and Pd can be achieved by modifying their
surface with heavy-metal atoms, or with
organic N-bases and phosphines [35-39].
Electrochemical methods are applied to
control the rate of oxygen transport, the
selectivity, and the nature of catalyst deac-
tivation during reaction. The structure and
stability of Pt-based bimetallic catalysts
under reaction conditions are studied with
in situ scanning tunneling microscopy and
cyclic voltammetry.

Several water-soluble and -insoluble
primary and secondary alcohols are used
as model compounds. A recent example
is the direct, one-step oxidation of L-sor-
bose to 2-keto-L-gulonic acid, a key inter-
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mediate in the synthesis of vitamin C [38]
[39].

2.2.3. Epoxidation of Olefins
New highly active and selective heter-

ogeneous epoxidation catalysts (aerogels)
are developed using the solution-sol-gel
method combined with ensuing supercrit-
ical drying [40-44]. The structure of the
mixed oxide Ti02/Si02 is tuned to the
requirements of the epoxidation of bulky
cyclic olefins, which are of great practical
importance in the fine chemical and phar-
maceutical industry. Both the relative pro-
portion of Si-O- Ti structural units, esti-
mated by Ff-IR analysis [41], and the
pore size were found to be crucial design
parameters. Fig. 4 shows the dependence
of the relative proportion of Si-O- Ti con-
nectivities and pore size on the Ti02 con-

JyO,/
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+
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Fig. 3. Molecular modeling of complexes formed between co-adsorbed protonated (R)-2-(pyrrolidin-I-yl)-I-(naphth-I-yl)ethanol (modifier) and methyl
pyruvate (reactant) which yield (R)-methyllactate or (S)-methyllactate upon hydrogenation [32]. The auxiliary is assumed to be adsorbed via n-bonding
of the naphthyl ring on the Pt surface. A Pt (111) surface is used for illustration. Note the strong steric hindrance (marked by arrow) in the complex leading
to (S)-methyllactate, which results in a lower stability ofthis complex favoring the formation of (R)-methyl lactate. Similar behavior has also been found
in the calculation of the structure of the interaction complex between protonated cinchonidine and methyl pyruvate [31].0 is red, C is black, H is white,
and Pt is gray. The N-atom of auxiliary is covered and not seen in the top view.
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Fig. 4. Influence ofTi02 content ofTiOrSi02 aerogels on relative proportion of Si-O-Ti connectiv-
ities R = [Si-O-Ti]/[Si-O-Si}, mean pore diameter (dp), and initial rate (ro) of cyclohexene
epoxidation with tert-butyl hydroperoxide at 60". Note the striking similarity in the dependencies of
ro and R on the Ti02 content. Data taken from [40].

2.3.1. Mixed Oxides, Aerogels, and Xero-
gels

Mixing metal oxides on a molecular
scale provides interesting opportunities
for tailoring acidic and redox properties. A
versatile method for achieving intimate
mixing is the solution-sol-gel method
(SSG) [53] which represents a highly con-
trollable preparation route with inherent
advantages, such as molecular scale mix-

the other three sections (environmental
catalysis, fine chemicals synthesis, and
model systems). The aim is to develop
strategies for tailoring the structural and
chemical properties of solid catalysts and
to explore the potential of new catalytic
materials. Various techniques of solid-
state chemistry, particularly the applica-
tion of molecular design concepts are used
to tailor materials according to the struc-
tural and chemical requirements imposed
by their application in environmental and
fine chemical catalysis.
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ing of the constituents, purity of the pre-
cursors, homogeneity of the sol-gel prod-
uct (isotropy), and the use of different wet-
chemical preparation tailoring tools. The
SSG method is used combined with either
evaporative drying (xerogels) or super-
critical drying (aerogels) for preparing
single and mixed oxides with unique struc-
tural and chemical properties [9][10][40-
44][53-57]. The knowledge gained con-
cerning the influence of the SSG and dry-
ing conditions on structural and chemical
properties of the oxides forms the basis for
the development of new xero- and aerogel
catalysts, including also sol-gel-derived
metaUmetal oxide systems [58-61]. One
of the critical steps in the preparation of
SSG-derived mixed oxides is the drying,
i.e. the removal of the solvent entrapped in
the open gel network. Removal of the
solvent by evaporative drying creates dif-
ferential capillary stress in the gel network
which generally results in its structural
collapse. This collapse can be avoided by
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2.2.4. Amination of Alcohols •.•

The solid-catalyzed amination of alco- !!
hois is an economically important route -
for the synthesis of aliphatic amines, ami- .!•••noalcohols, and cyclic amines [45][46]. ·c
Our experience earlier gained in the ami-
nation of long-chain aliphatic alcohols
[45] is extended to diols and polyols. The
aim is to synthesize polyamines with high
yield and suppress the cyclization, dimer-
ization and other side reactions. Support-
ed metal as well as acidic catalysts are
tested in the amination of symmetric and
non-symmetric triols. The main focus is
on the catalyst design and reaction mech-
anism. The experiments are performed in
batch and continuous reactors suitable for
the use of supercritical NH3'

2.2.5. Partial Oxidation of Hydrocarbons
The aim of this work is to find selective

catalysts for the transformation of alkyl-
aromatic compounds and small-chain hy-
drocarbons to valuable intermediates. The
reactions are performed incontinuous flow
microreactors equipped for in situ studies
(TPR, TPO) of the redox behavior of the
catalysts. Sol-gel-derived oxides and
mixed oxides, and zeolite-type catalysts
are currently being tested and evaluated.
Recent examples are the partial oxidation
of o-xylene over non-promoted [47] and
promoted vanadia-titania catalysts [48]
[49], and the oxidative dehydrogenation
of 10,lI-dihydro-5H-dibenz[bJ]azepine to
5H-dibenz[bJ]azepine over Na-promoted
iron-, manganese-, and cobalt-oxide cata-
lysts [50-52].

2.3. Catalyst Materials
The synthesis of novel chemically and

structurally tailored catalytic materials
represents one of the most rewarding chal-
lenges in catalysis research. The activities
in this section greatly influence those in

tent of the aerogels. Most interesting is the
finding that the activity ofthe aerogels for
epoxidation of cyclohexene, represented
by the initial rate, shows a similar depend-
ence as the relati ve proportion of Si-O- Ti
connectivities, indicating that these struc-
tural units can be associated with the ac-
tive centers. In contrast to the rate, the
selecti vity to the epoxide (ca. 100%) does
not depend on the Ti content in the con-
centration range shown. Similar behavior
was observed for the epoxidation of sever-
al other olefins, including cyclododecene,
norbornene, limonene, and a-isophorone 0
[41-44]. At present, we focus on the selec- E
tiveepoxidation ofolefins possessing more E
complex structure and on fine tuning the
acidic properties of the aerogel catalysts.
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supercritical drying, which eliminates any
liquid-vapor interface inside the gel net-
work during solvent removal. Supercriti-
cal drying is achieved either by transfer-
ring the solvent into its supercritical state
(high-temperature method) or by extract-
ing the solvent entrapped in the gel net-
work using supercritical CO2 (low-tem-
perature method).

2.3.2. Layer-Type Oxides
Mono- and multilayers of various met-

al oxides (VOx [11],MoOx' CrOx[13][14],
[62-64], wax [15]) are built up on oxidic
supports (AI203, Ti02, Zr02, Si02, and
mixed oxides) by selective reaction of
suitable metal-oxide precursors with sur-
face functional groups. These supported
oxide layers are excellent model systems,
well-suited to study the interactions at
oxide-oxide interfaces. The molecular
build-up method provides a powerful tool
for the development of supported oxide
catalysts with controlled surface proper-
ties. An example illustrating the opportu-

nities of these layer-type oxide catalysts is
presented in Fig. 5, which depicts the
immobilization of a VOx layer on a Ti02
support by selective reaction of a vanadyl
alkoxide with the acidic hydroxy groups
of the titania support. This molecular build-
up of the active phase has been successful-
ly applied to optimize the structure of
VO./fi02 catalysts used for the selective
reduction of NO by NH3 [11].

2.3.3. Perovskite-Type Oxides
Perovskites are a group of compounds

with similar crystal structure as the miner-
al perovskite, CaTi03, with the general
formula AB03, where A and B are cations
and A is larger than B. The ideal cubic
perovskite structure is built up of corner-
shared octahedra, B06, with the B cations
in their center. The A cations occupy the
large interstices between the anions orig-
inating from the arrangement of the cor-
ner -shared octahedra. In a stable perovskite
structure, the B cations build stable, polar
octahedral-site blocks, and the A cations

have the appropriate size to fill the hole
between the octahedra. The aim of our
work is to study systematically the struc-
ture-activity relation of perovskites in ox-
idation reactions. The research carried out
so far on ACo03 [17], AMn03+x and
AFe03+x [18], where A = La, Pr, Nd, and
Gd, has clearly demonstrated that thermal
stability and the catalytic behavior of per-
ovskite-type oxides can be greatly influ-
enced by the type of A-site cation.

2.3.4. Multimetal Systems
The catalytic behavior of supported

metal catalysts can be enhanced by modi-
fying their surface with foreign metal at-
oms. Two principally different methods
are applied for the preparation of support-
ed multi metal catalysts, underpotential
deposition of foreign metals onto the cat-
alytically active metal [65][66], and the
immobilization ofheterometallic clusters.
The two methods are used for tailoring the
structural and chemical properties of mul-
timetal catalysts used in various reactions.
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Fig. 5. Schematic illustration of molecular build-up of vanadium-oxide layer on titania support by selective reaction of a vanadyl alkoxide with the surface
hydroxy groups of titania and subsequent heat treatment. The structural changes of the vanadium-oxide layer are characterized by Ff-Raman
spectroscopy. The numbers at the right-hand side of the Raman spectra indicate the corresponding vanadia loading [/llTIolm-21.At low vanadia loadings,
the Raman spectrum shows a sharp prominent band at ca. 1030 cm-I, which is assigned to distorted tetrahedrally coordinated vanadium ions present either
as monomeric vanadyls orchain-like species, and a broad band centered around 925 cm-1, indicative forpolymeric metavanadate-like species. With higher
vanadia loading the band around 925 cm-I increases relative to that at 1030 cm-1, indicating that metavanadate-like species become prevalent. The inset
on the top right illustrates how this structural change influences the specific reaction rate for the selective reduction (SCR) of NO by NH3 at 473 K. Note
the strong increase of the rate with higher vanadia loading, which indicates that the isolated monomeric tetrahedral vanadia species are only poorly active
in SCR. The activity develops strongly when oligomeric and polymeric species are formed, which is in line with the suggestion that SCR of NO requires
two adjacent vanadium centers, as it has been recently proved by in situ Ff-IR spectroscopy [8].
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Fig. 6. Structural investigation of platinum/graph-
ite catalyst by high-resolution transmission elec-
tron microscopy (A) and scanning tunneling mi-
croscopy (B).
A: High-resolution electron micrograph showing
the two main forms of platinum aggregates, iso-
lated islands and meander-like structures. The
lattice resolution varies due to the different thick-
ness of the aggregates, which has been confirmed
by STM [69]. The weakly resolved background
fringes originate from the graphite support.
B: STM image on the right side shows a flat
monolayer thick platinum particle deposited on
the graphite support. High-resolution scans of the
areas I (platinum) and 2 (graphite) are presented
on the left side. The corresponding cross-sections
reveal the distances between the Pt and C-atoms,
respecti vel y.
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2.3.5. Pillared Clays
At present, we focus on hydrotalcite-

type compounds. Hydrotalcite (Mg, AI-
hydroxycarbonate) belongs to the class of

anionic, basic clays. Its characteristic dou-
ble-layered structure can be realized with
many different cations and offers a pro-
nounced versatility with regard to the ele-

mental composition. These hydrotalcite-
like materials are often used as precursors
for molecularly mixed hydroxycarbonates,
hydroxides, or oxides, which possess ba-
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sic and/or redox properties. We study sys-
tematically the influence of preparation
conditions on the chemical, structural, and
catalytic properties of oxyhydroxycar-
bonates based on Mg, AI, Cu, Fe, and Co
[67].

2.3.6. Glassy Metals
Amorphous metal alloys (glassy met-

als) have gained considerable interest in
catalysis research due to their unique struc-
tural and chemical properties [68]. Two
principal directions of research are pur-
sued: i) studies of the catalytic properties
of glassy metals in the as-quenched state;
and, ii) investigations where the glassy
metals are used as precursors to catalyti-
cally active materials. The motivation for
using the glassy materials in the as-
quenched state is based on their unique
structural properties, whereas the use of
glassy metals as catalyst precursors has
opened new routes for the preparation of
supported metal catalysts with chemical
and structural properties which are hardly
achievable with conventional preparation
methods. Glassy metals also serve as mod-
els for studying several fundamental as-
pects such as the role of segregation, ag-
glomeration, and disordered structures in
multi-metal catalysis.

2.4. Model Systems
There are several reasons for using

model catalysts in catalysis research. Tech-
nical catalysts are frequently not suitable
for fundamental studies due to their highly
porous structure and the presence of im-
purities. Furthermore, most technical cat-
alysts are multiphase systems and the ac-
tive sites are often located at the interfaces
or grain boundaries. In these cases it is
difficult to study structure-activity rela-
tions, and special model systems have to
be prepared [69][70] which are suitable
for investigation with powerful surface-
analytical tools such as X-ray-, and UV
photoelectron spectroscopy (XPS, UPS),
ion-scattering spectroscopy (ISS), Auger
electron spectroscopy (AES), low-energy
electron diffraction (LEEO), scanning tun-
neling microscopy (STM), and atomic
force microscopy (AFM). The aim is to
gain information on the surface properties
and on the surface processes on a molecu-
lar level. As an example, Fig. 6 illustrates
the potential of STM for resolving the
surface structure of a platinum on graphite
catalyst on atomic scale [69].

Model systems are also prepared for
elucidating the structural and chemical
properties of novel materials [71 ][72] or
of known materials prepared by new prep-
aration routes [73][74]. Another aim which

is tackled using model surfaces concerns
the structure of adsorbed organic auxilia-
ries as used for the stereochemical control
in enantioselective hydrogenation (2.2.1.).

2.4.1. Structural and Chemical Proper-
ties of Catalytic Interfaces

Three different classes of interfaces
crucial in catalysis are presently focused:
metal-metal, metal-oxide, and oxide-ox-
ide.

metal-metal: Pt-metal catalysts promoted
by heavy metals show excellent activity
and selectivity in the partial oxidation of
alcohols to carbonyl compounds. The ge-
ometrical and electronic effect of the dep-
osition ofPb and Bi on Pt and Pd is studied
with specially prepared bimetallic model
systems, using XPS, UPS, LEEO, STM,
and cyclovoltammetry as analytical tools.

metal-oxide: Structural information con-
cerning metal-oxide interfaces is particu-
larly important for understanding the ef-
fects exerted by support materials on the
catalytic behavior of metals (metal-sup-
port interaction). An interesting example
illustrating the importance of the metal-
oxide interface in catalysis is CO oxida-
tion on Au-Zr02 [21] and Au-Ti02 [72]
catalysts. The crucial role of the Au-Zr02
interface is presently investigated using
thermal desorption (TOS) of the reactant
gases CO, 02>and CO2, in addition to the
previously mentioned techniques.

oxide-oxide: In many metal-oxide-cata-
lyzed reaction the structural properties of
oxide-oxide interfaces are decisi ve for the
catalytic behavior. Presently, we focus on
the following oxide-oxide interfaces:
TiOrSi02 , V205- Ti02, and War Ti02.

2.4.2. Chiral Auxiliaries Adsorbed on
Metals

Chiral auxiliaries, as used in heteroge-
neous enantioselective catalysis (Sect.
2.2.1.), are complex organic molecules
which are adsorbed on active metal sur-
faces for stereochemical control. Enanti-
odifferentiation is induced by interaction
of the chiral auxiliary with the reactant
molecule. Using STM and suitable model
surfaces we try to gain information con-
cerning the structure of the adsorbed or-
ganic auxiliaries. The studies are support-
ed by independent quantum-chemical cal-
culations aiming at finding the energeti-
cally and sterically most favorable confor-
mation of the adsorbed auxiliaries.
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Homogeneous Transition-Metal
Catalysis in Asymmetric
C-C-Bond Formation. Back to
Coordination Polymerization
Giambattista Consiglio*

Abstract. An account is given of the development of the author's research in the field
of homogeneous catalysis by transition-metal complexes at the Laboratorium fUr
Technische Chemie of the ETH, Zi.irich. The main goal is to explore the potentiality of
asymmetric transition-metal catalysis for new reactions in which C-C bonds are
formed, leading to enantiomerically enriched (pure) products. Increasing attention is
gi ven to new carbonylation reactions, in particular to their exploitation for the synthesis
of new stereoregular optically active polymers.

Introduction

There is nothing which impresses it-
self more on the memory than failure! In
1966, I was waiting to be drafted into the
Italian army while doing postdoctoral work
at the University of Pisa (Italy). I was
asked to attempt the preparation of opti-
cally active organoaluminium compounds
in which the asymmetric C-atom had to be
bound to the metal atom. The research was
related to the synthesis of optically active
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