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Water splitting into hydrogen and oxygen on heterogeneous photocatalysts
Kazunari Domen
Department of Chemical System Engineering, The University of Tokyo,
7‐3‐1 Hongo, Bunkyo‐ku, Tokyo 113‐8656, Japan.
Email: domen@chemsys.t.u‐tokyo.ac.jp
Hydrogen production from water on heterogeneous photocatalysts is one of the attractive candi‐
dates to realize a clean and sustainable energy system based on solar energy. Recently, several types
of photocatalytic systems, which work especially under visible light (λ > 400 nm) ‐ the main compo‐
nent of solar spectrum, have been developed.1 As schematically illustrated in Figure 1, they are
mainly divided into two approaches; one is developing new visible light‐responsive photocatalytic
materials with an enough potential to achieve overall water splitting, and the other one is applying a
two‐step excitation mechanism, so‐called Z‐scheme system, using two different photocatalysts and a
suitable redox couple. Of course, photocatalysts developed for the former are possible to be used
even for the latter.
We have mainly worked on developing new photocatalytic materials with suitable band gap ener‐
gies and positions. Among them, some (oxy)nitrides and oxysulfides have been proved to be poten‐
tial photocatalysts for overall water splitting under visible light.1a Especially, typical metal‐containing
oxynitrides, i.e. (Ga1–xZnx)(N1–xOx)2 and (Zn1+xGe)(N2Ox),3 become photocatalysts for overall water
splitting with proper modifications for H2 evolution. They are solid solutions of GaN–ZnO and
ZnGeN2–ZnO, respectively. The photocatalytic activities are strongly dependent on the preparation
methods as well as the modification methods for H2 evolution. The available wavelengths of light for
these materials are up to about 500 nm. The apparent quantum efficiencies (AQYs) are several %’s at
around 400 nm for both photocatalysts.
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In this presentation, recent progress of water splitting using heterogeneous photocatalysts, espe‐
cially (oxy)nitrides developed by our group, will be given.
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Programmed Catalysis with DNA Nanostructures and Hybrid Systems
Itamar Willner
Institute of Chemistry, The Hebrew University of Jerusalem
91904 Jerusalem, Israel
E‐mail: willnea@vms.huji.ac.il
The rapid progress in nanotechnology introduced new materials that may be implemented in bio‐
catalysis and in the development of new enzyme‐mimicking systems. These advances will be exempli‐
fied with the synthesis of metal or semiconductor nanoparticle‐biomolecule hybrid systems for dif‐
ferent bioelectronic applications and by the use of self‐assembled nucleic acid nanostructures for
biocatalytic transformations.
The electrical contacting of redox proteins with electrodes is one of the challenging topics in bio‐
electrochemistry. The incorporation of metal nanoparticles, carbon nanotubes, or the reconstitution
of the proteins on artificial relay units, yields hybrid systems that exhibit electrical contacting with
electrodes. The use of these hybrid systems as bioelectrocatalysts for designing electrical sensors,
biofuel cells and photoelectrochemical solar cells will be introduced.
The base sequences encoded in DNA biopolymers may dictate instructive information for the as‐
sembly of nucleic acid nanostructures with unique catalytic properties. For example, G‐rich nucleic
acids generate G‐quadruplexes that bind hemin in‐between the quadruplex layers. The hemin/G‐
quadruplex exhibits HRP‐mimicking catalytic activities. The use of different hemin/G‐quadruplexes as
catalytic labels for sensing events, and for the activation of DNA machines will be addressed. Specifi‐
cally, the use of the hemin/G‐quadruplex as an electrocatalyst and as catalytic label for the genera‐
tion of color, chemiluminescence and CRET signal will be described. Furthermore, the application of
the hemin/G‐quadruplex as a mimicking DNAzyme for NADH oxidase and NADH peroxidase will be
introduced, and the application of the systems for the regeneration of NAD+ and biotechnological
processes will be discussed. Finally, metal‐dependent DNAzyme nanostructures will be introduced.
Specifically, the use of Mg2+‐ and UO22+‐dependent DNAzymes for logic, computational, application
will be presented, and the application of the systems for autonomous nano‐medicine will be dis‐
cussed.
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Catalytic Technologies Involving Supported Ionic Liquid Films
Peter Wasserscheid
Lehrstuhl für Chemische Reaktionstechnik, Universität Erlangen‐Nürnberg,
Egerlandstraße 3, 91058 Erlangen, Germany
wasserscheid@crt.cbi.uni‐erlangen.de
The ultimate ‐ and so far largely unmet ‐ goal in the development of more efficient catalytic tech‐
nologies is to combine in one material the selectivity, specificity and synthetic availability offered by
homogeneous catalysis with the ease of processing and the robustness that can be realized with he‐
terogeneous catalysis. It is exactly this challenge that is, to the greatest extent, stimulating our re‐
search.
Based on our sound expertise in ionic liquids ‐ molten salts with melting points below 100°C ‐ we
explored in the recent years two different concepts aiming for introducing more uniformity and mo‐
lecular control into catalysis with macroscopically solid contacts. The so‐called “Supported Ionic Liq‐
uid Phase (SILP)” catalysis concept immobilizes a thin film of ionic catalyst solution on the high inter‐
nal surface area of a porous support. Due to the very good wettability of ionic liquids on typical inor‐
ganic supports and as a result of strong capillary forces, the thus formed material is a dry solid that
contains the ionic catalyst solution in form of a thin liquid film in its pores. Consequently, the dis‐
solved catalyst still acts microscopically as a homogeneously dissolved complex in its uniform ionic
liquid environment. Macroscopically, however, a solid SILP material is obtained that can be
processed in reactor concepts traditionally applied in heterogeneous catalysis, e.g. fixed‐bed reac‐
tors. Particular strengths of the SILP catalyst concept compared to traditional organic/ionic liquid‐
biphasic catalysis are the large specific exchange surface between the reactant flow and the ionic
catalyst solution as well as the short diffusion distances of reactants in the relatively viscous ionic
liquid phase.
In contrast, the “Solid Catalyst with Ionic Liquid Layer (SCILL)” technology modifies conventional,
heterogeneous catalysts by a thin IL film. The concept takes advantage of the special physico‐
chemical properties of the IL‐film (e.g. differential solubility) and its distinct potential to chemically
interact with supported catalytic nanoparticles. Due to its extremely low vapor pressure, the IL film
resides on the catalyst surface under reaction conditions and can cause a kind of ligand effect at the
catalytic center.
The contribution will present preparation techniques of SILP and SCILL materials and their charac‐
terization by using surface science techniques. Recent progress in applying these materials in hydro‐
formylation and water‐gas‐shift catalysis (SILP catalysis) as well as in methanol steam reforming
(SCILL catalysis) will be discussed in detail.
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Biomimetic Catalysis in Green Organic Transformations
Jan‐E. Bäckvall
Department of Organic Chemistry, Arrhenius Laboratory, Stockholm University,
SE‐106 91 Stockholm, Sweden
Nature’s way of carrying out organic transformations is often ”green” (mild reaction conditions,
no harmful side products, often enantioselective). We have been involved in the development of
biomimetic oxidations via low‐energy electron transfer.1 This allows the use of molecular oxygen or
hydrogen peroxide in mild oxidations. We have also been involved in biocatalysis and developed
efficient enantioselective transformation via combination with metal catalysis (dynamic kinetic reso‐
lution).2 We recently found that immobilization of a lipase in mesocellular foam (MCF) led to a dra‐
matic improvement of the catalytic performance of the enzyme.3 We have also immobilized a palla‐
dium catalyst in MCF, which resulted in a novel nanopalladium catalyst that can be used for racemi‐
zation of amines4 as well as for oxidation of alcohols.5 The immobilized biocatalyst in MCF as well as
the immobilized Pd in MCF was used in dynamic kinetic resolution of amines.
In this lecture two types of transformations will be discussed:
‐ Biomimetic green oxidations
‐ Biocatalytic transformations in dynamic kinetic resolution
References:
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Polyoxometalates as Oxidation Catalysts: Electron Transfer‐Oxygen Transfer Reactions in Solution
and Insights into the Mars‐Van Krevelen Mechanism
Ronny Neumann
Department of Organic Chemistry, Weizmann Institute of Science, Rehovot, Israel, 76100
Email: Ronny.Neumann@weizmann.ac.il
In recent years we have observed and formulated a unique electron transfer‐oxygen transfer (ET‐
OT) mechanism for oxygenation of organic substrates. These reactions are low temperature, homo‐
geneous analogs of the Mars‐van Krevelen type reactions known from gas phase heterogeneous
reactions. Thus, Keggin polyoxometalate compounds containing vanadium, most notably
H5PV2Mo10O40 react with organic substrates through electron transfer from the substrate to the cata‐
lyst followed by oxygen transfer from the polyoxometalate to the substrate. A reduced species vana‐
dium(IV) species was found to be the reactive intermediate. In a complete catlytic cycle the polyox‐
ometalate catalyst is re‐oxidized by O2. In this presentation we will discuss several of these reactions
including the PCET‐OT oxidation of arenes and alkylarenes,[1] the oxidation of primary aliphatic alco‐
hols via carbon‐carbon bond cleavage that reactions,[2] and the ET‐OT oxidation of sulfides to sulfox‐
ides.[3] In addition, using X‐band and W‐band EPR spectroscopy we will provide insights concerning
the electron transfer and oxygen transfer steps using CO as a model substrate.[4] Finally DFT calcula‐
tions will provide evidence for possible reaction pathways.[5]

Figure 1. Illustration of the oxidation of thioanisole catalyzed by H5PV2Mo10O40
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Homogeneous Chiral Catalysis in Heterogeneous Nanoreactors
Can Li
State Key Laboratory of Catalysis, Dalian Institute of Chemical Physics,
Chinese Academy of Sciences, Dalian 116023, China
http://www.canli.dicp.ac.cn
The heterogeneous asymmetric catalysis is becoming a fascinating area for both the academic re‐
search and the commercial applications. However, the low activity and enantioselectivity of most
chiral solids impedes the practical applications of heterogeneous asymmetric catalysis. The transfor‐
mation of homogeneous asymmetric catalysts into heterogeneous ones would benefit the economic
and green process for the production of chiral chemicals. The chiral solid catalysts prepared by im‐
mobilization method usually exhibits low efficiency due to the inhomogeneous distribution of the
active species and altered microenvironment of the homogeneous asymmetric catalysts. Therefore,
new strategies are desired to be developed for the preparation of high‐performance chiral solids for
heterogeneous asymmetric catalysis.
In recent years, we investigated the asymmetric catalysis in the nanopore of mesoporous mate‐
rials and observed the pore confinement effect which could be used to increase the enantioselectivi‐
ty (ee%) of the solid chiral catalysts [1]. The novel chiral porous materials, the chiral periodic meso‐
porous organosilicas (chiral PMOs), were synthesized and the relation between the porous structure
and the catalytic performance of the chiral PMOs was elucidated [2]. Moreover, we developed an
efficient strategy for encapsulation of transition metal complexes in the nanocage of mesoporous
silicas [3]. The transition metal complexes encapsulated in the nanocages can move freely during the
catalytic process because of no strong interactions between the catalysts and the solid supports. This
strategy could be employed for the preparation of chiral solid catalysts with high activity and enanti‐
oselectivity owing to the cooperative activation effect. More recently, we extended the asymmetric
catalysis to the nanochannels of CNT [4]. Pt nanocatalyst encapsulated inside CNTs modified by CD
was found to be more active and enantioselective than Pt nanocatalyst on the outer surface of CNTs
for the asymmetric hydrogenation of α‐ketoesters, which shows the unique effect of nano‐channels
of CNTs as nanoreactors for asymmetric catalysis. The asymmetric catalysis in the nanoreactor opens
an opportunity for developing novel, highly active and enantioselective heterogeneous chiral cata‐
lysts.
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Design and Study of new Homogeneous Catalysts for Small Molecule Activation and Conversion
Prof. Roy A. Periana
The Scripps Research Institute, rperiana@scripps.edu
The chemistries of the small molecules (CH4, N2, CO2, O2, H2O) are the basis for most of our energy
and materials today. Developing new, lower temperature and more selectivity chemistry for the
conversion of these molecules could provide a basis for new processes that are more sustainable and
economical. We will discuss our approaches to developing molecular catalyst for the conversion of
some of these small molecules that can facilitate reactions at lower temperatures and selectivities. A
key component of our discussion will focus on new reaction chemistry we are exploring and our ef‐
forts to ensure compatibility between the various steps that will be required for catalysis.
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The role of oxo and peroxo Mo(VI) complexes in oxidation processes
Maria José Calhorda and Luis F. Veiros
Universidade de Lisboa, Faculdade de Ciências, Departamento de Química e Bioquímica, CQB, Campo
Grande, 1749‐016 Lisboa, Portugal
Centro de Química Estrutural, Instituto Superior Técnico, 1049‐001 Lisboa, Portugal
Oxidation of CpMo(CO)3X (X=Cl, Me; Cp= 5‐C5H5) by H2O2 or t‐butylhydroperoxide (TBHP) leads to
CpMoO2X (1), which can be further oxidized to another Mo(VI) complex, CpMoO(O2)X (2). When
X=Me, both complexes are active in the catalytic oxidation of olefins in the presence of excess TBHP.
On the other hand, for X=Cl, CpMoO2X oxidizes olefins, sulfides and sulfoxides with H2O2 or TBHP, but
CpMoO(O2)X is claimed not to oxidize olefins, though it promotes the oxidation of sulfides and sulfox‐
ides. The reaction mechanism for olefin oxidation has been addressed by several authors and there is
some controversy. The first step in any reaction is the activation of the OH bond of the oxidant
(HOOMe as a model for TBHP) in DFT calculations (GAUSSIAN 03, PBE1PBE), leading to protonation of
one oxo group of CpMoO2X and coordination of 1‐OOR (3). A competition reaction leads to the for‐
mation of the peroxide complex CpMoO(O2)X (2).

(1)

(2)

(3)

Fig. 1: Catalytic active species
Complex 3 transfers one oxygen to an olefin after addition of the C=C bond to the Mo‐O(OR)
bond; both sulfide and sulfoxide substrates grab directly the same oxygen, in an outer sphere me‐
chanism. The alcohol is formed at the same time, initiating a competing reaction that slows down
catalysis. Olefin epoxidation from 2 (X=Me) is more difficult (higher barriers) than from 3, but the
opposite is observed for the sulfur substrates. This and other aspects of the mechanism of these
reactions, calculated by DFT methods, will be addressed in detail.[1]
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Continuous Homogeneous Catalysis Applying Nanofiltration: Hydroformylation
with MWE Catalysts
Sabriye Güven, Michèle Janssen, Jos Wilting, Christian Müller and Dieter Vogt
Homogeneous Catalysis Group, Schuit Institute of Catalysis, Eindhoven University of Technology, P.O.
Box 513, 5600 MB Eindhoven, The Netherlands
The Rh‐catalyzed hydroformylation of alkenes is one of the largest homogeneously catalyzed
processes in industry today. However, a major issue for the large scale application of homogeneous
catalysts is the recovery and recycling. Due to increasing prices of precious metals, methods to retain
the catalyst are most wanted. The various approaches that have been studied, each with their advan‐
tages and disadvantages, can generally be divided into two categories: biphasic catalysis and immobi‐
lization on either soluble or insoluble supports.
Nanofiltration of molecular weight enlarged (MWE) catalysts is still a rather unexploited field. Re‐
cently, we and others showed the application of nanofiltration to recycle and reuse homogeneous
catalysts in diffusion driven processes.[1,2]
Now we are able to demonstrate the application of MWE catalysts in the continuous hydroformy‐
lation in a pressure driven nanofiltration process (Figure 1).[3] Readily available and cheap building
blocks (POSS = polyhedral oligosilsesquioxanes), feasible for industrial application, were used for
molecular weight enlargement allowing also the fine tuning of
solubility and size.

Figure 1. POSS‐enlarged PPh3 ligand (left) and schematic of continuous nanofiltration setup (right)
Unprecedented results in terms of activity, stability and retention of the MWE catalysts have been
achieved, since the hydroformylation setup was continuously operated for almost 2 weeks without
any significant deactivation or leaching of the catalyst. Details on the catalyst preparation and struc‐
ture as well as a kinetic model for the continuously operated system will be reported in the talk.
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Influence of the reduction state of TiO2(110) on the catalytic CO oxidation on supported
Pt nanoclusters
Simon Bonanni, Kamel Aït‐Mansour, Wolfgang Harbich, and Harald Brune
Institute of Condensed Matter Physics (ICMP), Ecole Polytechnique Fédérale de Lausanne (EPFL), CH‐
1015 Lausanne, Switzerland
We report on an in‐situ study of the catalytic CO oxidation on Pt7 clusters deposited in ultra‐high
vacuum (UHV) on TiO2(110)‐(1×1) surfaces with different reduction states. Two TiO2 single crystals
prepared by 8, respectively, 100 sputter‐annealing cycles give rise to slight and strong substrate re‐
duction states as evidenced by low‐temperature scanning tunneling microscopy (STM) images reveal‐
ing surface oxygen vacancy point defect densities of 3.4 % and 13 % of monolayer, respectively. The
CO oxidation is studied in a home‐built reactor integrated in the UHV system [1] by pulsing 13C16O
and 18O2 reactants alternatingly with a delay of 5 seconds. The yield of 13C16O18O is measured togeth‐
er with the partial pressures of the reactants and as a function of the sample temperature between
300 K and 600 K. CO2 production rates on the Pt clusters are 100 times higher when they are sup‐
ported on the slightly reduced TiO2 than on the strongly reduced one. Thermal desorption spectros‐
copy shows roughly the same Pt capacity to adsorb CO on both TiO2 supports, which excludes encap‐
sulation of the clusters by a titania layer (strong metal‐support interaction) [2,3] as a reason for the
quenching of the activity on the strongly reduced support. STM images after the CO oxidation reveal
the formation of TiOx species on the surface only in the latter case, which suggests the depletion of
the dosed oxygen adsorbed on the Pt clusters via spillover to the support and its consumption by
reaction with Ti3+ interstitials diffusing from the bulk to the surface of TiO2, instead of reaction with
the dosed CO to produce CO2 [4].
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Stabilization of Li in MgO due to cation codoping
Ulla Simon1, Sebastian Arndt2, Almuth Berthold1, Markus Wollgarten3, Oliver Görke1, Reinhard Scho‐
mäcker2, Klaus‐Peter Dinse4, Helmut Schubert1
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Technische Universität Berlin, Institut für Keramik, Berlin, Germany;
Technische Universität Berlin, Institut für Technische Chemie, Berlin, Germany;
3
Helmholtz Zentrum Berlin für Materialien und Energie, Berlin, Germany;
4
Freie Universität Berlin, Berlin, Germany

2

Codoping with Fe and Gd of Li/MgO, a well known catalyst in the oxidative coupling of methane
(OCM), was investigated in terms of Li solubility and stability in MgO. Gd and Fe in their spin states
S = 7/2 and 5/2, respectively, have been chosen as doping agents, because they offer a clear EPR
signature. Thus, we would like to be able to determine the defect structure and the local coordina‐
tion of the doping agents in MgO in order to investigate the exact structure of the catalyst to in‐
crease the knowledge about active centres in OCM, which is unclear despite intensive research [1].
Pure samples have been prepared by a coprecipitation coupled with a Li impregnation and a final
annealing at 900°C to form the pure oxide. The atomic ratio of Li to dopant was kept constant 1:1.
The principles of the chosen codoping process are shown in the following defect reaction using
Kröger–Vinck notation:

Li 2 O  Me 2 O 3  2(MeMg  Li'Mg )  4O0x
XRD patterns indicate a limited solubility of Gd in MgO which could be caused by the larger ionic
radius of Gd3+ of 94 pm (coordination number 6) as compared to the radius of Mg2+ of 72 pm (coor‐
dination number 6). No such restrictions were observed for Fe (ionic radius: 55 pm for coordination
number 6). The Fe‐Li/MgO sample showed solely the XRD peaks of the MgO phase, which indicates
an entire incorporation of the Li and Fe ions in MgO. The peak positions of the MgO pattern were
marginally affected. However, for higher Li and Fe loadings a peak shift towards higher angles and
thus to lower lattice parameters was observed.
By codoping Li/MgO, a charge compensation by Li+ and the formation of correlated Gd3+ ‐ Li+
pairs is anticipated. EPR spectra confirmed the assumption that Gd is occupying the Mg site in the
lattice. Using pulsed EPR instead of conventional cw detection in addition, significant distortion of
the local symmetry is observed only for the codoped samples, which is thought to be caused by the
formation of next neighbour correlated pairs [2].
OCM tests showed an improved catalytic performance for the transition metal stabilized MgO.
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Origin of active sites for propene metathesis in MoOx/SBA‐15
Kazuhiko Amakawa, Sabine Wrabetz, Jutta Kröhnert, Robert Schlögl, Annette Trunschke
Department of Inorganic Chemistry, Fritz Haber Institute of the Max Planck Society
It is accepted that metal‐carbene sites (M=CHR) catalyze olefin metathesis both in homogeneous
and heterogeneous catalysis. In contrast to homogeneous catalysts where chemists design defined
structures of active sites, the formation process of metal carbene sites in industrially relevant, rege‐
nerable, supported metal oxides remains unclear. In order to gain insight into the origin of active
sites, we quantified sites on the surface of MoOx/SBA‐15, which are presumably involved in the cata‐
lytic cycle, using two different approaches; while post‐reaction ethene‐d4 (C2D4) metathesis [1] was
performed to titrate carbene species after propene metathesis, adsorption of propene was studied
using microcalorimetry to trace the formation of carbene sites. We found that the two quantification
methods yielded consistent values and correlated with the metathesis activity. Strong and irreversi‐
ble adsorption of propene might be indicative for high activity for propene metathesis.
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Two catalysts with different metal loading showed contrasting activities for propene metathesis
(Fig. 1D). Microcalorimetry (Fig. 1 A‐C) revealed very strong irreversible adsorption of propene over
the catalytically more active 10Mo (Fig. 1A). Moreover, the concentration of sites that strongly inte‐
ract with propene (70~80 kJ mol‐1) on 10Mo well coincides with the active site density measured by
post‐reaction carbene titration; both were ~15 μmol g‐1 which corresponds to ~1.5% of total molyb‐
denum atoms in the catalyst. Metathesis activities and calorimetric profiles after oxidative regenera‐
tion (823K, in O2) essentially reproduced the result of fresh catalysts, demonstrating excellent possi‐
bility of regeneration, which is an essential requirement for industrial long‐term operation.
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Fig. 1 Differential heats of propene adsorption as a function of coverage at 323 K on MoOx/SBA‐15
((A) and (B); metal loading 10 and 5 %, respectively) and SBA‐15(C); re‐adsorption profiles were
measured after first adsorption followed by successive evacuation. Propene metathesis activities of
MoOx/SBA‐15 at 323K (D). Catalyst regeneration was performed at 823K in O2.
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Synthesis of porous NiMnO and application in dry reforming of methane
Xiao Xie, Torsten Otremba, Reinhard Schomaecker, Arne Thomas
Department of Chemistry, Technique university of Berlin
NiMnO supported on SiO2 was synthesized for dry reforming of methane (DRM), with coprecipita‐
tion [1] and nanocasting [2] methods. Both porous SiO2 (surface area 300m2/g) and SBA15 (surface
area 1200m2/g) were applied as the hard template to study how the porosity structure influence the
dispersion of the metal particles thereby affecting the catalytic activity of NiMnO. In order to investi‐
gate the influence of Strong Metal‐Support Interactions [3] on the activity enhancement in DRM,
NiMnO was also doped with noble metals Pd and Pt. The reactivity of the catalyst was checked in a
fixed‐bed continuous‐flow reactor. The well known catalyst NiMnO prepared by precipitation me‐
thod showed high reactivity between 500‐700 ºC and the water gas shift reaction was dominant
above 700 ºC. In contrast, NiMnO supported on porous silica showed higher reactivity and suppres‐
sion of side reactions. Furthermore, the water gas shift reaction was inhibited even at 850 ºC. This
could be explained by the 5 nm metal particles formed on silica support, which is much smaller than
the one from the precipitation method, with the size of 50 nm. Both the molecular and crystalline
structure of the catalyst were traced before and after the reaction, thereby a highly active and stable
catalyst will be created out and will bring DRM to industrial application.

Fig. 1: Kinetics of Ni0.2MnO_SiO2 in DRM. The catalyst was reduced with 20ml/min H2 at 500 ºC for
30min, the reaction run with the gas flux 12.5 ml/min CH4 and 12.5 ml/min CO2, holding time 30min.
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Development of Solid Ru/CeO2 Catalysts for the Addition of Carboxylic Acids to Terminal Alkynes
Masami Nishiumi, Hiroki Miura, Kenji Wada, Saburo Hosokawa and Masashi Inoue
Department of Energy and Hydrocarbon Chemistry, Graduate School of Engineering, Kyoto University,
Nishikyo‐ku, Kyoto 615‐8510 (Japan)
The development of solid catalysts effective for organic synthesis has attracted much attention
from the viewpoint of green chemistry. Recently, we reported that a series of C‐C bond forming reac‐
tions via the activation of stable C‐H and C‐C bonds promoted by solid ceria‐supported ruthenium
catalysts [1]. On the other hand, the addition of carboxylic acids to alkynes is an atom‐economical
route to enol esters, and several low‐valent ruthenium complexes have been reported to act as ex‐
cellent homogeneous catalysts for this reaction [2]. In the present study, we have developed the
Ru/CeO2‐based catalysts that are effective for the syntheses of enol esters by the addition of carbox‐
ylic acids to terminal alkynes.
The Ru/CeO2‐catalyzed reaction of carboxylic acids and terminal alkynes gave E‐isomers of the an‐
ti‐Markovnikov adducts 3(E) as major products (up to 79% selectivity). For example, the treatment of
benzoic acid 1a with ethynylbenzene 2a at 130 °C for 12 h in the presence of Ru/CeO2 (2.5 mol% as
Ru) afforded 3aa(E) with 74% selectivity (total yield of enol esters, 96%). The ruthenium catalysts
supported on Al2O3, TiO2, SiO2, or MgO were not effective [3]. On the other hand, the Ru/CeO2 cata‐
lysts which were reduced under H2 at 100 °C in the presence of dppb (Ph2P(CH2)4PPh2) selectively
afforded (Z)‐isomers of anti‐Markovnikov adducts 3(Z), while the reactions using the P(n‐octyl)3‐
modified catalysts afforded Markovnikov adducts 4 as major products (Scheme 1).

Scheme 1: Addition of carboxylic acids to terminal alkynes promoted by Ru/CeO2‐based catalysts
References:
[1]

For example; Miura H, Wada K, Hosokawa S, Inoue M (2010) Chem Eur J 16:4186

[2]

Goossen LJ, Rodríguez N, Goossen K (2008) Angew Chem Int Ed 47:3100, and references cited therein.

[3]

Nishiumi M, Miura H, Wada K, Hosokawa S, Inoue M (2010) Adv Synth Catal 352:3045

22

XV. International Symposium on Relations between Homogeneous
and Heterogeneous Catalysis
Berlin, September 11 to 16, 2011

A General and Selective Iron‐catalyzed Aminocarbonylation of Alkynes: Synthesis of Acryl‐ and
Cinnamides and Succinimide
Katrin Marie Driller, Ivana Fleischer, Saisuree Prateeptongkum, Ralf Jackstell, Matthias Beller
Katrin‐Marie.Driller@catalysis.de; Matthias.Beller@catalysis.de
Leibniz‐Institut für Katalyse e.V. an der Universität Rostock, Albert‐Einstein‐Straße 29a, 18059 Ros‐
tock (Germany)
Carbonylation reactions rank among the most important examples of industrially applied homo‐
geneous catalytic reactions.[1] In addition to hydroformylation, especially the synthesis of carboxylic
acid derivatives from unsaturated hydrocarbons attracted considerable interest for both the chemi‐
cal industry and academic laboratories. Since the pioneering work of Reppe and his co‐workers in the
laboratories of BASF from the late 1930´s to the mid‐1950´s, various organometallic catalysts and
synthetic procedures were explored for the carbonylation of alkynes. Since then, mainly noble metal
catalysts have been investigated for this type of transformations. However, due to economical con‐
straints, limited availability, and sometimes sensitivity as well as toxicity of precious metal com‐
plexes, there is an increasing interest to substitute them by more easily available bio‐relevant metals.
In this respect homogeneous catalysis with iron complexes offers a highly attractive replacement
(Figure 1). Without doubt this area has become one of the “hot topics” in organometallic catalysis.[2]

cheap

bio-relevant

Fe

ecological friendly

readily available
Iron-catalyzed reactions

Figure 1: The advantages of iron catalysis
Fe‐catalyzed Carbonylation: Selective and Efficient Synthesis of Succinimides and Maleimides
In order to achieve catalytic carbonylations based on iron, we started to investigate the reaction
of alkynes with carbon monoxide and different nucleophiles. Fortunately, we were able to report the
first iron‐catalyzed synthesis of succinimides by carbonylation of different terminal and internal al‐
kynes with ammonia or primary amines with good selectivity and high activity.[3] Furthermore, the
method was extended to unsymmetrical 1,2‐diarylalkynes or heteroaryl‐substituted alkynes, which
represent more challenging substrates for the synthesis of 3‐(hetero)aryl‐4‐aryl‐succinimides and ‐
maleimides (Scheme 1)[4].
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Scheme 1: Iron‐catalyzed double carbonylation to 3,4‐bisaryl‐maleimides.
A General and Selective Iron‐catalyzed Aminocarbonylation of Alkynes: Synthesis of Acryl‐ and
Cinnamides
Based on this work, we became interested in the selective mono carbonylation of alkynes to give
the corresponding ,‐unsaturated amides.[5] Notably, high chemo‐ and regioselectivity of the proc‐
ess were observed. Numerous acryl‐ and cinnamides were obtained in 58‐87 % yields from corre‐
sponding alkynes and primary or secondary amines. No expensive catalyst is required for this novel
environmentally friendly reaction (Scheme 2).

Scheme 2: Fe‐catalyzed monocarbonylation of phenylacetylene: Synthesis of cinnamides.
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Zinc Chemistry – From a “Boring” Element to Fascinating Applications in Catalysis
Stephan Enthaler
Technische Universität Berlin, Department of Chemistry, Cluster of Excellence “Unifying Concepts in
Catalysis”, Straße des 17. Juni 135, 10623 Berlin, Germany
The development of sustainable, efficient and selective procedures to access organic compounds
with higher values is one of the fundamental research goals in modern chemistry. In this regard, ex‐
cellent performances have been exhibited by application of homogeneous metal‐based catalysts.
Clearly, most of the applied metals displayed difficulties by their high price or toxicity. Hence, today’s
research is focussing on the replacement by cheaper and low toxic metals.[1] Here the use of zinc is
of great interest, due to abundance, biological relevance and distinct abilities. Surprisingly, in com‐
parison to other transition metals the interest in zinc as catalyst core is so far underdeveloped. En‐
couraged by that we started a research program to elucidate the potential of homogeneous zinc
catalysts in organic chemistry, spanning a range from reduction of ketones to reductive amina‐
tions.[2] Based on these studies we wish to present herein our recent results on the usefulness of
easy‐to‐adopt zinc catalysts (Fig. 1).

Fig. 1: Recent developments in zinc catalysis from our group.
Quite recently, we established the first zinc‐based dehydration of primary amides to yield nitriles
in a selective and efficient manner, which are important intermediates for various purposes.[3] The
invented method allows the conversion of a great number of amides with excellent functional group
tolerance under mild reaction conditions. On the other hand, we studied the deoxygenation of sul‐
foxides to sulfides, which has a biological relevance as well as importance in organic transformations,
in the presence of zinc catalysts.[4] Finally, the abilities of zinc have been shown in depolymerisation
reactions to obtain useful intermediates, which can reused in polymerization processes to produce
new polymeric materials.[5] The impact of the method can be addressed to the recycling of waste
polymers, since normally a thermal decomposition is performed after they have accomplished the
requested purposes.
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Fast mononuclear Ru water oxidation catalysts: catching up the activity of oxygen evolving com‐
plex in PSII
Lele Duan and Licheng Sun
Department of Chemistry, School of Chemical Science and Engineering, Royal Institute of Technology
(KTH), Stockholm 10044, Sweden
In nature, water oxidation is carried out by the oxygen evolving complex (OEC) in PSII, providing
electrons and protons for CO2 fixation. Water oxidation is inherently difficult because it involves mul‐
tiple proton‐electron transfer steps and O−O bond formation and is extremely energy demanding.
Thermodynamically, oxidation of water occurs at 0.82 V in pH 7 and 1.23 V (V vs NHE) in pH 0. In
spite of that, the OEC catalyzes water oxidation with remarkably high turnover frequency (TOF),
about 100−400 s−1.[1] In comparison, the literature reported synthetic WOCs have not exceeded 5
s−1.[2] Herein, we would like to present a family of super‐efficient, mononuclear Ru catalysts with
TOFs up to 469 s−1 driven by Ce(NH4)2(NO3)6 under acidic conditions. The detailed catalytic mechan‐
isms were investigated. The discovery of such efficient WOCs paves the way to practical artificial
water splitting devices (2H2O  2H2 + O2).

Fig. 1: Synthetic Ru water oxidation catalysts versus the OEC [3] in nature.
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Single isolated sites in solid catalysts for bridging the gap with homogeneous catalysts
Avelino Corma
Instituto de Tecnología Química (UPV‐CSIC)
Some Lewis acid and redox reactions are efficiently catalyzed in homogeneous phase by transition
metal cations. One way to maintain some of the catalytic properties of the cations while being part of
solid catalysts would be to incorporate them in the structure of a solid catalyst in the form of well
defined single, isolated, accessible and reactive sites. One way of doing that is by synthesizing struc‐
tured micro and mesoporous materials in where the cations will be accessible to reactants. With
these materials, one can improve the properties of the transition metals in solution by introducing
additional effects such as adsorption enhanced activity and selectivity, or shape selective effects of
the catalyst.
Stable metal cations can also be generated by preparing supported nanoparticles that strongly in‐
teract with a given support to stabilize metal cationic species on the surface that are accessible to
reactants.
Transition metal complexes and organocatalysts are very important class of well defined, single
catalytic sites in homogeneous catalysts can be transformed into solid catalyst for heterogeneous
process by synthesizing hybrid materials. The materials are prepared by different techniques such as
grafting, one pot synthesis of PMO or MOF materials.
The synthesis of the materials described above, and their catalytic properties will be presented,
while possibilities for preparing multisite solid catalysts for performing one pot multistep and cas‐
cade reactions will also be presented.
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Designer enzymes
DONALD HILVERT
Laboratory of Organic Chemistry, ETH Zürich, Zurich, Switzerland.
Protein design is a challenging problem. We do not fully understand the rules of protein folding,
and our knowledge of structure‐function relationships in these macromolecules is at best incom‐
plete. Nature has solved the problem of protein design through the mechanism of Darwinian evolu‐
tion. From primitive precursors, recursive cycles of mutation, selection and amplification of mole‐
cules with favorable traits have given rise to all of the many thousands of gene products in every one
of our cells. An analogous process of natural selection can be profitably exploited in silico and in the
laboratory on a human time scale to create, characterize and optimize artificial catalysts for tasks
unimagined by Nature. Recent progress in combining computational and evolutionary approaches for
enzyme design will be discussed, together with insights into enzyme function gained from studies of
the engineered catalysts.

29

XV. International Symposium on Relations between Homogeneous
and Heterogeneous Catalysis
Berlin, September 11 to 16, 2011

Catalysis using gold and gold palladium nanoparticles
Graham J. Hutchings
Cardiff Catalysis Institute, School of Chemistry, Cardiff University, UK, CF10 3AT
hutch@cf.ac.uk
Heterogeneous catalysis plays a major role worldwide, not only with respect to an economic
viewpoint, but it also provides the necessary infrastructure for the well being of society as a whole. A
key discovery in the last two decades has been the identification that gold, when prepared as sup‐
ported nanoparticles, is exceptionally effective as a redox catalyst. To some extent this observation is
counter intuitive since extended gold surfaces do not chemisorb oxygen, nor do they corrode. In the
early to mid 1980s it was discovered that supported gold nanoparticles are in fact a very active cata‐
lyst for CO oxidation and that gold cations are the best catalyst for acetylene hydrochlorination [1]
Recently, there has been an explosion of interest in gold as a catalyst and gold catalysis is now a
major topic for both heterogeneous and homogeneous catalysis worldwide. This presentation will
explore the latest developments using gold and gold palladium nanoparticles as catalysts. This will
consider the use of colloids as well as supported colloids as catalysts and also include recent studies
on the nature of the active site for CO oxidation [2] where recent aberration‐corrected microscopy
has revealed that the active species may involve only 7‐10 gold atoms.
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Active sites in heterogeneous catalysis
Robert Schlögl
Fritz‐Haber‐Institut der MPG
Fardayweg 4‐6
14195 Berlin
www.fhi‐berlin.mpg.de
The concept of active sites is central both in homogeneous and heterogeneous catalysis. Even
when “single site” active centers are active they comprise more than a single atom and thus no ex‐
ception to the statement that an active site is an ensemble of atoms capable of executing one de‐
sired reaction cycle including its own regeneration.
Using two examples of Pd metal in selective hydrogenation[1] and oxidation and MgO in methane
activation[2] the presentation will discuss the state‐of‐affairs when it comes to the detection of active
sites in heterogeneous systems where this is a far greater challenge than in homogeneous systems.
The focus of the discussion is placed on systems under reaction conditions. It will be demonstrat‐
ed that such a detection of active sites would be impossible without the existence of solid knowledge
from model systems providing guidance and bracketing information to be used in design and analysis
of suitable experimentation.
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Determining reaction mechanisms: the input from computational chemistry
Odile EISENSTEIN
Institut Charles Gerhardt, Université Montpellier 2 CNRS, UMR 5253,
34095 Montpellier, FRANCE.
E‐mail : odile.eisenstein@univ-montp2.fr
Computational and notably DFT studies are currently carried out for determining reaction me‐
chanisms resulting in a deeper understanding of reaction pathways. These studies have met increas‐
ing success in the last years even though difficulties (e.g. solvent effects, free energies) are known.
Computational studies are especially powerful in suggesting new mechanisms, which do not follow
traditional thinking. We will illustrate this in the presentation of the computational study with DFT
method of the catalytical hydrofluoroarylation of alkyne by Ni(0) complexes studied experimentally
by Nakao et al. [1] We will present a mechanism that is not initiated by the oxidative addition to the
CH bond of the arene as currently accepted and show that the new mechanism agree with all expe‐
rimental information. [2]
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Aerobic Oxidation of C‐H Bonds Catalyzed by Palladium
Shannon Stahl
University of Wisconsin‐Madison
Molecular oxygen is the quintessential oxidant. The importance of aerobic oxidation in the chemi‐
cal industry is widely recognized, but the use O2 remains a challenge in many selective oxidation
reactions. In recent years, a wide range of potentially useful C‐H oxidation reactions have been de‐
veloped using homogeneous palladium catalysts, but many of these reactions require oxidants other
than O2. This talk will provide a mechanistic overview of Pd‐catalyzed C–H oxidation reactions and
assess the challenges in using O2 as an oxidant. This background will provide a foundation for presen‐
tation of our recent advances in the development of new catalysts and catalytic aerobic oxidation
reactions.
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Conversion of methanol to hydrocarbons ‐ how the zeolitic host
structure affects product selectivity
Unni Olsbye
University of Oslo, inGAP Center of Research‐based Innovation, Department of Chemistry, P.O. Box
1033 Blindern, 0315 Oslo, Norway
unni.olsbye@kjemi.uio.no
In 1977, Chang and Silvestri demonstrated that methanol, as well as a wide range of functiona‐
lised hydrocarbons, may be converted to higher hydrocarbons over Brønsted acidic zeolites [1]. The
discovery led to an intensive research effort over the next decades, and today the methanol to hy‐
drocarbons [(MTH); comprising olefins (MTO) and gasoline (MTG)] process is considered a key step in
the conversion of alternative carbon sources (natural gas, biomass, coal) to polymer‐grade olefins
and liquid fuels, replacing oil‐based refinery processes.
Zeolites are inorganic materials with pores of molecular dimensions. Depending on the channel
size, the MTH product spectrum may be tuned from mainly linear, light alkenes (8‐ring channels) via
mixtures of branched alkanes, alkenes and arenes (10‐ring channels), to mainly arenes and alkanes
(12‐ring channels) [2]. The larger channels give similar product spectra as those reported for metha‐
nol conversion over Lewis acid centres in liquid phase [3].
In academia, efforts have been made to elucidate mechanistic details of the title reaction, as a
means of fine‐tuning the shape selectivity of the zeolitic host. Using mainly kinetic and isotopic label‐
ling experiments, it has been found that methanol conversion is an indirect reaction, where metha‐
nol is added and products are formed on active sites which are hybrid inorganic‐organic reaction
centres. The composition of the reaction centres, as well as their reactivity and product selectivity,
depend on catalyst topology. Channel expansions further play a dominant part in catalyst deactiva‐
tion by coke formation [4].
In this lecture, key contributions to today’s understanding of the MTH reaction mechanism will be
presented, along with our most recent work on catalyst optimisation.
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Biocatalytic oxidative enantioselective C‐C‐formation as the key step in the chemoenzymatic syn‐
thesis of novel optically pure berbine alkaloids
Joerg H. Schrittwieser,a Verena Resch,a Eva‐Maria Fischereder,a Silvia Wallner,b Peter Macheroux,b
Wolfgang Kroutila
a

University of Graz, Heinrichstrasse 28, 8010 Graz, Austria, wolfgang.kroutil@uni‐graz.at
b

Technical University of Graz, Petersgasse 12, 8010 Graz, Austria

Benzylisoquinolines and berbines are two closely related classes of alkaloids possessing a broad
range of biological activities (e.g. sedative, analgesic, hypotensive, cholesterol‐lowering, anti‐HIV).
In nature, the berbine (S)‐scoulerine is formed via the oxidative cyclisation of (S)‐reticuline, a ben‐
zylisoquinoline, catalysed by berberine bridge enzyme (BBE). This transformation represents a unique
C‐H activation of an N‐methyl group concomitant with the consumption of O2 (Fig. 1) [1].
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Fig. 1: Oxidative C‐C bond formation catalysed by the berberine bridge enzyme (BBE)
In our study the biocatalyst proved to tolerate elevated concentrations of substrate and organic
co‐solvents enabling preparative transformations of this reaction type for the first time. The biocata‐
lyst transformed various non‐natural racemic substrates in an enantiospecific fashion, thus only a
single substrate enantiomer was transformed. The oxidative cyclisation reaction was scaled to a 0.5 g
batch size and the (S)‐berbine products as well as the remaining (R)‐benzyltetrahydroisoquinoline
substrates were isolated in good yield and excellent enantiomeric excess (> 97%, HPLC). This novel
method − in combination with an efficient chemical synthesis of the racemic substrates − allowed to
prepare novel non‐natural alkaloids which have not been described before.
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Learning from biological hydrogen catalysis: spectrocopic studies on structure and function of oxy‐
gen tolerant and anaerobic [NiFe]‐hydrogenases
Ingo Zebger1, Diego Millo1, Murat Sezer1, Nina Heidary1, Elisabeth Siebert1, Jacqueline Priebe1, Till‐
mann Utesch1, Tobias Goris3, Stefan Frielingsdorf3, Johannes Fritsch3, Maria Pandelia2, Wolfgang Lu‐
bitz2, Bärbel Friedrich3, Maria Andrea Mroginski1, Peter Hildebrandt1, Inez Weidinger1, Friedhelm
Lendzian1, Oliver Lenz3
1

2

Institut für Chemie, PC14, TU Berlin
Max‐Planck‐Institut für Bioanorganische Chemie, Mülheim/Ruhr
3
Institut für Biologie/Microbiologie, HU Berlin

[NiFe] hydrogenases catalyze the reversible cleavage of molecular hydrogen into electrons and
protons. In view of the raising importance of H2‐based technologies in energy storage and conver‐
sion, the biotechnological potential of these enzymes is extensively explored. Particularly interesting
are the oxygen‐tolerant hydrogenases capable in H2 cycling even under ambient oxygen, such as the
membrane‐bound [NiFe]‐hydrogenase (MBH) from Ralstonia eutropha H16.[1]
The MBH consists of a large subunit (HoxG), harbouring the [NiFe] active site and a small subunit
(HoxK) that contains one [3Fe4S]‐, one [4Fe4S]‐ and an unusual proximal [FeS] cluster.[2] A mem‐
brane‐integral cytochrome b (HoxZ) serves as primary electron acceptor and mediates e‐ transfer to
the respiratory chain. We used IR and EPR spectroscopy to characterize the MBH heterotrimer
HoxKGZ in its natural environment, the cytoplasmic membrane, in comparison with the purified
HoxKGZ and the isolated heterodimeric HoxKG protein. The spectroscopic data reveal a active site
structure similar to that of strictly anaerobic [NiFe] hydrogenases, e.g. from Desulfovibrio vulgaris
Miyazaki F (DvMF).[3] Most of the redox states characteristic for the catalytic centers of O2‐sensitive
hydrogenases were identified for the MBH, except for the oxygen‐inhibited Ni‐A state, underlining
that all three MBH preparations are active in H2 conversion.[4] However, while the heterotrimeric
MBH appeared to be redox‐active to almost 100% and reacted fully reversible in subsequent H2‐air
exchange experiments, the isolated HoxKG protein was partially irreversibly inactivated upon gas
exchange.[2]
With regard to an application in biofuel cells and H2‐sensing devices, both HoxGKZ and HoxGK
were immobilized onto bio‐compatibly coated electrodes and studied by surface enhanced IR and
Raman spectroscopy in combination with protein film voltametry. The corresponding insights into
the structural and mechanistic details of the catalytic processes mediated by the MBH were analyzed
in reference to the well characterized standard hydrogenase of DvMF.[3,4]
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Chemo‐Enzymatic Cascade Reactions Based on Galactose Oxidase
Michael Fuchs,a Katharina Tauber,a Johann Sattler,a Markus Schober,a Jan Pfeffer,b Wolfgang Kroutila
and Kurt Fabera
a

University of Graz, Graz, Austria; bEvonik Degussa GmbH, Marl, Germany
e‐mail: mihi_fuchs@yahoo.de

Aldehydes depict – due to their high reactivity towards nucleophiles – one of the most important
intermediates used in organic synthesis. However, the latter property intrinsically bears also the big‐
gest disadvantage of this compound class – its limited stabilities. Therefore, it has been proposed to
form aldehydes as intermediates by chemical in‐situ oxidation of the corresponding alcohol and to
transform the aldehyde species immediately to the target compounds thereby omitting isolation or
purification [1]. As a 'green' alternative, we aimed at the biocatalytic oxidation of alcohols using ga‐
lactose oxidase from Fusarium NRRL 2903 [2], followed by transformation of the oxidation product to
(a) homoallylic alcohols via a subsequent indium mediated Barbier type coupling [3] and (b) to the
corresponding amines using enzymatic transamination in a one pot cascade. The formation of ho‐
moallylic alcohols takes place in a one‐pot, two‐step fashion, leading to the target molecules in high
yields (up to 96% isolated yield over two steps) without isolation or purification of the aldehyde in‐
termediate. Amine‐formation proceeds via a one‐pot two‐enzyme tandem cascade, involving the
formation of the aldehyde, which is transformed in‐situ to the corresponding amine via an ‐
Transaminase ( ‐TA) based process [4]. Overall, the whole cascade compromises 5 concurrent reac‐
tions, i.e. the simultaneous oxidation and reductive amination in the same vessel.
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Scheme 1: Cascade processes involving Galactose Oxidase
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Immobilization of polyoxometalate based water oxidation catalysts on anodes. Water electrolysis
using modified anodes
Yurii V. Geletii, Jordan M. Sumliner, Sajjad Mohebbi, Guibo Zhu, Hongiin Lv, John Fielden, Djamalad‐
din G. Musaev, and Craig L. Hill
Department of Chemistry and Cherry L. Emerson Center for Scientific Computation, Emory University,
Atlanta, GA 30322, USA
The need for renewable sources of energy tracks with increases in both population and the stan‐
dard of living. Currently, the great majority of energy consumed by humans derives from the com‐
bustion of fossil fuels that results in increasing atmospheric CO2 levels. Solar fuel energy could be an
alternative green source of energy. The reaction in eq 1 produces H2, an environmentally clean fuel.
This reaction is thermodynamically unfavorable, but the required energy can be provided by sunlight.
H2O  H2 + 0.5 O2

E ~1.24 V

(1)

Eq 1 can be considered as the electrolysis of H2O. The required electrochemical potential (voltage)
can be provided by a solar (e.g. photovoltaic) cell. Despite substantial progress, an highly effective
anodic electrocatalyst to reduce overpotentials for water oxidation to oxygen has not been devel‐
oped. In contrast, the reaction to produce hydrogen proceeds with almost no overpotential on plati‐
nized cathodes.
Recently, we reported that the carbon‐free complexes, Rb8K2[{Ru4O4(OH)2(H2O)4}(‐SiW10O36)2] (1)
and Na10[Co4(H2O)2(PW9O34)2] (2) [1‐2], catalyze homogeneous water oxidation at pH 7‐9 very effi‐
ciently. In this work we attempted to immobilize these homogeneous catalysts on the surface of dif‐
ferent electrodes and to use these modified electrodes as the anode in water electrolysis.
We employed two different immobilization approaches. First, complex 1 (as a TBA salt) was ad‐
sorbed on carbon nanotubes and the resulting material was cast on different electrodes (glassy car‐
bon, graphite, carbon papers, etc) by a procedure similar to that reported by Toma et al [3]. Water
electrolysis was performed using graphite modified with 1 and functionalized multi‐walled carbon
nanotubes (F‐MWCT) as the anode and Pt metal as the cathode. Under minimally optimized condi‐
tions, H2 and O2 were formed with high yields in 2:1 ratio at overpotentials of less than 0.6 V.
Second, we immobilized complex 2 on bis(2‐phosphonoethyl)‐4,4’‐bipyridinium dichloride (EVP2)
modified TiO2 films on fluorine doped tin oxide coated glass (FTO) electrodes. This electrode was
used as anode for water electrolysis and showed high efficiency.
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O‐O bond formation mediated by a hexanuclear iron complex supported on a stannoxane core.
Subrata Kundu, Eduard Matito, Josep M. Luis, and Kallol Ray
Humboldt‐Universität zu Berlin, Institut für Chemie, Brook Taylor‐Straße 2, D‐12489 Berlin, Germany
A hexanucleating nonheme ligand 1 supported on a stannoxane core is synthesized by using the
reactions known in the organotin chemistry. Metalation of 1 with iron(II)triflate results in the genera‐
tion of 2 containing six equivalent non‐interacting high‐spin iron(II) centers. In presence of 2‐(tert‐
butylsulfonyl)‐iodosylbenzene complex 2 performs an unprecedented O‐O bond formation reaction
in a series of electron‐transfer steps with the oxygen progressing through terminal oxo, bridging pe‐
roxo, and superoxo states concomitant with a decrease in the formal iron oxidation state. Bridging
carboxylates accelerate the O‐O bond formation step, probably by bringing the intermediate
iron(IV)oxo units in close proximity to each other, thereby ensuring efficient O‐O coupling. Thus, we
provide for the first time an experimental demonstration of the radical coupled O‐O bond formation
reaction, which has been proposed as an essential step for the oxygen generation during water oxi‐
dation.

2
1
Fig. 1: Structure of the hexanucleating ligand 1 and the O‐O bond formation reaction performed by
the FeII‐metalated complex 2. For 2 only two iron centers (out of six) are shown.
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Facing Unexpected Reactivity Paths with Group‐IV Amido‐Pyridinate Polymerization Catalysts
Giuliano Giambastiani, Lapo Luconi, Giulia Tuci, Andrea Rossin, Claudio Bianchini
Institute of Chemistry of OrganoMetallic Compounds, ICCOM‐CNR
Via Madonna del Piano 10, 50019 – Sesto F.no, Firenze, ITALY
Е‐mail: giuliano.giambastiani@iccom.cnr.it
Much of the current interest in organometallic chemistry is linked to the academic and industrial
quest for novel types of efficient and selective olefin oligomerization and polymerization catalysts.
An improvement of their catalytic performance implies a precise control of the metal coordination
sphere, commonly accomplished by a fine tuning of the steric and electronic properties of the ancil‐
lary ligands. Nitrogen donor ligands (imines, amides) have proven to be versatile components of bi‐
and polydentate ligands for the preparation of transition[1] and rare‐earth[2] metal complexes in
polymerization catalysis.
A recent work by our group on amino‐pyridinate ligands in combination with selected Group IV
transition metal precursors [MIV(NMe2)4 and/or MIV(Bn)4; M = Zr, Hf] has shown a non‐innocent role
of the latters towards the preparation of tailored catalysts of unambiguous identity, ultimately un‐
veiling unexpected reactivity paths.[3]
Selected ZrIV‐amidopyridinate complexes from the same series have revealed outstanding poly‐
merization activities in the production of poly(1‐hexene). An in‐depth study on the nature of the cat‐
alytically active species, together with the characteristics of the polymers produced (molecular
weights, tacticity and distribution of regioerror in the polymer microstructure) have demonstrated a
close dependence of the nature of the active species from the catalyst aging‐time.[4]
In the light of the well‐established efficiency of the ZrIV and HfIV complexes for the production of
specialty polyolefins,[5] the results presented in this study provide a useful reference to gain further
insight into the wealth (organometallic and polymerization) chemistry of early transition metal com‐
plexes containing nitrogen‐based ligands.
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A modular approach to understand the catalytic sub‐reactions of the NAD+‐reducing [NiFe]‐
hydrogenase from Ralstonia eutropha
Lars Lauterbach1, Zul Idris2, Juan Liu2, Marius Horch3, Ingo Zebger3, Kylie Vincent2, Oliver Lenz1
Institut f. Biologie/Mikrobiologie, Humboldt‐Universität zu Berlin
Chausseestr. 117, 10115 Berlin (Germany)
Inorganic Chemistry Laboratory, Department of Chemistry, University of Oxford, South Parks Road,
OX1 3QR, Oxford (United Kingdom)

Institut f. Chemie, Sekr. PC14,Technische Universität Berlin
Straße des 17. Juni 135, 10623 Berlin (Germany)
Hydrogenases catalyze the reversible cleavage of dihydrogen into protons and electrons at metal
centers that, in most cases, are prone to damage by O2.[1]. The NAD+‐reducing soluble [NiFe] hydro‐
genase (SH) from Ralstonia eutropha H16, however performs H2 conversion even in the presence of
O2. It is composed of the six subunits HoxHYFUI2 which accommodate the H2‐cycling catalytic Ni‐Fe
center, two flavin mononucleotides (FMN) and an electron relay made of iron‐sulfur clusters [2‐4]. In
order to understand the mechanism of O2‐ tolerance, we have therefore investigated separately the
hydrogenase module HoxHY and the diaphorase module HoxFU in order to break the reaction me‐
chanism of the SH into manageable parts.
In vitro assays and direct electrochemical studies show that as‐isolated HoxHY is catalytically inac‐
tive, but, after reductive activation at low potentials, exhibits both H2 oxidation and H+ reduction
activities. Optical spectroscopy revealed the presence of FMN at substoichiometric levels, which is
consistent with an increase of H2–oxidizing activity in the presence of supplemental FMN [5].
Quantification of the metal and FMN content of the HoxFU module in combination with UV/Vis
spectroscopy revealed one [2Fe2S] cluster, one FMN and a series of [4Fe4S] clusters per HoxFU,
which is consistent with its close relationship to Complex I. The Michaelis constants for the sub‐
strates NADH, NADPH and NAD+ were 56 µM, 6.8 mM and 197µM, respectively. Protein film electro‐
chemistry revealed that NADH oxidation is product‐inhibited by NAD+ with KI = 0.3±0.2 mM [6]. For
HoxHY and HoxFU the overpotential relative to E(2H+/H2) and E(NAD+/NADH) is minimal consistent
with the role of the SH in bidirectional catalysis [5‐6]. The results are discussed in terms of possible
control mechanisms for the direction of catalysis and implications for aerobic hydrogen conversion.
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From cellulose to water‐soluble products: the role of mechanocatalysis
Niklas Meine, Jakob Hilgert, Roberto Rinaldi, Ferdi Schüth
Max‐Planck‐Institut für Kohlenforschung, Kaiser‐Wilhelm‐Platz 1, D‐45470 Mülheim (Ruhr), Germany,
rinaldi@mpi‐muelheim.mpg.de and schueth@mpi‐muelheim.mpg.de
Cellulose holds the promise as a feedstock of a sustainable chemical industry for the 21st century.
For the production of fuels and chemicals, the real challenge is finding carbon‐ and energy‐efficient
processes to convert the biopolymer to smaller molecules. One of the most explored strategies for
utilizing cellulose as an entry‐point into biorefineries is its hydrolysis under heterogeneous condi‐
tions. Nevertheless, since the solid substrate is very resistant against hydrolysis, economically ac‐
ceptable conversion of the feedstock is only achieved under very harsh conditions (dilute sulfuric acid
at 200 °C). [1] Recently, Blair et al. [2] reported that inorganic solid acids, particularly delaminated
kaolinite, catalyze the solid‐state depolymerization of cellulose upon ball milling. Under optimized
conditions, the conversion of cellulose into water‐soluble products reached a maximum at 84 % after
3 h. Nevertheless, the water‐insoluble products are not easily separable from the solid catalyst. Here‐
in, the first results on the mechanically assisted depolymerization of cellulose catalyzed by organic
solid acids are presented. We have discovered that p‐toluenesulfonic acid (p‐TSA) is a much better
catalyst for the mechanically assisted depolymerization of cellulose than kaolinite. The biopolymer is
quantitatively transformed into water‐soluble products upon milling cellulose with p‐TSA for 5 h.
Already 3 h milling is sufficient to transform 90 % of cellulose to water‐soluble products. In addition,
the catalyst can be easily separated from the product mixture and recycled using ion exchange resins.
The products from the depolymerization of α‐cellulose were analyzed using GPC, HPLC, 1H NMR and
ESI‐MS techniques. The apparent degree of polymerization (DP) of the starting material drops from
2200 to 9 anhydroglucose units after mechanical treatment. Cellulose is depolymerized towards wa‐
ter‐soluble oligomers, cellobiose, glucose and glycerol. Strikingly, the formation of dehydration prod‐
ucts (5‐HMF and furfural) is lower than 0.3 %. Other strong solid organic acids also display excellent
catalytic activity. Benzene sulfonic acid and mesitylsulfonic acid show similar performance to p‐TSA.
However, oxalic acid and methanesulfonic acid are less active than p‐TSA, as revealed by the high DP
of the final products and by the small fraction of water‐soluble products formed. Therefore, strong
acids are required to achieve quantitative conversion of cellulose to water‐soluble products. Our
process is even applicable for several types of lignocellulosic biomass like wood, sugarcane bagasse
or switchgrass in very high yields of water‐soluble products. Taken together, the positive experience
presented briefly here could well hold the key for novel and highly efficient routes for lignocellulose
biorefineries.
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Operando Catalyst Sintering and Activity Measurements Using Indirect Nanoplasmonic Sensing
Elin M. Larsson1,2,3, Kristina Wettergren1, Julien Millet1, Stefan Gustafsson1, Magnus Skoglundh3,
Christoph Langhammer1,2
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Sweden

We demonstrate how a novel “nanoplasmonic” (localized surface plasmon resonance, LSPR) me‐
thod, Indirect Nanoplasmonic sensing (INPS), can be applied for operando monitoring of nanoparticle
catalyst sintering and activity measurements after sintering. Sintering causes catalyst deactivation
and large economic and environmental costs associated with catalyst regeneration/renewal. To alle‐
viate this problem it is important to be able to study sintering of real catalyst structures under realis‐
tic working conditions (i.e. often high pressures and temperatures) and in real time. Today, sintering
is usually monitored using post‐mortem analysis by transmission electron microscopy (TEM). Al‐
though in‐situ analysis recently has become possible using TEM, it is very costly and impractical and
limited to low pressures. Therefore, there is a need for novel techniques that allow, cost‐effective,
real‐time monitoring of sintering on real catalysts under realistic reaction conditions.
The principle of INPS is “nanoplasmonic” sensing, which has been intensely investigated for bio‐
sensing. A LSPR is a coherent resonance oscillation of the conduction electrons, a plasmon reson‐
ance, in a metal nanoparticle, which can be excited by near‐visible light with an appropriate col‐
or/wavelength. The wavelength at which the resonance occurs depends e.g. on the dielectric proper‐
ties of the particle’s nanoenvironment and can, therefore, be use for sensing where dielectric
changes are to be detected 4. INPS applies a patent searched 5 sensor chip design which allows
events such as sintering, surface coverage changes1, and hydrogen storage2, 6 in/on nanopar‐
ticles/clusters/thin films to be monitored using the plasmon resonance of other nanoparticles in their
close vicinity. The INPS technology is being commercialized by Insplorion AB that markets and sells
research instruments.
Here we show that INPS can be applied to real‐time monitoring of catalytic nanoparticle sintering
and subsequent activity measurements on the sintered particles. Sintering of Pt clusters, similar to
those in the car exhaust catalyst, was monitored in different gas environments at atmospheric pres‐
sure on SiO2 surfaces. Substantially increased sintering rate were observed in 4% O2 (in Ar) as com‐
pared to in pure Ar. As expected, the sintering rate was also found to increase with increasing tem‐
perature. The optical signal obtained during sintering was calibrated using post‐mortem TEM imaging
of TEM‐window samples, identical to the optical/glass samples, which were run in parallel with the
optical measurements. We show that the optical signal can be directly related to the catalyst nano‐
particle size, number density and platinum surface area and, therefore, can be used to measure sin‐
tering kinetics in real‐time in situ with high time resolution under realistic catalyst working condi‐
tions.
Activity measurements were performed on platinum nanoparticles sintered for different lengths
of time in 4% O2 at 550°C to obtain various particle sizes. The particle size dependent reactivity was
investigated by utilizing the inherent temperature sensitivity of the plasmon resonance [2] and the
highly exothermic H2 oxidation reaction. The dependence of the apparent activation energy on the
particle size was investigated.
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Aerobic Oxidative Transformation of Azides to Nitriles by Supported Ruthenium Hydroxide Catalyst
Kazuya Yamaguchi, Jinling He, Noritaka Mizuno
Department of Applied Chemistry, School of Engineering, The University of Tokyo
Nitriles have been recognized as very efficient and useful synthons for preparation of amines,
amides, carbonyl compounds, and heterocycles. However, classical procedures using highly toxic
inorganic cyanides should be replaced by environmentally‐friendly ones. Oxidative transformation of
primary azides to nitriles is an alternative attractive approach to synthesis of nitriles. Although sever‐
al procedures have been reported, the reported procedures require reactive stoichiometric oxidants,
or catalysts with hydrogen acceptors or strong oxidants. As far as we know, catalytic oxidative trans‐
formation of azides to nitriles with O2 (or air) as a sole oxidant has never been reported so far.
Recently, we have developed efficient heterogeneous catalysts for functional group transforma‐
tions [1]. Our strategy to design efficient heterogeneous catalysts is creation of highly (monomerical‐
ly) dispersed metal hydroxide species on appropriate supports (especially ruthenium hydroxide spe‐
cies) [1]. The metal hydroxide species possess both Lewis acid and Brønsted base sites on the same
metal sites, and various kinds of functional group transformations would be promoted through “con‐
certed activation” of substrates by the Lewis acid and Brønsted base sites. Transformation of azides
to nitriles with metal hydroxide catalysts would proceed via sequential reactions of the concerted
activation of primary azides by the Lewis acid and Brønsted base sites to form imide, followed by
dehydrogenation ( ‐elimination) to produce the corresponding nitriles.
As we expected, an easily prepared supported ruthenium hydroxide catalyst, Ru(OH)x/Al2O3,
showed high catalytic performance for transformation of azides to nitriles using 1 atm of air (or O2)
as a sole oxidant [2]. As shown in Fig. 1, various kinds of structurally diverse azides including benzylic,
allylic, and aliphatic ones could be converted into the corresponding nitriles in moderate to high
yields (65–94% yields). The gram‐scale (1 g) transformation of benzyl azide efficiently proceeded to
give benzonitrile (0.7 g, 90% yield) without any decrease in the performance in comparison with the
small‐scale (0.5 mmol) trans‐
R CN
R
N3
formation. The catalysis was
1a1m
2a2m
truly heterogeneous, and the
retrieved catalyst could be 1a (R=Ph): 85% yield (5 h), 1b (R = 4-MeOC H ): 90% yield (3 h),
6 4
reused without an appreciable 1c (R = 3-MeOC H ): 86% yield (5 h), 1d (R = 4-MeC H ): 88% yield (2.5 h),
6 4
6 4
loss of its high performance. 1e (R = 4-ClC H ): 89% yield (5 h), 1f (R = 4-PhC H ): 92% yield (6 h),
6 4
6 4
Additionally, direct one‐pot 1g (R = 4-CF C H ): 82% yield (12 h), 1h (R = 4-NO C H ): 65% yield (24 h)a,
3 6 4
2 6 4
synthesis from alkyl halides and
1i (R = 2-naphthyl): 90% yield (5 h), 1j (R = 3-pyridyl): 66% yield (24 h),
TBAN3
(TBA
=
tetra‐n‐
1k (R = C6H5CH=CH): 71% yield (24 h)a, 1l (R = n-C7H15): 75% yield (24 h),
butylammonium) could be rea‐
1m (R = cyclohexyl): 94% yield (10 h)
lized with Ru(OH)x/Al2O3.
Fig. 1: Scope of the Ru(OH)x/Al2O3‐catalyzed transformation of
primary azides to nitriles. Reaction conditions: substrate (0.5
mmol), Ru(OH)x/Al2O3 (4 mol%), toluene (2 mL), air (1 atm), 80°C.
Yields were based on azides and determined by GC.
a
Ru(OH)x/Al2O3 (8 mol%).
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Electrosynthesis, functional and structural characterization
of a water‐oxidizing manganese oxide
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and Holger Dau1
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In the sustainable production of non‐fossil fuels, water oxidation is pivotal but requires an effi‐
cient catalyst. We report a route for electrodeposition of a Mn oxide (MnCat) that acts as a water‐
oxidation electrocatalyst at neutral pH and characterize it structurally and functionally. Compared to
Co‐based systems [1], the MnCat excels by higher abundance and lower toxicity of the catalytic met‐
al. Electrochemistry combined with UV‐vis spectroscopy and simultaneous recording of O2‐evolution
facilitates discrimination between (i) oxidative charging by Mn oxidation and (ii) catalytic currents. X‐
ray spectroscopy reveals that not only the mean Mn oxidation state of the MnCat (ca. +3.8) but also
µ‐oxo bridging motifs resemble those of the water splitting Mn4Ca complex of photosynthesis. How‐
ever the MnCat was synthesized without redox‐inactive cation like Ca, suggesting that Mn ions subs‐
titute for Ca. Extensive mono‐µ‐oxo bridging in addition to di‐µ‐oxo bridging is observed only in the
MnCat but neither in the Co‐based electrocatalyst [1,2] nor in colloidal water‐oxidizing Mn‐Ca oxides
[3]. By comparison with an electrodeposited Mn oxide inactive in water oxidation, we identify cha‐
racteristics that likely are crucial for catalytic activity of the MnCat. Our investigation may pave the
road for knowledge‐guided optimization of the MnCat and eventually its use in technological systems
for fuel production.
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Fig. 1: Left: SEM images of the electrodeposited Mn oxides. Right: X‐ray absorption spectra of the
MnCat (red) and the inactive electrodeposited Mn oxide (blue). The edge region (XANES) is shown in
the inset; the arrows mark shoulders in the MnCat spectrum, indicating deviations from layered oxide
structure. Each peak in the Fourier‐transformed EXAFS spectra relates to a specific structural motif
that is schematically depicted (O in red, Mn in purple; EXAFS simulations as thin black lines).
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Investigation on reduction behavior of CuO‐loaded SnO2 by simultaneous measurements of TPR
and electric resistance
Hiroyuki Yamaura, Shinsuke Hirao, Hidenori Yahiro
Department of Materials Science and Biotechnology, Graduate School of Science and Engineering,
Ehime University, Matsuyama 790‐8577, Japan
Polymer electrolyte fuel cells (PEFCs) using H2 fuel are one of the most promising candidates for
clean power source. In order to prevent poisoning of Pt electrode catalyst in PEFCs, it is necessary to
monitor of the CO concentration in H2 fuel gas. However, a very few studies concerning CO monitor
in a reducing atmosphere has been reported. Polster et al. reported CuOx‐CeO2 catalysts as sensor
substrate for detection of CO in H2 [1]. Recently, we have reported that CuO‐loaded SnO2 sensor ex‐
hibited high resistive response to 1% CO in wet 50% H2/N2 at 150 oC [2]. However, little is known
about CO sensing mechanism of CuO‐loaded SnO2 sensors in a reducing atmosphere. As a preliminary
work for clarifying CO‐sensing mechanism on CuO‐loaded SnO2 sensor in a reducing atmosphere, we
investigated the reduction behavior of CuO‐loaded SnO2 by simultaneous measurements of H2‐
temperature programmed reduction by and sensor resistance (TPR&R).

[2]

Polster CS, Baertsch CD (2008) Chem Commun: 4046‐
4048
Yamaura H, Nakaoka M, Hirao S, Fujiwara A, Yahiro H
(2010) Mater Manuf Processes 25:350‐353
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SnO2 was prepared by ammonolysis of solution of tin chloride. The resulting precipitate was cal‐
cined at 600 oC for 5h. CuO was loaded on SnO2 by a conventional impregnation method with an
aqueous solution of Cu(CH3COO)2∙H2O. The loaded sample was finally calcined at 600 oC for 5h. The
sample is represented by CuO(x)/SnO2, where x is the loading amount of CuO. Figure 1 shows TPR&R
profiles of SnO2 and CuO(2)/SnO2. As shown in Fig. 1(a), H2‐TPR profile of SnO2 consists of four reduc‐
tion peaks ( , , , and ) accompanying with the change in sensor resistance. Comparing H2‐TPR
curve with the change in sensor resistance, H2‐TPR peaks observed at 230, 300, 370, and above 400
o
C could be assigned to the reductions of surface‐adsorbed oxygen species, surface‐lattice oxygen,
amorphous SnO2, and bulk SnO2, respectively. H2‐TPR
profile of CuO/SnO2 (Fig. 1(b)) was significantly differ‐
ent from that of SnO2. TPR&R profile of CuO/SnO2 cla‐
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Fig. 1 TPR&R measurements for (a)
SnO2 and (b) CuO(2)/SnO2.
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Efficient Electrocatalysts for Future Energy Technology: The Importance of Understanding How
Enzymes Work so Well.
Fraser Armstrong
Department of Chemistry, Oxford University
Enzymes are widely accepted to be highly active, albeit non‐robust catalysts, but recently they are
also emerging as highly efficient electrocatalysts, despite their large size.1 By studying and exploiting
the electrocatalytic properties of selected enzymes it has been possible (a) to make detailed studies
addressing the viability or otherwise of renewable H2 production by oxygenic photosynthesis (biolog‐
ical water splitting) and of the mechanisms by which hydrogenases deal with (or fail) with O2 2‐4, and
(b) to provide convincing demonstrations and obtain mechanistic information on their ability to per‐
form rapid and efficient fuel production,5‐7 particularly when attached to energizable nanoparticles.
In the latter examples, it is important to identify what makes certain enzymes such active and effi‐
cient electrocatalysts. Enzymes such as hydrogenases and carbon monoxide dehydrogenases, with
billions of years to evolve (where energy efficiency is an important driver) show how this is done.
References
[1]

Reversibility and efficiency in electrocatalytic energy conversion and lessons from enzymes. F. A. Arm‐
strong & J. Hirst. Proc. Natl. Acad. Sci. USA 108, in press (2011).

[2]

How Oxygen attacks [FeFe] Hydrogenases from photosynthetic Organisms. S. Stripp et al. Proc. Natl.
Acad. Sci. USA 106, 17331‐17336 (2009).

[3]

A Kinetic and Thermodynamic Understanding of O2 Tolerance in [NiFe]‐Hydrogenases. J. A. Cracknell et
al. Proc. Natl. Acad. Sci. USA 20681‐20686 (2009).

[4]

Formaldehyde – a Rapid and Reversible Inhibitor of Hydrogen Production by [FeFe]‐Hydrogenases. A. F.
Wait et al. J. Amer. Chem. Soc. 133, 1282‐1285 (2011).

[5]

Water‐Gas Shift Reaction Catalyzed by Redox Enzymes on Conducting Graphite Platelets. O. Lazarus et
al. J. Amer. Chem. Soc. 131, 14154–14155 (2009).

[6]

Visible Light Driven H2 Production by Hydrogenases Attached to Dye‐sensitized TiO2 Nanoparticles. E.
Reisner et al. J. Amer. Chem. Soc. 131, 18457‐18466 (2009).

[7]

CO2 Photoreduction at Enzyme‐modified Metal Oxide Nanoparticles. T. W. Woolerton et al, Energy.
Environ. Sci. 4, 2393‐2399 (2011).

50

XV. International Symposium on Relations between Homogeneous
and Heterogeneous Catalysis
Berlin, September 11 to 16, 2011

Catalytically active metal oxides in different environments.
Quantum chemical approach
Joachim Sauer
Institut für Chemie, Humboldt‐Universität, Unter den Linden 6, 10000 Berlin, Germany
What do we learn from gas phase cluster studies about the activity of solid oxide catalysts for C‐H
activation? This question is discussed for the reaction of magnesium and aluminium oxide with me‐
thane,1,2 and for the reaction of vanadium oxide with methane,3 propane, butene,4 and methanol.5
Based on a detailed mechanism of the oxidative dehydrogenation of light alkanes6 and the oxida‐
tion of methanol to formaldehyde,5 the effect of different supporting oxides such as SiO2, Al2O3, ZrO2,
and CeO2 on the activity of supported vanadium oxides is analysed. The support effect is well‐known,
but the different factors that may contribute to it and their interplay are not understood: global elec‐
tronic effects depending on the chemical composition, varying distributions of vanadia species and
particles of different size and structure, different role of Lewis and Brønsted acid sites. To compare
the catalytic activity of the different materials in oxidation reactions, we calculate the energies of O
defect formation that relate to the reaction energy, and the energies of hydrogenation that relate to
the energy barrier of the rate‐determining step. Our calculations show that the remarkably high ac‐
tivity observed for vanadia catalysts supported on ceria directly relates to a special synergy between
the ceria support and the supported oxide (vanadia).7 This is explained by the unique ability of ceria
to accommodating extra electrons into Ce 4f states and removing it from V 3d states in the reduced
catalyst.
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Insights into Heterogeneous Catalytic Processes from Fundamental
Surface Chemistry: A Molecular View
Cynthia M. Friend
Harvard University, Department of Chemistry, 12 Oxford St.; Cambridge, MA 02138, USA
Fundamental studies of reactions on surfaces provide guiding principles for catalytic processes.
Examples of coupling reactions on gold and on titania will be described and compared to homogene‐
ous reactions as well as to heterogeneous catalysis under ambient conditions. The oxidative coupling
of alcohols to organic esters on O=covered Au will be used to illustrate a combined experimental and
theoretical approach to establishing a molecular‐level mechanism for this class of processes. The
fundamental results are in excellent agreement with studies of the same reactions at atmospheric
pressure using nanoporous gold as a catalyst. Atomic oxygen bound to Au is necessary to promote
these reactions, which occur on metallic Au. The oxygen is bound in sites of local 3‐fold coordination
at low O coverage. The adsorption of O on Au induces release of Au atoms from the surface, creating
Au nanoparticles. The size and degree of local order of the Au nanoparticles depends on the rate of
and temperature for oxidation. Reductive coupling of aldehydes to olefins will also be described,
highlighting the key importance of molecular‐scale imaging in understanding the role of defects. The
importance of interstitial defects in thermal and photochemical processes on TiO2 will specifically be
discussed. Factors to consider when trying to bridge fundamental studies to catalytic systems will be
discussed along with possible future directions and challenges in more fully understanding key cata‐
lytic reactions.
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Stereocontrolled Olefin Metathesis
Siegfried Blechert
TU Berlin – Berlin Institute of Technology, Institute of Chemistry,
Str. d. 17. Juni 115, 10623 Berlin, Germany
blechert@chem.tu‐berlin.de
The creation of new chiral centers is an important issue in synthetic organic chemistry. Stereocon‐
trol of olefin metathesis reactions is possible by chiral catalysts or by diastereoselective reactions.
Among the different types of olefin metathesis reactions ring rearrangement metathesis (RRM) has
proven to be a powerful concept, in particular in natural product synthesis. We have extended this
principle by diastereoselective variations and combinations in domino reactions. Applications in nat‐
ural product synthesis are presented. We are also interested in the development of chiral Ru‐
catalysts for asymmetric olefin metathesis. Recently we introduced very efficient catalysts with a
single chiral center in the N‐heterocyclic carbene ligand1,2. Further developments and applications in
synthesis will be presented.
References
[1]

S. Tiede; A. Berger, D. Schlesiger, D. Rost, A. Lühl, S. Blechert Angew. Chem. Int. Ed. 2010, 49, 3972.

[2]

A. Kannenberg, D. Rost, S. Eibauer, S. Tiede, S. Blechert Angew. Chem. Int. Ed. 2011, 50, 3299.

53

XV. International Symposium on Relations between Homogeneous
and Heterogeneous Catalysis
Berlin, September 11 to 16, 2011

NO adsorption on transition metal ions in microporous materials followed by combined use of
spectroscopies
Silvia Bordiga1, Francesca Bonino1, Elena Groppo1, Sachin Chavan1, Erik Gallo1,2,3 and Carlo Lamberti1
1

Dipartimento di Chimica IFM, NIS Centre of Excellence and INSTM Centro di Riferimento,Via Quarello
11, Università di Torino,Italy.
2
European Synchrotron Radiation Facility, F‐38043 Grenoble, France
3
Sciences Chimiques de Rennes Equipe "Matériaux Inorganiques: Chimie Douce et Réactivité" Univer‐
sité de Rennes 1 ‐ CS 74205 Bât. 10B, Av. du Général Leclerc, 35042 Rennes cedex, France

Transition metal ions as counter‐ions in zeolites or grafted on silica or as open metal sites in
MOFs, are known to form stable complexes with NO. When NO is interacting with positively charged
transition metal centers, the presence of an extra electron in the * orbital of NO is resulting in a
superior bonding character, being an efficient amplifier of the d‐ overlap effects, that affects spec‐
troscopic features. When the metal sites are characterized by ligand vacancies, multi nitrosyls are
formed and in some case redox reactions occur. Well known examples are multi‐nitrosyls on Fe‐
zeolites, on Cu‐zeolites, or on Cr(II)‐grafted on silica (Phillips catalyst). In these cases, the formation
of the nitrosyl adducts is the first step of more complex chemistry that can achieve NO decomposi‐
tion following redox cycles [1‐4]. The discovery of a large variety of porous metallorganic frameworks
with transition metal sites with coordinative vacancies, is finding application in the development of
materials for NO capture, storage and controlled release. Well known examples are mono nitrosyls
strongly, but reversibly bonded on H‐KUST‐1, on Ni‐ or on Co‐ CPO‐27 [5,6]. In all these cases, vibra‐
tional spectroscopies (IR and Raman), in combination with electronic spectroscopy (UV‐VIS‐NIR),
XAFS spectroscopies and, more recently, RIXS are powerful tools to describe the characteristics of the
nitrosylic species and clarify the nature of the interactions.
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Fig. 1: Ni(II)NO mono nitrosyl adducts formed in Ni‐CPO27.
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Grubbs and Hoveyda‐Grubbs olefin metathesis catalysts immobilized on
mesoporous molecular sieves
Hynek Balcar, David Bek, Tushar Shinde, Jakub Pastva, Naděžda Žilková
J. Heyrovský Institute of Physical Chemistry, Academy of Sciences of the Czech Republic,v.v.i.,
Dolejškova 3, 182 23 Prague 8, Czech Republic
Olefin metathesis was established as an important tool in organic synthesis [1]. Especially, the in‐
troduction of Grubbs and Hoveyda‐Grubbs catalysts (Fig. 1) as effective and robust catalysts enlarged
the application potential of olefin metathesis in the synthesis of many fine chemicals and special
polymers [2]. Homogeneous Grubbs and Hoveyda‐Grubbs catalysts, however, have to face the prob‐
lems with the separation of products from catalyst residues and with catalyst recovery. Immobiliza‐
tion of originally homogeneous catalysts on solid supports promises to overcome these problems.
Several strategies for immobilization of Grubbs and Hoveyda‐Grubbs catalysts have been developed
[3], however, the immobilization was accompanied by a considerable decrease in catalytic activity in
many cases due to (i) the changes in the Ru coordination sphere and (ii) slow diffusion of reactants to
the catalytically active species.
Fig.1. Grubbs (I) and Hoveyda‐Grubbs(II, III) catalysts used for immobilization.
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Mesoporous molecular sieves – inorganic materials characterized by high surface areas, large
pore volumes and narrow pore size distributions are often used as supports for advanced catalysts.
We report the immobilization of catalysts I, II and III on mesoporous molecular sieves MCM‐41 (pore
diameter d = 4.0 nm), MCM‐48 (d = 6.0 nm), SBA‐15 (d = 6.9), and SBA‐15 (d = 11.1 nm) either by
means of phosphine linkers (catalysts I and II) or by direct interaction of catalyst with support surface
(catalyst III). Hybrid catalysts prepared in this way exhibited very low leaching and can be reused
several times. They were found active in all types of metathesis reactions (ring‐closing metathesis,
homo‐ and cross‐metathesis, ring‐opening metathesis polymerization ‐ ROMP) and their activity was
higher in comparison with catalysts based on conventional silica. Moreover, their activity was found
to increase with increasing pore size of mesoporous supports and to approach the activity of homo‐
geneous systems. It may results from enhanced diffusion in large pores. Particularly in ROMP, high
molecular weight polymers were prepared in high yields only with catalysts on mesoporous supports
– very narrow pores were blocked by forming polymer and the reaction stopped at low yields.
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Spectroscopic investigation of heterogeneous Ziegler‐Natta catalysts: Ti and Mg chloride tetrahy‐
drofuranates, their interaction compound and the role of the activator
K. Seenivasan,a A. Sommazzi,b F. Bonino,a S. Bordigaa, E. Groppoa
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Dep. of Inorganic, Physical and Material Chemistry, NIS Centre of Excellence and INSTM Unità di To‐
rino, University of Torino, Italy.
b
Eni S.p.A., Research Center of Non‐Conventional Energies, Istituto Eni Donegani, Novara

X‐ray Powder Diffraction, IR, Raman and UV‐Vis spectroscopy have been used to investigate the
structural, vibrational and optical properties of Ti and Mg chloride tetrahydrofuranates as precursors
of heterogeneous Ziegler‐Natta catalysts for polyethylene production; as well as their interaction
compound (pro‐catalyst) and the final catalyst obtained after interaction with AlR3 activator [1]. Al‐
though the structure of the precursors and of the pro‐catalyst were well known, that of the catalyst
(obtained by reaction of the pro‐catalyst with AlR3) was not easily obtainable from XRPD data. IR and
Raman spectroscopy provided important information on tetrahydrofuran (thf) coordination and in
the ν(M‐Cl) region; whereas UV‐Vis spectroscopy gave the direct proof on both, the formal oxidation
state and the coordination environment of the active Ti sites.
It is demonstrated that understanding a complex catalytic system, such as a Ziegler‐Natta catalyst,
cannot be achieved without investigating in detail the individual components of the system. The
spectroscopic data show that the Ti and Mg catalyst precursors yield a mixed salt with characteristic
physicochemical properties; however, the crystalline structure of this pro‐catalyst is subsequently
completely destroyed by interaction with the AlR3 activator. Although it constitutes a fundamental
step in the elucidation of the complex chemistry behind the catalyst formation, the pro‐catalyst
alone is not representative of the structure of the real catalyst. Those presented herein are among
the first direct experimental data on the structure of the active Ti sites in Ziegler‐Natta catalysts, and
can be used to validate the many computational studies which are increasing exponentially in the last
decades.

Fig. 1: UV‐Vis (left) and Raman (right) spectra of the Ti(IV) and Mg tetrahydrofuranate precursors, of
their interaction compound (pro‐catalyst) and of the final catalyst obtained after interaction with AlR3
activator. The molecular units constituting the crystal structures of the investigated samples are also
shown.
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Preparation and Selective Catalytic Behavior of Molecularly Imprinted Ru Catalysts
on a SiO2 Surface Acting in Water Media
Satoshi MURATSUGU, Zhihuan WENG, Nozomu ISHIGURO, Mizuki TADA
Institute for Molecular Science, Myodaiji Okazaki, JAPAN
Functionalization of catalyst surfaces is now reaching the stage of regulation of selective catalysis
at molecular level for a variety of important chemical products. Molecular imprinting of an oxide‐
supported metal complex whose ligand is utilized as a template is devoted to the design of a selec‐
tive space for a particular molecule, and a shape‐selective reaction cavity with a similar shape to the
template can be created beside catalytically active metal atom on the oxide surface. We have pre‐
pared molecularly imprinted Ru‐complex catalysts with organic‐polymer matrix on a SiO2 surface and
achieved the asymmetric transfer hydrogenation (ATH) of o‐fluoroacetopheneone (o‐F‐AP) in water
media.[1]
Molecularly imprinted Ru complexes were prepared by step‐by‐step synthesis on a SiO2 surface in
a controllable manner: (step 1) functionalization of a SiO2 surface with p‐styryl moiety, (step 2) at‐
tachment of a Ru complex precursor onto the functionalized SiO2, (step 3) coordination of a template
for ATH of o‐F‐AP (Na salt of (R)‐1‐(o‐fluorophenyl)ethanol) to the supported Ru complex (Sup), (step
4) stacking of surface polymer matrices, and (step 5) the removal of the template (Imp), as shown in
Figure 1. We utilized hydrophobic organic polymers and hydrophilic SiO2‐matrix overlayers as surface
matrices for the molecular imprinting to investigate the catalytic performances for ATH in water me‐
dia. The structures of the Ru complexes were characterized by SS‐NMR, XPS, DR‐UV/vis, XRF, Ru K‐
edge EXAFS, BET, TGA, and SEM, and the relationship between the structures of surface polymer
matrices and the ATH catalytic performances of (Imp) was systematically investigated.
Catalytic performances on the imprinted Ru catalysts (Imp) for the ATH of o‐F‐AP in water media
were highly dependent on the types of organic polymer matrices. (Imp) with hydrophobic polymer
matrix prepared by the photopolymerization of ThreeBond 3026E (65‐75% acrylate oligomer) exhi‐
bited enantioselective catalysis (90% conv. and 91% ee (R)) for the ATH of o‐F‐AP in water. Fine
shape selectivity to distinguish the position of substituted fluorides on acetophenone derivatives was
also achieved on the catalyst. On the other hand, (Imp) with hydrophilic SiO2 matrix overlayers did
not act as a good catalyst for the ATH in water, indicating that surface polymer matrix contributed to
not only shape selective behavior but also hydrophobic reaction space for the organic reactant mole‐
cule in water media.

Figure 1: Preparation of a molecularly imprinted Ru‐complex catalyst on SiO2 for asymmetric transfer
hydrogenation of o‐fluoroacetophenone.
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Biological Methane Oxidation
Amy Rosenzweig
Northwestern University, Molecular Biosciences and Chemistry, Evanston 60208, USA
Vast world reserves of methane gas are underutilized as a feedstock for production of liquid fuels
and chemicals due to the lack of economical and sustainable strategies for selective oxidation to me‐
thanol. Current processes to activate the strong C‐H bond (104 kcal/mol) in methane require high
temperatures, are costly and inefficient, and produce waste. In nature, methanotrophic bacteria
perform this reaction under ambient conditions using metalloenzymes called methane monooxyge‐
nases (MMOs). There are two types of MMOs. Soluble MMO (sMMO), which is expressed by several
strains of methanotrophs under copper limited conditions, oxidizes methane with a well characte‐
rized catalytic diiron center. Particulate methane monooxygenase (pMMO), an integral membrane
metalloenzyme produced by all methanotrophs, is composed of three subunits, pmoA, pmoB, and
pmoC, arranged in a trimeric 3 3 3 complex. Despite 20 years of research and the availability of two
crystal structures, the metal composition and location of the pMMO metal active site remain contro‐
versial. We have recently shown that pMMO activity is dependent on copper, not iron, and that the
copper active site is located in the soluble domains of the pmoB subunit rather than within the
membrane. Recombinant soluble fragments of pmoB (spmoB) bind copper and exhibit propylene
and methane oxidation activities. Disruption of each copper center in spmoB by mutagenesis indi‐
cates that the active site is a dicopper center. Spectroscopic studies of both pMMO and spmoB pro‐
vide evidence for dioxygen binding at the dicopper center.
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Catalytic Modification of Arenes
John F. Hartwig, Kenneth L. Rinehart Jr. Professor of Chemistry
Department of Chemistry, University of Illinois, 600 South Matthews Av, Urbana, IL 61801
Complexes of transition metals catalyze many of the new reactions used for the advancement of
medicine, materials and energy utilization. For these applications, my group has sought to develop
new catalytic chemistry that rests upon fundamentally new organometallic chemistry. We gain me‐
chanistic information to explain the limits on reaction scope and to make rational choices when seek‐
ing to create improved catalysts. As a result of this work, we developed catalytic cross‐coupling reac‐
tions that form aromatic amines, ethers, and sulfides and isolated amide, alkoxide, and thiolate com‐
plexes that undergo carbon‐heteroatom bond formation during the catalytic process. In parallel, we
developed catalytic couplings of aryl halides with enolate nucleophiles, including asymmetric ver‐
sions of these reactions, and reactions of aryl halides with trifluoromethylcopper reagents that form
trifluoromethylarenes with broad scope.
This lecture will include selected results from these reactions, as well as on our development of
reactions that cleave C‐H bonds selectively. We developed reactions that functionalize alkyl and aryl
C‐H bonds with borane and silane reagents with selectivities and efficiencies that are useful for syn‐
thetic purposes. Much of the lecture will focus on the mechanistic basis for this unusual reactivity
and the properties of the transition metal‐main group bond that make these transformations possi‐
ble.
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Oxide Surfaces as Activators and Ligands for Organometallic Molecule‐Derived Catalysts
Tobin J. Marks
Department of Chemistry, Northwestern University, Evanston, IL 60208‐3113, USA
When chemisorbed upon certain metal oxide surfaces, the reactivity of many types of organome‐
tallic molecules is dramatically enhanced. High activities for olefin polymerization and hydrogena‐
tion, as well as hydrocarbon oxidation, are illustrative consequences of this altered reactivity. This
lecture describes integrated chemical (stoichometric probes, catalysis, kinetic poisoning, TPR), spec‐
troscopic (vibrational, optical, NMR, XAFS), and computational (DFT, Periodic DFT) studies using de‐
signed organometallic molecules to probe the nature of the molecule‐surface coordination chemistry
and to understand the reasons for the enhanced reactivity. Topics in this lecture include: 1) The
catalytic chemistry and structures of group 4 catalysts anchored on/activated by oxide surfaces; 2)
The structures and catalytic chemistry of anchored group 4 catalysts in which 100% of the sites are
catalytically significant, 3) Crystallographically well‐defined, mono‐ and multimetallic homogeneous
structural/functional analogues of the above heterogeneous catalysts. It will be seen that the infor‐
mation accrued from these studies leads to design rules for next‐generation homogeneous and sup‐
ported catalysts, and for novel and useful polymerization processes.
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Complex metal oxide catalysts with high‐dimensional crystal structure as well as molecularity
Wataru Ueda
Catalysis Research Center, Hokkaido University, N21‐W10, Kita‐ku, Sapporo 001‐0021, Japan
Mo‐V‐O‐based complex oxides are one of the most important solid‐state oxidation catalysts. Most
of them are, however, not well‐defined in terms of active structures because of their multicompo‐
nent character, so that it has been hard to understand their catalysis origins in a size of molecular
level. Quite recently, we have successfully synthesized for the first time two new crystalline solids of
Mo3VOx having unique crystal structures, orthorhombic and trigonal[1], both of which have the same
structure units of pentagonal ring, 6‐membered ring, and 7‐membered ring in their different ar‐
rangements in a‐b plane. These materials showed extremely high activities for the selective oxida‐
tion of acrolein to acrylic acid and the oxidation of ethane to ethene with molecular oxygen. The
selectivities to the major products, acrylic acid and ethylene, are achieved as high as about 95 % at
99% conversion and 80 % at 60% conversion, respectively. These values obtained over the orthor‐
hombic and trigonal materials were superior to those obtained over other related Mo3VOx catalysts
without the 7‐membered ring or with lesser content of it, indicating that the structural unit arrange‐
ment in the a‐b plane of the catalysts seems dominant in the genesis of the oxidation activity. Since
it has been found that the existence of the 7‐membered ring site is indispensable for the oxidation
activity and also that among the octahedra forming the 7‐membered ring, two octahedra of Mo and
V not connecting with the pentagonal ring are found highly distorted compared to the others by sin‐
gle crystal structure analysis[2], bridged lattice oxygen between these Mo and V octahedra is real
active oxygen species for the catalytic oxidations. The 7‐memebered ring that can provide pore with
about 0.4 nm diameter[3] plays also a positive role for easy access of the reactant molecules to the
active lattice oxygen.
(a)

(b)

Figure 1. HAADF‐STEM images of (a) orthorhombic and (b) trigonal Mo3VOx[4,5].
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Investigation of Fundamental Steps in the Formation of Acrylates from CO2 and Ethylene
Ronald Lindner1, Gabriella Bodizs1, Michael Lejkowsky1, Philipp‐Nikolaus Plessow1, Peng Cao1, Ste‐
phan Schunk2, Michael Limbach1,3
1

CaRLa ‐ Catalysis Research Laboratory, Im Neuenheimer Feld 584, D‐69120 Heidelberg, Germany
2
hte Aktiengesellschaft, Kurpfalzring 104, D‐69123 Heidelberg, Germany
3
BASF SE, Basic Chemicals Research, GCB/C – M313, Carl‐Bosch‐Strasse 38, D‐67056 Ludwigshafen,
Germany
E‐mail: ronald.lindner@carla‐hd.de
Sodium acrylate is the main component of superabsorbent polymers. Its direct synthesis via the
oxidative coupling of CO2 and ethylene is of large industrial interest.
Since the revolutionary work of Hoberg [1], nickelalactones (1) are discussed as possible interme‐
diates in a hypothetic catalytic cycle (Figure 1). Despite of extensive studies on the oxidative coupling
of CO2 with various unsaturated substrates, the analogous reaction of ethylene with CO2, forming
nickelalactones (1), is not well understood.
Furthermore, first results of Fischer et al. [2]
and DFT calculations [3] hint to the point
that the β‐hydride elimination from 1 is chal‐
lenging. Recently, Rieger et al. [4] found that
methyl acrylate is readily liberated from 1
with various Lewis acids, which could be a
first entry into the cycle.
Within this work we are focusing on the
investigation of these crucial steps, especial‐
ly on the influence of different ligands and
additives, both with experimental research
and quantum chemical calculation.

Fig. 1: Hypothetic catalytic cycle for the formation of
sodium acrylate from CO2 and ethylene.
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Copper (I)‐Catalyzed Cascade Synthesis of Bioactive Heterocycles
S. Murru, H. Ghosh, R. Yella, P. Mondal, S. K. Sahoo, L. Jamir, S. Guin, Bhisma K. Patel
Department of Chemistry, Indian Institute of Technology Guwahati, Guwahati 781039, India. Email‐
patel@iitg.ernet.in
A Cu(I) catalyzed sequential intra‐ and intermolecular S‐arylations leading to the direct synthesis
of arylbenzothiazoles has been accomplished in one‐pot without an inert atmosphere (Scheme 1).[1]
This strategy has been applied for the synthesis of Cathespsin‐D inhibitor analogues. Low catalyst
loading, inexpensive catalyst and ligand, shorter reaction time and low reaction temperature make
this method superior to existing methods for the synthesis of arylthiobenzothiazoles.
H
N

S-. M+

N

ArI

N

Cu(I)

S

S - . M+

S

S

X

Ar
S

Scheme 1.
An efficient Cu(I) catalyzed cascade process for the synthesis of 2‐substituted 1,3‐benzothiazoles
has been achieved directly from 2‐haloaryl isothiocyanates and O or S nucleophiles (Scheme 2). This
cascade process is viable for the efficient syntheses of both O or S substituted 1,3‐benzothiazoles.
Furthermore, 2‐alkoxy‐1,3‐benzothiazole having an O‐alkyl group allow easy access to 1,3‐
benzothiazolones.[2]
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Scheme 2.
A ligand assisted Cu(I)‐catalyzed cascade heteroarylation sequence have been developed (Scheme
3). In this strategy N‐aryl‐2‐aminobenzothiazoles are synthesized by an intramolecular S‐arylation
followed by an intermolecular N‐arylation. Baring the case of electron withdrawing halides, 2‐
arylsulfanyl‐arylcyanamides are the major product obtained via an intramolecular CS bond forma‐
tion, associated with CS bond breakage, followed by an intramolecular S‐arylation.[3]
H
N

NH2
S

X

N
NH2
S

ArI

N

Cu(I)

S

Ar
NH

H
N

N

+

S Ar

Scheme 3.
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Ammonia borane dehydrogenation by Iridium and Palladium organometallics
Andrea Rossin, Maurizio Peruzzini and Fabrizio Zanobini
Institute of Organometallic Compounds (ICCOM‐CNR),via Madonna del Piano 10 ‐50019 – Sesto Fio‐
rentino (Firenze), Italy.
Chemical hydrogen storage with small light‐weight and hydrogen‐rich molecules like ammonia bo‐
rane (NH3‐BH3, AB, 18.6 wt.% H2) or amino boranes of general formula RNH2‐BH3 (R = alifatic chain or
cycle) is a topic of great interest, as witnessed by the exponential growth of the number of papers
published in the recent literature.[1] Transition metal complexes can catalyze H2 release from these
species under mild conditions.[1] In this work, the reactivity of [Ir(dppm)2]OTf [dppm =
bis(diphenylphosphino)methane; OTf = trifluoromethanesulfonate] and the pincer complex
[(tBuPCP)Pd]OTf [tBuPCP = 2,6‐C6H3(CH2PtBu2)2] towards AB will be presented.[2]
In the former, an initial B‐H oxidative addition to Ir(I) is thought to produce an octahedral Ir(III)
hydrido‐boryl intermediate at low temperature, while the final stable species at ambient conditions
is the bis(hydrido) species [Ir(dppm)2(H)2]OTf (mixture of cis and trans isomers, Figure 1). H2 evolu‐
tion is observed at low temperatures (starting from 20 °C), and the concomitant AB polimerization
generates an insoluble residue (of unknown chemical nature) that separates out of the solution.
As for palladium, the reaction proceeds through a non‐hydridic intermediate whose characteriza‐
tion is still in progress; nonetheless, the final stable species in the presence of a strong AB excess (
10 equivalents) is again the corresponding metal hydride (tBuPCP)Pd(H). Slow H2 evolution and trime‐
rization of AB also occurs, with formation of cyclo‐(BH2‐NH2)3 as the stable dehydrogenation product
in solution at the end of the process.

Fig. 1: ORTEP diagrams (40% probability ellipsoids) of cis‐ and trans‐[Ir(H)2(dppm)2]+. Hydride ligands
depicted in light blue.
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Bimetallic Gold/Palladium Nanoclusters Catalyze the Suzuki‐Miyaura Cross‐Coupling of
Chloroarenes at Room Temperature
Raghu Nath Dhital and Hidehiro Sakurai
Institute for Molecular Science and Graduate University of Advansed Studies (SOKENDAI), Myodaiji,
Okazaki 444‐8787, Japan
Bimetallic nanoclusters often exhibit unique catalytic activity due to their synergistic effect. We
report that gold and palladium bimetallic nanoclusters stabilized by poly(1‐vinyl‐2‐pyrollidone)
(Au/Pd:PVP) catalyze the Suzuki‐Miyaura coupling reaction with chloroarenes at room temperature
in aqueous solution. Indeed, the reaction did not take place by using the corresponding monometal‐
lic clusters. Usually significant ligand effect is required to promote the cross‐coupling from chloroa‐
renes as coupling partner at low temperature. [1,2] The present result features the alternative strat‐
egy by the design of multimetallic clusters even under the ligandless conditions. It is noteworthy that
homocoupling product from arylboronic acid is always co‐produced, indicating that different reaction
mechanism from that of reported Pd‐catalyzed cross coupling would be involved.
2 atom% Au:PVP

no reaction

300 mol% K2CO3, H2O
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π‐π stacking for immobilization of homogeneous catalyst onto nanotubes: application to MWNTs‐
supported gold complexes
Charles Vriamont, Olivier Riant, Michel Devillers and Sophie Hermans
Institute of Condensed Matter and Nanosciences (IMCN), Université catholique de Louvain (UCL), Pla‐
ce L. Pasteur 1, 1348 Louvain‐la‐Neuve, Belgium
Homogeneous catalysts have a lot of attractive properties compared to their heterogeneous
counterparts (enantioselectivity, accessibility to all catalytic sites, etc.). Unfortunately, their major
drawback is the difficulty to separate them from the obtained product and recycling [1]. This is the
reason why we have turned our attention to supported homogeneous catalysts which combines ad‐
vantages of both types of catalysis. We have chosen the potential of carbon nanotubes to interact
strongly with polyaromatics via non covalent π‐π interactions to be used as a support rather than
covalently‐bounded systems [2]. Gold chemistry in the field of homogeneous catalysis is resurgent
for over ten years, more particularly for reactions of cyclisation of various types of enynes into a
range of useful structural motifs [3]. Our goal is to investigate the latter type of reaction with
MWNTs‐supported Au complexes. First, the pyrene tagged gold complex 1 (Scheme 1) was synthe‐
sized and tested as homogeneous catalyst in several reactions of cyclisation such as that given in
Scheme 2 and gives repeatable and good catalytic results. Subsequently, the gold complex was im‐
mobilized on MWNTs (Scheme 1) and analyzed by XPS, TGA and ICP. Complete conversion in quantit‐
ative yield of 3 into 4 (Scheme 2) within 2h was obtained with the supported homogeneous catalyst
2.
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Scheme 1: Immobilization of pyrene‐tagged gold complex.
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Scheme 2: Cyclization of functionalized 1,6 enyne.
Finally, XPS analysis of the supported gold homogeneous catalyst showed the expected ratios be‐
tween the various elements of the pyrene‐tagged complex (Au, S, F, N and P) and similar percentages
of Au on MWNTs before and after catalytic tests.This observation confirms that the catalyst remains
intact on the support material and can be recycled.
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SO3H‐functionalized Ionic Liquids Catalyzed Transformation of Alcohols
Feng Han, Lei Yang, Zhen Li, Chungu Xia
State Key Laboratory for Oxo Synthesis and Selective Oxidation, Lanzhou Institute of Chemical Physics,
Chinese Academy of Sciences, Lanzhou 730000, P. R. of China
Fax: 86 931 827 7088; Tel: 86 931 496 8129; E‐mail: cgxia@licp.cas.cn
Ionic liquids have received widespread attention as mediums for a variety of reactions because of
their properties.[1] Recently, alkane sulfonic acid group functionalized ionic liquids have been re‐
ported offering a new possibility for developing environmentally friendly acidic catalysts due to a
combination of the advantages of liquid acids and solid acids, e.g. uniform acid sites, stability in wa‐
ter and air, easy separation and reusability.[2]
Amination and etherification of alcohols are powerful methods for the synthesis of highly impor‐
tant intermediates. [3] There are several methods to achieve the transformation. However, toxic met‐
als or strong acids often needed.[4] Therefore, a milder, environmental catalyst system that can tole‐
rate more nucleophile classes for direct transformation of alcohols still remains to be explored. In our
continuing effort on developing ionic liquids catalyzed reactions,[5] herein, we will discuss our recent
progress in C‐C and C‐X bonds construction from alcohols by using SO3H‐functionalized ionic liquid
catalysts (Scheme 1).

Scheme 1 Amidation, etherification and alkenylation reactions of alcohols.
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Ir‐Catalysed Formation of C−F Bonds: From Allylic Alcohols to α‐Fluoroketones
Nanna Ahlsten, Agnieszka Bartoszewicz, Santosh Agrawal and Belén Martín‐Matute*
Department of Organic Chemistry, Stockholm University, Arrhenius Laboratory, SE‐106 91, Stockholm,
SWEDEN.
Allylic alcohols (1) are isomerised into carbonyl compounds in the presence of a transition metal
catalyst. The isomerisation occurs via formation of transition metal enolates, and, in the presence of
electrophiles, α‐functionalized carbonyl compounds are formed as single constitutional isomers.
Here, we present a novel method to synthesise α‐fluoroketones (2) by combining an iridium‐
catalysed isomerisation of allylic alcohols with an electrophilic fluorination (Scheme 1).[1]

Fig. 1: Iridium‐catalysed isomerisation / fluorination of allylic alcohols.
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On Support Synthesis of Carbene Complexes
A. Stephen K. Hashmi,a Christian Lothschützb
a

Universität Heidelberg, Organisch‐Chemisches Institut, ImNeuenheimer Feld 270, 69120 Heidelberg;
hashmi@hashmi.de
b
ETH Zürich, Institute for Chemical and Bioengineering, HCI E127, 8093 Zürich,
c.lothschuetz@gmx.de

Following recent literature it is obvious that carbenes especially NHCs (N‐Heterocyclic Carbenes)
have revolutionized modern organometallic chemistry. Due to their properties (e.g. thermal stability,
low toxicity, insensitivity against oxygen) they found broad application as ligands in versatile catalytic
reactions.[1] Besides this really prominent class of carbenes there exists a structurally related class of
NACs (Nitrogen Acyclic Carbenes) (fig 1). In contrast to NHCs the synthesis of NAC‐metal complexes
can be accomplished in only one step based on isonitrile complexes. Together with the groups of
Espinet and Echavarren, we could impressively show that NAC‐Au(I) complexes are highly active cata‐
lysts for a number of different transformations.[2] The catalytic activity of NAC‐Pd(II) complexes has
also been in the centre of research.[3]
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Fig 1. a) Structural comparison of NHCs and NACs. b) Formal synthesis of NAC‐metal complexes.
Besides their use as ligands in homogeneous catalysis NHCs also found broad application in hete‐
rogeneous catalysis.[4] However, the time and effort is in most cases very high because the ligands
have to be tailored for heterogenization. Bearing this in mind, it would be interesting to develop a
methodology, combining the advantages of heterogenized carbene ligands with an easy synthesis
protocol as outlined in figure 1.
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Fig 2. Formal principle of the on‐support catalyst synthesis.
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Hydrodesulfurisation catalyst obtained by Mo(CO)6 grafting on the
MOF Ni2(dhtp) (h4dhtp = 2,5‐dihydroxyterephtalic acid)
Elsje A. Quadrelli,a,* Cherif Larabi,a Pia Kjær Nielsen,b,c Stig Helveg,b Frank B. Johansson,b,* Michael
Brorson,b,*
a: Chimie, Catalyse, Polymères et Procédés UMR 5265 (CNRS – CPE Lyon– UCBL), Université de Lyon,
43 Boulevard du 11 Novembre 1918, 69616 Villeurbanne, FRANCE;
b: Haldor Topsøe A/S, Nymøllevej55, DK‐2800 Kgs. Lyngby. DENMARK;
c: Department of Physics and Chemistry, University of Southern Denmark, Campusvej 55, DK‐5230
Odense M, DENMARK.
Hydrodesulfurisation (HDS) is the industrial process for catalytic sulphur removal from sulphur‐
containing molecules in refineries’ crude oil fractions. According to the “Co‐Mo‐S model”, the active
parts of the catalysts are only the edges of the Co(Ni)MoS nano‐crystallites obtained after in situ sul‐
fidation of the oxides [1]. Unsupported metal sulfides represent an interesting alternative to the
well‐established supported catalysts, but it is typically difficult to obtain a high dispersed unsup‐
ported catalyst with small particle size.
Ni-MoS2 catalyst

S

350°C
40 bar H2

+ H2S

We will describe how molecularly‐controlled grafting of Mo(CO)6 on the nickel‐containing metal
organic framework CPO‐27‐Ni [2] produces a well‐defined crystalline porous material of stoichiome‐
try {Ni2(dhtp)Mo0.5(CO)1.5} at maximum coverage (10%w Mo).
After treatment in H2S of this material, highly dispersed small Ni‐MoS2 amorphous nanoparticles
(average size 25 Å, i.e. 8 layer stacking as seen by HRTEM) are obtained with substantial catalytic
HDS activity : a reference unsupported catalyst based on sulfidation NiMoO4 had 48% of the catalytic
in HDS even though it contained metals by weight. Hydrogenation (HYD) and hydrodenitrogenation
(HDN) performances of the MOF derived catalyst are also interesting.

Therefore this work (see scheme above) offers a rare example of MOF as sacrificial support for ef‐
ficient dispersion and activation of catalytic precursor.
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The role of solvent in the hydrogenolysis of lignin over Ni‐catalysts
Xingyu Wang, Udo Richter, Roberto Rinaldi
Max‐Planck‐Institut für Kohlenforschung, Kaiser‐Wilhelm‐Platz 1, D‐45470 Mülheim (Ruhr), Germany,
rinaldi@mpi‐muelheim.mpg.de
Lignin, as the most recalcitrant of the biopolymers in plant biomass, has found little noble uses in
biorefinery schemes to the present. Nonetheless, it is hard to believe that any innovative process for
conversion of cellulose to both fuels and chemicals may prove to be cost‐effective on large scale
without finding outlets for lignin, which corresponds up to one‐third of the composition of lignocellu‐
lose. [1] The use of lignin as a solid fuel does not solve the lignin’s dilemma in biorefineries. Indeed,
the heat of combustion of lignin is only 21 MJ•kg‐1 (HHV, oven dry basis), i.e. approximately half of
the value found for diesel. This clearly shows that advances towards better utilization of lignin are
required. Herein, we describe a highly efficient hydrogenolysis system for lignin using Raney Ni and
Ni/Al‐SBA‐15 as catalyst. Our catalytic strategy to convert lignin into energy dense biofuels aims at
the cleavage of ether bonds, hydrogenation of aromatic rings and hydrodeoxygenation of the oligo‐
meric products in a one‐pot reaction using Ni‐based catalysts. Hydrogenolysis of model compounds
containing aryl ether bond, namely diphenylether, offers an excellent starting point for the screening
of catalysts and reaction conditions. Under the optimized conditions, the hydrogenolysis of organo‐
solv lignin reaches a conversion of ca. 90%. Analyses of the products by comprehensive GCxGC(qMS)
show that mono‐ and bicyclohexanes, as well as, monocyclohexanols are the main products obtained
from lignin (Fig. 1).

Fig. 1: GCxGC(qMS) chromatogram of the product mixture obtained from hydrogenation of lignin in
(top) isopropanol and in (bottom) methylcyclohexane. Product groups: I. Alkanes (mono, bicyclic al‐
kane and paraffins); II. Monocyclohexanol; III. Monocyclohexanone.
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Immobilization of a Biomimetic Oxidation Catalyst on Silica Particles: Catalyst
Performance versus Congeners Heterogenized on Silicon‐ and Gold Wafers
Kristofer Eriksson1, Emmanuelle Göthelid2,3, Carla Puglia2, Jan‐E. Bäckvall1 and Sven Oscarsson1
1

Dept. of Organic Chemistry, Stockholm University, Arrhenius Laboratory, SE‐106 91, Stockholm,
Sweden
2
Dept. of Physics and Astronomy, Uppsala University, Box 516, SE‐751 20 Uppsala, Sweden
3
Sandvik Tooling AB, R&D Coating Technology, 126 79 Hägersten, Sweden

A biomimetic oxidation catalyst, a cobalt porphyrin with thiol‐linkers (Fig.1a), was chemically con‐
jugated to magnetic silica particles and utilized in the oxidation reaction of hydroquinone to benzo‐
quinone (Fig.1b). Using magnetic particles presents 2 major advantages: 1) it allows to increase the
active surface area drastically, and 2) the particles are easily separable from the reaction media due
to their magnetic properties. The cobalt porphyrin/silica particle catalyst was characterized with In‐
ductively Coupled Plasma (ICP) and X‐ray Photoelectron Spectroscopy (XPS). The catalytic perfor‐
mance of the immobilized cobalt porphyrin was compared to previous results for the same catalyst
grafted to gold‐ and silicon surfaces [1, 2]. The measured catalytic activity (Fig.1c) was almost the
same as that on gold, 10 times higher than that on silicon and 100 times higher than that of its ho‐
mogenous counterpart. No tendency for catalyst deactivation was observed during an oxidation
reaction for 400 hours. Further, a strong impact of the silica particles on the hydroquinone conver‐
sion was observed. By combining the properties of the silica particles with the activity of the cobalt
porphyrins in the grafted catalyst, an organic/inorganic hybrid catalyst is formed, which outper‐
formed its counterparts heterogenized on gold‐ and silicon surfaces.

Fig. 1: (a) Chemical structure of the biomimetic oxidation catalyst, a cobalt porphyrin. (b) Oxidation
reaction of hydroquinone to benzoquinone catalyzed by cobalt porphyrins.(c) Catalytic performance
of cobalt porphyrins (CoTPP) displayed as turnover number (TON) of hydroquinone (HQ) conversion to
benzoquinone under homogenous and heterogenous conditions in acetic acid and room temperature.
For heterogenous conditions, CoTPP is immobilized on silica particles, gold‐ and silicon wafers. The
inset shows an enlargement of TON on silicon wafer and under homogenous conditions.
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Enantioselective C‐H carbene insertions with homogeneous and immobilized copper complexes
José M. Fraile, José A. Mayoral, Marta Roldán, and Jorge Santafé‐Valero
Dep.Química Orgánica, ISQCH and IUCH, Universidad de Zaragoza – C.S.I.C., E‐50009 Zaragoza
(Spain). E‐mail: jmfraile@unizar.es
The great potential of C‐H carbene insertions for C‐C bond formation has attracted considerable
interest towards this type of reaction [1]. Dirhodium (II) catalysts have been the most used for the
enantioselective version [2] although very recently the use of salen‐Ir has been also described [3].
Coinage metals (Cu, Ag, Au) are emerging as alternatives, although mostly for non‐enantioselective
reactions [4]. In this communication we present our most recent results in enantioselective intermo‐
lecular C‐H carbene insertions (Fig. 1) using copper complexes, both homogeneous and immobilized
on laponite by cationic exchange [5].
Results are highly dependent on the structure of the substrate. Catalytic activity and selectivity
are quite different either in homogeneous and heterogeneous phase. The site isolation of immobi‐
lized catalysts allows reaching better results with poorly reactive substrates. Enantioselectivities are
moderate to good (up to 88% ee), in the same order as those obtained for the same substrates with
the most used dirhodium catalyst.

Fig. 1: C‐H carbene insertion reactions
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Conversion of Cellulosic Biomass: A Perspective of Heterogeneous Catalysis
Koteswara Rao Vuyyuru, Manuel B Gliech, Peter Strasser*
Electrochemical Energy, Catalysis and Materials Science Laboratory
Department of Chemistry, Chemical Engineering Division, Technical University Berlin, 10623 Berlin,
Germany
koti.tu@gmail.com, pstrasser@tu‐berlin.de
Irreversible declining of fossil raw materials, stringent environmental regulations on greenhouse
gases release, energy efficiency issues and energy security policies make biomass as a real alternative
solution to the present burning problem. While much attention is paid to renewable energy such as
wind, solar, hydropower and geothermal, but none of these renewable sources can be used to pro‐
duce organic chemicals which are currently derived from fossil fuels. Currently, over 90% of all organ‐
ic chemicals are derived from petroleum and 85% of crude oil consumed is used for the production of
transportation fuels. In other hand, the wood‐driven biomass occurs predominantly in nature in the
form of biopolymers, such as cellulose (38‐50%), hemi‐cellulose (23‐32%), and lignocellulose (15‐
25%). Therefore aqueous phase transformation of cellulosic biomass at mild process conditions will
be sustainable and economically attractive. The conversion sugars such as glucose and fructose (de‐
rived from cellulosic biomass) into 5‐hydroxymethylfurfural (HMF) and then oxidized into Furandi‐
carboxylic acid (FDCA) has been studied. HMF is a valuable platform chemical and has many applica‐
tions for production of bio‐chemicals and bio‐fuels; those potentially may replace the dependency on
fossil resources.

Scheme 1. Conversion of cellulosic biomass into valuable products
Dehydration of fructose is carried out into HMF using homogeneous and heterogeneous acid cata‐
lysts. At the same time HMF is oxidized into FDCA using supported metal catalysts. This paper will
discuss the effect of solid acid catalysts and liquid acid catalysts for dehydration of fructose. Finally,
we are demonstrating the heterogeneous catalytic oxidation of HMF using high pressure autoclave
into FDC and then to FDCA with variable parameters like catalyst, pressure, temperature and reac‐
tion time.
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Computational evidence for facile creation of active 16e‐ Ruthenium complexes via a CO‐
dissociation pathway
Beverly Stewart, Timofei Privalov
Department of Organic Chemistry, Arrhenius Laboratory, Stockholm University, 106 91 (Sweden)
Ruthenium catalysts have many applications in hydrogen transfer reactions and it is because of
this that it is important that we gain a better understanding of the mechanistic pathways involved in
the transfer of hydrogen within these systems. Here the focus of interest is the racemization of alco‐
hols which can be combined with dynamic kinetic resolution for the production of enantiomerically
pure compounds1. The ability of the catalysts to carry out racemization is commonly associated with
the presence of a free coordination site on the metal centre. This involves a 16 electron complex,2
which can undergo hydrogen migration/transfer with [RuCl(CO)2(η5‐pentaphenylcyclopentadienyl]
being one such catalyst. A free coordination site may be created by η5→η3 ring slippage of the cyclo‐
pentadienyl ligand; however, a low energy pathway recently proposed from computational studies3
to involve dissociation of one of the coordinated carbon monoxide (CO) ligands has been experimen‐
tally supported.1b,c
Many questions about chemical reactivity can be related to potential energy surfaces. Here, re‐
laxed potential energy scans and molecular orbital analysis were used to generate a detailed rationa‐
lization of the pathway, with an explanation of observed experimental result and relevance beyond
the Ru‐Cp system. We calculated a relevant fragment of the potential energy surface which describes
the formation of a 16 electron complex via CO dissociation (figure 1). Dissociation of the CO ligand is
calculated by using the relaxed potential energy scan and measuring the energy change of a system,
ΔE, as function of Ru‐CO bond length Χ.
Although we focus on ruthenium complexes at present, many other transition metal catalysts fea‐
ture CO as a ligand hence our mechanistic findings have broad relevance.
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Fig. 1:(a) hydrogen transfer requiring vacant site on metal centre (b) model of dissociation of CO from
metal centre (c) energy scan of CO dissociation E(18 electron complex)=optimized energy of 18 elec‐
tron complex, E(CO)=optimized energy of free CO, E(X)=Optimized energy at bond length X.
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Redox and electronic properties of the entire iron–sulfur cluster chain in [FeFe]‐hydrogenases: a
QM/MM investigation.
Greco C.,(1,3) Bruschi M.(2), Fantucci P.(3), Ryde U.(4), De Gioia L.(3)
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Department of Chemistry, Humboldt University of Berlin, Brook‐Taylor‐Str. 2, Berlin, 12489,
Germany.
(2)
Department of Environmental Sciences and (3) Department of Biotechnology and Biosciences,
Piazza della Scienza 1‐2, Milan, 20126, Italy.
(4)
Department of Theoretical Chemistry, Lund University, P.O. Box 124, Lund, 22100, Sweden.
grecocla@hu‐berlin.de
A theoretical approach based on quantum‐mechanical treatment of the whole organometallic
portion of Desulfovibrio desulfuricans [FeFe]‐hydrogenase (DdH) [1] was used to disclose key proper‐
ties of the enzyme [2]. Electronic properties of the four Fe–S assemblies present in the protein were
calculated for several enzyme redox states and validated by comparison with experimental data. It
turned out that the active‐ready enzyme unambiguously corresponds to a species containing a bio‐
logically unusual Fe(I)Fe(II) moiety. H2 (substrate) and H2O binding did not lead to large reorganiza‐
tions of the enzyme electronic properties, at variance with substitution of the CN groups belonging to
the active site with COs. One‐electron reduction of the wild‐type enzyme turned out to directly in‐
volve the Fe4S4 cluster closer to the enzyme surface and more distant from the active site; this pre‐
ludes to a long‐range electron transfer towards the active site, triggered by protonation of the cata‐
lytic iron center in the enzyme core. Our results allow us to conclude that, similar to solid‐state con‐
ductors, the Fe–S assemblies in DdH constitute a chain that undergoes electron‐transfer events as a
result of changing the potential at one of its two ends. Notably, the change in potential here consi‐
dered corresponds to proton (substrate) binding to the enzyme active site.

Fig. 1: graphic representation of proton‐induced electron transfer in [FeFe]‐hydrogenases.
References
[1]

Nicolet Y, Piras C, Legrand P, Hatchikian CE, Fontecilla‐Camps JC (1999) Structure with Folding & Design,
7, 13.

[2]

Greco C, Bruschi M, Fantucci P, Ryde U, De Gioia L (2011) , submitted

80

XV. International Symposium on Relations between Homogeneous
and Heterogeneous Catalysis
Berlin, September 11 to 16, 2011

Theory and PES Experiments on RhnCom Cluster
M.R. Beltrán
Instituto de Investigaciones en Materiales Universidad Nacional Autónoma de México, A.P. 70‐360,
C.P. 04510 México D.F., MÉXICO
One of the most important challenges that the field of magnetism will face in the near future, is
the understanding and the technological application of advanced magnetic materials. In particular,
the 4d and 5d transition‐metal (TM) clusters deserve attention because magnetic phases can be sta‐
bilized in this low‐dimensional regime, despite the nonmagnetic character of their bulk phase. This
behavior has been studied first theoretically and later experimentally for Rh, Ru and Pd. However, for
a complete understanding of the electronic properties, the cluster geometry is required. Unfortu‐
nately, the experiments can only provide some pieces of information that are not enough to deter‐
mine accurately the geometrical structure. The determination of the most stable geometrical struc‐
ture is one of the most active topics in cluster science, where theory and computational methods are
duly needed. In this work, theoretical calculations have been performed using ab initio DFT to
study the ground state configurations of free (RhnCom)η clusters with (n=1,2 and m=1‐5) and
η=+1,0,‐1. Diferent geometries and multiplicities were explored. The calculations are obtained by
means of DeMon package, with the PBE exchange‐correlation potential and GGA‐DZVP basis were
used.Our theoretical prediction of the binding energies, electron affinities and vertical detachment
energies compared very well with experimental data obtained from anion photoelectron spectros‐
copy produced by Kit Bowen´s group. From our resuts we can conclude that the 50/50 (RhCo) con‐
centration is needed to attein the highest possible magntic momnet for the size systems here stu‐
died.
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Chiral Periodic Mesoporous Organosilicas as Novel Kinds of Solid Catalysts
for Asymmetric Catalysis
Peiyuan Wang, Xiao Liu, Jinsuo Gao, Qihua Yang
State Key Laboratory of Catalysis, Dalian Institute of Chemical Physics, Chinese Academy of Sciences,
Dalian 116023, China
Exploitation of synthesis and design of new chiral solids continues to be an interesting research
field because of the growing demands for the production of single enantiomers especially in modern
pharmaceutical industry and agriculture. The recent emergence of the periodic mesoporous organo‐
silicas (PMOs) becomes an active area of research endeavor because these materials have large sur‐
face areas, ordered mesostructure and the organic moieties uniformly distributed in the framework
[1]. The introducing chiral functionalities into the framework of PMOs is interesting because it opens
a new avenue for the synthesis of chiral solids. Recently, we synthesized R‐(+)‐Binol‐functionalized
chiral mesoporous organosilica nanospheres with different pore structure in a base medium using
cetyltrimethylammonium bromide as the template (Fig. 1). It was found that the nanospheres with
radiative 2‐D hexagonal channel arrangement exhibited higher enantioselectivity and TOF than that
with parallel 2‐D hexagonal channel arrangement (94% versus 88% and 43 h‐1 versus 15 h‐1) in the
asymmetric addition of diethylzinc to aldehydes. In addition, under similar conditions, the enantiose‐
lectivity of the nanospheres can be greatly improved as the structural order of the framework in‐
creases. These results clearly show that structural order of nanosphere affects the enantioselective
reactions.
(EtO)3Si
OMOM
OMOM

+ TEOS + CTAB

(EtO)3Si

0.02M
NaOH

0.02M
Without heating
NaOH

88% ee
Penetrating channel

61% ee
Worm-like structure

Ammonium

94% ee
Radiating channel

Fig. 1: Synthesis of (R)‐Binol functionalized chiral PMOs with different pore structure
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Bridging homogeneous and heterogeneous catalysis by polymerizing molecular catalysts
Johannes Schmidt, Arne Thomas
Institute of Chemistry, Functional Materials, Technische Universität Berlin, Englische Straße 20,
10587 Berlin
Microporous, covalently bound organic frameworks can be produced by polymerization of rigid
monomers with functional groups, pointing into two or three dimensions. A variety of monomer ar‐
chitectures, functional groups and polymerization schemes have meanwhile been applied to gener‐
ate organic frameworks with exceptionally high porosities and surface areas. As fully covalent con‐
nected structures, such frameworks are chemically stable and functional organic molecules can be
directly incorporated into the frameworks.[1] We have recently started to exploit such functional
frameworks for catalytic applications:
Metal particles have for example been supported onto frameworks with high amounts of heteroa‐
toms in the pore walls. The resulting catalysts showed exceptionally high stabilities in liquid phase
reactions.[2] When metal ions are introduced, the materials can be produced, which resemble a po‐
lymerized form of molecular metal‐organic catalysts. Activities and selectivities have been observed
for such frameworks, which are comparable to their molecular counterparts, for example in the se‐
lective oxidation of methane to methanol.[3] Furthermore, polymerization of asymmetric organoca‐
talysts into porous frameworks has recently been achieved. It was shown that the polymerization can
even have a beneficial effect on the selectivity of the catalyst.
Thus the polymerization of molecular catalysts into open framework structures is an attractive
approach to bridge the materials gap between homogenous and heterogeneous catalysis.
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Fast and High Yielding Post‐Synthetic Modification of Metal‐Organic Frameworks
by Vapor Diffusion
M. Ranocchiari,1 M. Servalli,1 J. A. van Bokhoven1,2
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Metal‐organic frameworks (MOFs) have recently emerged as a novel class of crystalline porous
polymers with unique properties.[1] MOFs feature high chemical versatility that allows to synthesize
functionalized materials, which can undergo post‐synthetic modification (PSM) with organic mole‐
cules. Post‐functionalization of MOFs is a useful tool from a fundamental point of view, to produce
MOFs with modified chemical and/or physical properties, and to synthesize heterogeneous catalysts
with single‐atom active sites.[2]
We present here vapor‐phase PSM (VP‐PSM) of amino‐functionalized MOFs such as IRMOF‐3,
NH2‐MIXMOF‐5, and NH2‐UiO‐66 with anhydrides and aldehydes. The reactions were carried out
under static vacuum without solvent to favor the diffusion of the reagents in the vapor phase within
the pores. Acetic anhydride smoothly reacted at 120 °C overnight with NH2‐functionalized MOFs to
quantitatively give the corresponding amide. Salicylaldehyde reacted with IRMOF‐3 and NH2‐
MIXMOF‐5 giving the imine functionalized MOFs with full conversion.

Fig. 1: VP‐PSM of IRMOF‐3 with salicylaldehyde and acetic anhydride.
Generally, PSM is performed in the liquid phase and the relatively slow diffusion of reactants and
solvents within the pores under these conditions requires long reaction times (from 4 days to weeks).
Also, the highest yield for reaction of IRMOF‐3 with salicylaldehyde is 13%. Our approach of post‐
functionalization based on vapor diffusion of organic molecules within the cavities provides faster
route with higher yields.
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Diastereoselective Heterogeneous Au Nanoparticle catalyst for Homogeneous Olefin Cyclopro‐
panation Reaction in Solution
Elad Gross, Jack Liu, Wenyu Huang, F. Dean Toste and Gabor A. Somorjai
Department of Chemistry, University of California and Chemical and Materials Sciences Divisions,
Lawrence Berkeley National Laboratory, Berkeley, California
The use of heterogeneous catalysts for homogenous reactions may not only enable the recyclabil‐
ity of the catalyst but can also lead to different catalytic reactivity and selectivity. In this study,
Au40/SBA 15 was used as catalyst for styrene cyclopropanation with propargyl pivalate in toluene and
PhICl2 as an oxidizer (1). The Au40 nanoparticles were encapsulated by G4 PAMAM dendrimer and
loaded on a mesoporous silica support. When compared to the homogenous AuCl3 catalyst, the cyc‐
lopropanation rate of the heterogeneous catalyst is slower, however, a five fold increase was meas‐
ured in the product diastereoselectivity (cis:trans ratio). The effect of the reaction medium was in‐
vestigated and it was found that the usage of hydrophobic solvents, such as toluene, prevent the
leaching of Au ions.
In order to demonstrate the advantages of the heterogeneous catalyst, Au40/SBA 15 was used in a
fixed bed flow reactor, a product yield of 90% was measured and the catalyst remained active for
more than 5hr at room temperature before deactivation. PVP coated Au clusters at similar size
(~2nm) showed low reactivity (5% product yield) in the flow system.
Therefore, this unique system of Au clusters embedded in dendrimer can be used as catalyst for
reactions that were previously catalyzed by homogeneous catalyst, with unique advantages of recyc‐
lability and selectivity.

(1)
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al approach: Application as homogeneous nano‐catalysts and as heterogeneous catalysts
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Flavin‐based photoreceptors ‐ from structure to mechanism to application
Ilme Schlichting
Max Planck Institute for Medical Research, Dept. of Biomolecular Mechanisms,
Jahnstr. 29, 69120 Heidelberg, Germany.
Light is an important environmental variable and most organisms have evolved photoreceptors to
respond to it. Photoreceptors are nano‐switches that perceive the light signal by a chromophore
containing sensing domain and transmit it via a structural change to an associated effector domain
that subsequently gets (in)activated. Although a great deal of biochemical and spectroscopic data is
known about these important relay systems, none is understood on a molecular level. This is not only
frustrating from a basic science point of view but also hampers their redesign for cell biological or
neurobiological applications.
Three blue‐light photosensor families rely on the light‐sensitivity of flavin cofactors: the LOV‐ and
BLUF‐domains, and cryptochromes. Recent results on these systems will be presented, sketching out
theme and variations in the paths from photon absorption to biological effects. Examples include a
naturally blue‐light activated phosphodiesterase involved in turnover of the bacterial second mes‐
senger cyclic‐di‐GMP (1) and a signalling switch that has been artifically rendered light‐sensitive by
attaching a caging LOV domain to it (2).
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Strong C‐H and C‐C Bond Cleavage Reactions using Homogeneous Transition Metal Complexes
William D Jones
Department of Chemistry, University of Rochester, Rochester, NY 14627
A series of kinetic measurements of Tp'Rh(CNneopentyl)(R)H complexes (Tp' = tris‐(3,5‐
dimethylpyrazolyl)borate) where R = alkyl, aryl, vinyl, benzyl, allyl, and CH2X (X= CN, C—,—,—CMe,
CH2C=OCH3, and others) have been used to determine relative metal‐carbon bond energies in these
compounds. A thermodynamic analysis allows for the extraction of an increase in bond energy of
~10 kcal/mol for R groups in which the corresponding anion is resonance stabilized. This increase in
bond strength is associated with an increase in the ionic contribution to metal‐carbon bonding.
Trends will be analyzed in terms of inductive vs. resonance contributions to the bonding.

[Rh] + CH3CN
+ RCN
[Rh]

(CH2)5CN

H
+ CH3CN
[Rh]

CH2CN

8.4 kcal/mol

H

+ CH3CH2CH2CH2CH2CN
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Supported oxide cluster and oxide cavity catalysts inspired by biology
Justin Notestein
Northwestern University, Department of Chemical and Biological Engineering
There is a rich tradition in inorganic chemistry of the synthesis of structural and functional mimics
of metalloenzyme active sites. However, it may be challenging to mimic the entire binding cavity
using traditional small molecule inorganic chemistry. This presentation will therefore describe how
modified or nanostructured oxide surfaces can play a role in controlling the activity, stability, or se‐
lectivity, of an active site. These hybrid/nanostructured catalysts thus bridge and are inspired by both
homogeneous catalysts and enzymes.
The first example draws inspiration from the class of non‐heme oxidase enzymes consisting of his‐
tidine‐coordinated first‐row metal oxides, further activated by carboxylates. These include catalase
and the oxygen‐evolving center in photosystem II, and there are numerous homogeneous structural
and functional mimics, many of which are also activated towards productive oxidation using H2O2 or
O2 by coordination of carboxylates. As one example, dimeric 1,4,7‐triazacyclononane Mn oxides are
known to be efficient and highly active homogeneous oxidation catalysts whose selectivity toward a
number of oxidation reactions (esp. epoxidation / cis‐dihydroxylation) can be controlled by the addi‐
tion of various acid co‐catalysts.
Here is presented a synthetic route to supported triazacyclononane Mn oxides through an in‐situ
assembly method whereby the surface active site is synthesized under reaction conditions by com‐
bining a pre‐formed Mn dimer and a carboxylate‐modified metal oxide co‐catalytic support. Self‐
assembly from MeCN/H2O2 solutions onto organo‐functionalized oxide supports eliminates syntheti‐
cally cumbersome ligand alterations which can lead to differences in active‐site structure and reactiv‐
ity or selectivity from the homogeneous analogues. Like the homogeneous complexes, these hybrid
materials are characterized by NMR, UV‐vis, and X‐ray absorption spectroscopy, and their reactivities
are tuned by choice of the carboxylate‐modified solid. Additionally, the high local concentrations of
surface carboxylates lead to increased reaction rates and shorter reaction times required for maximal
productivity than is observed with analogous homogeneous carboxylate co‐catalysts. If desired, the
supported complexes can also be carefully decomposed to yield dispersed metal oxides of precisely
defined structure. This completes the journey from enzyme to soluble complex, to hybrid catalyst,
and ultimately to bare oxide surface.
In a second approach, inspiration is drawn from enzymes like the p450 class, which bury other‐
wise indiscriminate active sites in a pocket that enables reactant selectivity. For reactions not able to
be carried out in zeolites or other microporous solids, translating this shape‐selectivity onto hetero‐
geneous catalysts is a challenge. To do this, atomic layer deposition (ALD) is used to grow thin oxide
layers perforated with cavities over an existing oxide catalyst. The nanoscale cavities (<2 nm deep, <2
nm in diameter) are generated by using a molecular template immobilized on the catalyst surface
before ALD, and their presence introduces a size‐sieving feature to an existing catalyst surface. Shape
selectivity of the catalysts is demonstrated through selective photooxidation of benzyl and other
alcohols over a reference, non‐selective titania photocatalyst. For inert Al2O3 ALD films 0.3‐0.5 na‐
nometer thick, bulky and secondary alcohol oxidation is disfavored relative to benzyl alcohol oxida‐
tion; the nanocavities can increase relative rates more than five‐fold. This selective photocatalytic
oxidation of alcohols demonstrates how oxide nanocavities can discriminate shape on an arbitrary
catalyst surface and introduces a new paradigm wherein one can begin to mimic enzyme pockets in a
heterogeneous catalyst.
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Computational Mutation on the Structure and Reactivity of Enzymes
Kazunari Yoshizawa
Institute for Materials Chemistry and Engineering, Kyushu University, Fukuoka 819‐0395, Japan
Functions of metal ions in active sites of enzymes and catalysts are studied by using quantum
chemical calculations. The first topic is the direct conversion of methane to methanol catalyzed by
methane monooxygenase (MMO) under physiological conditions, the bare FeO+ complex in the gas
phase, and Fe‐ZSM‐5 zeolite [1‐3]. The latter two reactions are very similar in that nitrous oxide is
used as an oxidant while MMO uses molecular oxygen. Iron‐oxo species are involved in these difficult
chemical processes. To develop a man‐made catalytic system to realize this fascinating reaction, it is
important to reveal the mechanism of the direct process by these catalytic systems. The second topic
is computational mutation study of the reaction of B12‐dependent diol dehydratase [4‐7]. A metal ion
directly coordinating to substrate is essential for
structural retention, substrate binding, and cataly‐
sis. The metal ion has been originally assigned to K+
ion; however, quantum chemical calculations indi‐
cate that Ca2+ ion is more reasonable as the metal
ion. The activation energy for the OH group migra‐
tion, which is essential in the conversion of diols to
aldehydes, is sensitive to the identity of the metal
ion. Proposal that Ca2+ ion should be involved in
the substrate‐binding site was recently confirmed
experimentally.
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Time/space‐resolved XAFS Characterization of Heterogeneous Catalysts
Mizuki TADA
Institute for Molecular Science, Myodaiji Okazaki, JAPAN
The structures of supported metal species on heterogeneous catalyst surfaces are often compli‐
cated and heterogeneous, resulting in various reaction behaviors at the catalyst surfaces. Catalytic
activities depend highly on the structural and electronic aspects (oxidation state, coordination sym‐
metry, local coordination structure etc.) of heterogeneous catalysts. X‐ray Absorption Fine Structure
(XAFS) is one of the powerful techniques to characterize the electronic state and local coordination
structures of supported metal catalysts on heterogeneous surfaces and transmission capacity of hard
X‐rays enables to measure in‐situ XAFS under catalyst working conditions (in the presence of reactant
gases/liquids, temperature, pressure etc.).
Recent developments of time‐resolved XAFS (quick XAFS and energy‐dispersive XAFS) reveal dy‐
namic behaviors of supported metal catalysts under catalyst working conditions in real time. We are
also developing 2‐dimensional scanning micro‐XRF and micro‐XAFS using X‐ray micro‐beam at SPring‐
8 and succeeded in measuring microscopic structural information (oxidation state and local coordina‐
tion structure) in a single catalyst particle of supported Ni catalysts. [1] Recent results of in‐situ time‐
resolved XAFS (kinetics of Pt/C and PtCo/C fuel‐cell cathode catalysts in a practical cell under fuel‐cell
operating conditions) and in‐situ space‐resolved micro‐XAFS (supported Ni catalysts for CH4 steam
reforming) will be presented.
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Biomimetic oxidation of organic compounds
Mário M.Q. Simões, Sónia M.G. Pires, Cláudia M.B. Neves, Isabel C.M.S. Santos,
M. Graça P.M.S. Neves, José A.S. Cavaleiro
Department of Chemistry, QOPNA, University of Aveiro, 3810‐193 Aveiro, Portugal
The main route of elimination of xenobiotics is an enzymatic biotransformation which, in many
cases, is initiated by oxidation reactions catalyzed by enzymes of the cytochrome P450 (CYP) family.
[1] One of the great challenges of research in recent decades has been the understanding of how the
complex biological processes perform the enzymatic reactions. Since the isolation of the biological
entities can become complicated and time‐consuming, synthetic models have been developed for
mimicking the role of CYP in living organisms. Although none of these models can reproduce the
whole range of CYP catalyzed reactions satisfactorily, the biomimetic systems show advantages over
the in vitro methods. [2]
Metalloporphyrins (MPs) are known to catalyze a broad range of CYP mediated reactions. Most of
the research using MPs in oxidative catalysis was directed towards the oxidation of organic com‐
pounds with only one functional group. Much less effort has been made to imitate the oxidation of
more complex molecules, with a range of functionalities, such as drugs or other xenobiotics. By vary‐
ing the structure of the MPs, the nature of its environment (organic solvent, water, homogeneous or
heterogeneous catalyst) or of the oxidant, it is possible to modulate the regioselectivity of the oxida‐
tion and generate systems adapted for the regioselective oxidation of the organic compounds [1,2,3].
In the last years, along with a strong and internationally recognized investigation in porphyrin syn‐
thesis, our group was able to develop a promising line of research in the field of biomimetic oxidation
of organic compounds using hydrogen peroxide (HP) and Mn(III) or Fe(III) porphyrins as catalysts [4].
Some of the ongoing work in our laboratory will be presented.
Acknowledgements:
Thanks are due to FCT/FEDER for funding QOPNA. S.M.G. Pires also thanks FCT for her PhD Grant
(SFRH/BD/64354/2009).
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Rare Earth Metal Amido Complexes as Catalyst for the Hydroamination / Cyclization, Hydrosilyla‐
tion, and Sequential Hydroamination / Hydrosilylation Reaction
Peter W. Roesky
Institut für Anorganische Chemie, Karlsruher Institut für Technologie (KIT)
Hydroamination is the formal addition of an organic amine N‐H bond to an unsaturated carbon‐
carbon bond in one step to give nitrogen containing molecules. The catalytic version of this reaction
is of great interest for academic and industrial research because nowadays most amines are made in
multi‐step syntheses.
First, a series of yttrium and lanthanide amido complexes [Ln{N(SiHMe2)2}2{CH(PPh2NSiMe3)2}] (Ln
= Y, La, Sm, Ho, Lu) will be presented (Scheme 1). These were synthesized via three different path‐
ways. [Ln{N(SiHMe2)2}2{CH(PPh2NSiMe3)2}] were used as catalyst for the hydroamination / cyclization
and the hydrosilylation reaction. A clear dependence of the reaction rate from the ionic radius of the
center metal is observed, showing the lanthanum compound being the most active one in both reac‐
tions. Furthermore, a combination of both reactions a sequential hydroamination / hydrosilylation
reaction was investigated [1].

Si
P N

N(SiHMe2)2

Ln

N(SiHMe2)2

P N
Si

Scheme 1.
Next, the synthesis of the first enantiomerically pure amidinate rare earth metal complexes will
be shown. With the purpose to generate enantioselective catalysts for the hydroamination,
bis(trimethylsilyl)amide ({N(SiMe3)2}‐) was used as a leaving group, while the chiral (S,S)‐N,N‐bis‐(1‐
phenylethyl)‐benzamidinate ((S)‐PEBA) served as a spectator ligand. For example, [{(S)‐
PEBA}2Lu{N(SiMe3)2}] was shown to be a suitable catalyst for the asymmetric intramolecular hydroa‐
mination and good activity and enantiomeric excess values were observed (Scheme 2) [2].
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Scheme 2.
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Dendritic S,S‐TsDPEN Ligands for Iron‐catalyzed Asymmetric Olefin Epoxidation
Vital A. Yazerski, Ane D. Orue, Robertus J.M. Klein Gebbink
Organic Chemistry and Catalysis, Debye Institute for Nanomaterials Science, Faculty of Science,
Utrecht University, Universiteitsweg 99, 3584 CG Utrecht, The Netherlands
Alkene epoxidation reactions grab our attention due to their vast application in modern organic
chemistry and in industry. Catalytic asymmetric oxidation processes are of general interest to the
synthetic chemist, because they represent in many cases a shortcut to value‐added chemicals. For
instance, two defined chiral centers can be introduced at once in a stilbene structure via the epoxida‐
tion reaction (see Figure 1). In this asymmetric transformation developed by Beller and co‐workers
[1], H2O2 is used as a cheap and environmentally benign oxidant and the reaction takes place in the
presence of ferric chloride, 2,6‐pyridinedicarboxylic acid and the chiral DPEN ligand (L), which are
taken in catalytic amounts and mixed together. Although this reaction uses several cheap ingre‐
dients, a further practical use may be limited by the rather expensive chiral DPEN ligand.

Fig. 1: Epoxidation of 4,4’‐ditertbutyl stilbene with molecularly enlarged catalysts
Here, we present the development of a class of dendritic DPEN ligands and their use and reuse in
the enantioselective epoxidation of stilbenes. In the original protocol, all components of the oxida‐
tion system reside in solution in one phase and separation is difficult. The molecularly enlarged, den‐
dritic ligands (L1‐3) are, on the other hand, distinguishable from other smaller molecules [2]. Any
size‐discriminative technique, e.g. membrane filtration [3], or even a macromolecular catalyst preci‐
pitation in the presence of antisolvent can be utilized to recover the expensive ligand. Prospective
simple recovery and recyclability of these macromolecular catalysts make them more attractive for
synthetic purposes [3].
References
[1]

Gelalcha FG, Bitterlich B, Anilkumar G, Tse MK, and Beller M, Angew. Chem. Int. Ed., 46 (2007), 7293 –
7296.

[2]

Yazerski VA, Klein Gebbink RJM “Heterogenization of Homogeneous Catalysts on Dendrimers”, Catal.
Met. Complexes, 33 (2010) 171–201.

[3]

Dijkstra HP, Van Klink GP, and Van Koten G, Acc. Chem. Res., 35 (2002) 798.

[4]

Yazerski VA, Orue A and Klein Gebbink RJM manuscript in preparation.

95

XV. International Symposium on Relations between Homogeneous
and Heterogeneous Catalysis
Berlin, September 11 to 16, 2011

The new concept in catalyst design: emulsion catalyst and bifunctional catalyst
Yan Liu and Can Li
State Key Laboratory of Catalysis, Dalian Institute of Chemical Physics, Chinese Academy of
Sciences.457 Zhongshan Road, Dalian 116023,China
The development of new catalyst has always been a hot research topic of chemistry due to the
core status of catalyst in catalytic reaction. To achieve the highly efficiency and selectivity, usually the
factors of the steric and electronic modifications are highly concerned in catalyst design. However, in
some special catalytic system, introducing new concepts, such as emulsion and dual‐function to cata‐
lyst design could bring some surprising results.
In these few years, catalysis in emulsion systems has attracted much attention as a promising
strategy to improve the mass‐diffusion limitation in liquid multiphase systems. [1] The previous work
in ours group reported Surfactant‐type catalysts based on quaternary ammonium polyoxometalates
(POMs), acting as surfactants, can be assembled in emulsion droplets, showing remarkably high se‐
lectivity and activity in the oxidation of organic molecules.[2] Very recently, we introduced the con‐
cept of emulsion to asymmetric organocatalysis. Several emulsion catalysts were designed and syn‐
thesized. These catalysts were found to be highly efficient in series of asymmetric catalytic reactions.
Catalyst 1 was found to be optimal for the cross‐aldol reaction of aldehydes, affording the corres‐
ponding products in high yields with extremely high enantiomeric excess values (93‐98% ee). [3] In the
asymmetric aldol reaction of long‐chain ketones to aldehydes, good to excellent enantioselectivities
(82‐90%ee) were achieved using 1 as the catalyst. [4] Based on mechanism study, we also achieved
control of diastereoselectivity in the cross aldol reaction of aldehydes and aldol reaction of cycloke‐
tones to aldehydes. The sys‐selective aldol products were obtained with good to excellent enanti‐
omeric excess values.[5]

Scheme 1: asymmetric emulsion catalysis in aldol reaction
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Recently, oxidative desulfurization was considered as one of the most promising processes due to
mild conditions and high efficiency. However, for the oxidation of electron‐poor sulfide e.g. thio‐
phene, benzothiophene and their derivatives which are present in gasoline, most oxidative desulfuri‐
zation catalysts show very low reactivity. We developed an efficient oxidative desulfurization catalyst
composed of ammonium tungstate and BAILs [Hnmp]BF4. Unprecedentedly, this recyclable catalytic
system could achieve the oxidation of both benzothiophene and thiophene with high conversion.
Based on the mechanistic study, we put forward a new type of oxidation‐Brønsted acid cooperation
activation model.

Scheme 2: Dual‐activation model for oxidation of thiophene
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The role of reduced oxide sites on the stability, morphology, reactivity and selectivity of supported
bimetallic clusters
Elad Gross2 and Micha Asscher1*
1. Institute of Chemistry, The Hebrew University of Jerusalem, Jerusalem 91904, Israel.
2. Department of Chemistry, University of California, Berkeley CA‐94720, USA

asscher@chem.ch.huji.ac.il
Unlike homogeneous catalysis, bimetallic clusters and substrate morphological and electronic de‐
tails are very important in heterogeneous catalysis. In this report, the morphology and surface ele‐
mental composition of Au‐Pd bimetallic nano‐clusters are shown to be remarkably sensitive to and
affected by the interaction with reduced silicon defect sites on SiO2/Si(100), generated by argon ion
sputter under UHV conditions. Surface segregation of Pd, deduced from CO‐temperature pro‐
grammed desorption (TPD) titration measurements, has been stabilized by the reduced silicon sur‐
face sites. Acetylene conversion to ethylene and benzene (100:1) was studied as a probe reaction,
revealing significant modification of selectivity in addition to thermal stability on the defect rich sub‐
strates. These observations demonstrate the role and importance of oxide‐surface reduced sites in
anchoring stable and reactive conformation of supported bimetallic catalysts.
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Palladium supported on few‐layer graphene as an efficient 2D catalyst for a liquid‐phase selective
hydrogenation
I. Janowska,1 K. Chizari,1 S. M. Moldovan,2 O. Ersen2, D. Begin1, C. Pham‐Huu,1
1

Laboratoire des Matériaux, Surfaces et Procédés pour la Catalyse (LMSPC), CNRS‐ECPM‐University of
Strasbourg, 25 rue de Becquerel, 67087 Strasbourg Cedex 02, France

2

Institut de Physique et Chimie des Matériaux de Strasbourg (IPCMS), CNRS‐University of Strasbourg,
23 rue du Loess, 67037 Strasbourg Cedex 08, France

The present work deals with the use of few‐layer graphene (FLG) as catalyst support for palladium
in the liquid‐phase selective hydrogenation of the C=C bond. The FLG was synthesized by mechanical
ablation of graphitic precursor.1 The presence of defects on the FLG surface provide anchorage sites
for palladium nanoparticles leading to a relatively small metal particles, i.e. 5 nm, similarly to those
observed on the Pt/FLG catalyst.2 TEM and molecular dynamic (MD) simulation experiments also
evidence the high stability of the metal nanoparticles toward sintering due to the formation of a high
metal‐graphene interface. The hydrogenation activity of the Pd/FLG was also compared with that
obtained on the 1D‐based catalyst, i.e. Pd/carbon nanotubes. According to the results, the Pd/FLG
(2D catalyst) exhibits a higher hydrogenation activity compared to that of the carbon nanotubes (1D)
catalyst with a higher C=C bond hydrogenation selectivity as well, i.e. 90 % instead of 82 %. The high
hydrogenation activity on the 2D catalyst was attributed to the absence of porosity leading to a high
effective surface area for performing catalytic reaction. The FLG‐based catalyst also exhibits a high
stability as a function of cycling tests which indicate that the metal leaching is negligible.

A

C

B

Fig. 1. (A, B) TEM micrographs of the Pd NPs on the FLG surface. (C) C=C bond hydrogenation conver‐
sion on the different catalysts.
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Metal Nanoparticles in Ionic Liquids: Selective Catalysts and Evidences of Nanoparticle/Ionic Liquid
Interaction by Isotope Exchange

Jackson D. Scholten,a Martin H. G. Prechtlb and Jairton Duponta
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Institute of Chemistry, UFRGS, Porto Alegre‐RS, 91501‐970, PO Box 15003, Brazil;
Department of Chemistry, Universität zu Köln, Greinstr. 6, D‐50939, Cologne, Germany.

b

The use of ionic liquids (ILs) for the generation of MNPs has been widely demonstrated.[1] It is
well known that due to their unfavorable thermodynamic formation, MNPs must be kinetically stabi‐
lized by proper additives.[1‐2] One important point is to fully understand the stabilization mode pro‐
vided by the IL during NPs formation. For example, XPS gave some evidences for interaction of MNPs
in ILs.[3] Herein, we show the use of Ru MNPs in ILs as selective hydrogenation catalyst as well as
isotope insights with Ir MNPs in deuterated ILs with evidences for MNPs/IL interaction due to D/H
exchange at imidazolium (IM) cation. The preformed Ru MNPs in a nitrile‐functionalized IM‐IL can
selectively catalyze the hydrogenation of the nitrile moiety of benzonitrile instead of the arene. Con‐
trary, Ru MNPs prepared in non‐functionalized IM‐IL hydrogenate arenes.[4] The selectivity can be
explained by coordination of IL via the nitrile to the metal surface, allowing the hydrogenation of
nitriles, but avoiding arene coordination. More evidences for interaction of IL and MNPs were ob‐
served by isotope labeling. Ir MNPs in deuterated ILs catalyzed the D/H exchange at the IM cation.
Most likely the transition state pass through a C‐H activation forming transient NHCs. Interestingly,
the D/H exchange were more intense at the less acidic positions (C4 and C5) of the IM cation. This
could be related to the intrinsic 3D network, where it is expected that the most acidic position (C2)
has a stronger interaction with the anion than the other positions. Therefore, it was suggested that,
in the presence of the MNPs, NHC species can be formed from the IL aggregates
{[(C)x(X)x−n]n+[(C)x−n(X)x]n−}n (C = cation; X = anion).
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Scheme. 1: Selective hydrogenation of benzonitrile catalyzed by Ru MNPs prepared in a nitrile‐
functionalized IL (top) and D/H exchange reaction observed at the IM cation promoted by Ir MNPs
(bottom).
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Preparation of monometallic or plurimetallic nanoparticles (M = Pt, Au, Pt3Sn) via a colloidal ap‐
proach: Application as homogeneous nano‐catalysts and as heterogeneous catalysts when selec‐
tively incorporated in the pores or in walls of mesostructured silica matrices

Chloé Thieuleux,1* Malika Boualleg,1 David Baudouin,1 Jean‐Marie Basset,1 François Bayard,1 Jean‐
Pierre Candy,1 Valérie Caps,2 Pierre Delichere,2 Kevin Guillois,2 Jumas J.‐C,3 Katrin Pelzer,4
Laurent Veyre1
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Classical synthetic strategies for catalysts based on metal nanoparticles (decomposition of metal‐
lic precursors onto supports...) are being complemented by ex‐situ methodologies (metal embedding,
colloids impregnation…) among which is emerging the controlled growth of highly‐ordered materials
around preformed metal colloids.
Thus, we report here the synthesis of small (2nm), isolated, crystalline, stable, monometallic
(Au[1], Pt[3]) or alloy (Pt3Sn[2]) nanoparticles colloids. Their application as highly active and well‐
defined nano‐catalysts in liquid phase in the oxidation of trans‐stilbene for Au[1] will be shown.
We will also report the selective incorporation of the above mentioned small nanoparticles first
the pores and then in walls of mesostructured silica matrices. Our general synthetic methodology
relies on the control by design of the hydrophilic/hydrophobic interactions of the nanopar‐
ticles/surfactant/TEOS biphasic system, which is the main key to a successful control of the final ma‐
terial properties.
The catalytic performances of the materials in hydrogenation of olefins for Pt[3] and PROX or ole‐
fin dehydrogenation for Pt3Sn will be shown. The regular distribution of the nanoparticles and their
selective localisation increased drastically their stability and their catalytic performances which were
found to be superior to those of classical industrial catalysts, particularly when nanoparticles were
located in the walls of the inorganic matrix.
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Heterogeneous catalysis by novel size‐selected nanocluster powders under
realistic reaction conditions
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The chemical performance of new class of catalyst powders consisting of size‐selected nanoclus‐
ters was explored under realistic reaction conditions. Catalyst powders were synthesized using a
combination of cluster beam technology and micro dicing technology. The nanoclusters were gener‐
ated by a high flux, magnetron sputtering gas condensation cluster beam source and deposited, via a
unique lateral time‐of‐flight mass filter [1], by rastering large area planar surfaces (e.g., graphite tape
or sheets) under nanocluster beam. In a well‐defined dicing process derived from micro dicing tech‐
nology, the nanocluster powders were created with optimised dicing depth (~0.05 mm) and dicing
pitch (~1 mm). Size‐dependent catalytic activity and selectivity were observed in vapour phase 1‐
Pentyne hydrogenation and gas phase CO oxidation. Structural analysis of nanocluster powders (pre‐
and post‐reaction studies) by aberration‐corrected scanning transmission electron microscopy re‐
vealed size‐dependent chemical properties.
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Heats of adsorption and surface reaction for CO and O2 on Pd nanoparticles by single crystal ad‐
sorption microcalorimetry
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Establishing the correlation between the energetics of adsorbate‐surface interaction and the
structural properties of a catalyst is an important fundamental issue and an essential prerequisite for
understanding the realistic catalytic processes. We apply a newly developed microcalorimetry set up
[1] to determine the adsorption heats of carbon monoxide and oxygen on Pd nanoparticles sup‐
ported on a well‐define Fe3O4/Pt(111) film. Particularly, we systematically vary the Pd cluster size in
the range of ~ 100 to 5000 Pd atoms to address the energetics of CO and O interaction with the na‐
noparticles of different dimensions. As a reference for interaction with an extended surface, the ad‐
sorption heats are also determined on Pd(111).
A substantial decrease of the binding energy of CO was found with decreasing particle size [2]. Ini‐
tial heat of adsorption obtained on the virtually adsorbate‐free surface was observed to be reduced
by about 20‐40 kJ∙mol‐1 on the smallest 1.8 nm sized Pd particles as compared to the larger Pd clus‐
ters and the extended Pd(111) single crystal surface. Two phenomena were suggested to contribute
to the observed reduction of CO binding strength on the small nanoparticles: (i) reduction of van der
Waals attraction due to the reduced polarizability of the small particles and (ii) weakening of chemi‐
sorptive interaction due to the contraction of the lattice parameter of the Pd cluster. The CO adsorp‐
tion kinetics indicates a strong enhancement of the adsorbate flux onto the metal particles due to a
“capture zone” effect, which involves trapping of adsorbates on the support and diffusion to metal
clusters [3]. The CO adsorption rate was found to be enhanced by a factor ~8 for the smallest 1.8‐nm
sized particles and by ~1.4 for the particles of 7‐8 nm size.
A similar trend was also experimentally observed for dissociative oxygen adsorption on Pd nano‐
particles that was investigated in the same particles size range. Decreasing particles size was found to
result in lowering the adsorption heat from 400 kJ/mol for 8‐nm particles to ~ 350 kJ/mol for 2‐3 nm
particles (related to a single O atom). Finally, we present first results on the reaction enthalpies of CO
oxidation investigated as a function of Pd particle size.
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The role of electron‐hole pairs for molecular dynamics at surfaces
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Theoretical models for elementary steps related to heterogeneous catalysis or photocatalysis at
metal surfaces, make often the tacit assumption that the Born‐Oppenheimer approximation is valid.
Specifically, the coupling of adsorbate vibrational modes to the electron‐hole pair continuum of the
substrate is typically neglected. In this contribution we consider molecular „reactions“ at metal sur‐
faces where non‐adiabaticity / electron‐hole pairs / electronic friction are essential.
After a brief general overview of phenomena of this kind (including the vibrational relaxation of
molecules scattering at metal surfaces [1]), we will concentrate on a prototype reaction relevant for
photocatalysis: The femtosecond‐laser induced desorption (FLD) of adsorbed species, in this case the
associative desorption of H2 and D2 from H/D‐covered Ru(0001) [2]. Here, ultrashort intense visible
laser pulses create a bath of electron‐hole pairs in the metal substrate initially, which subsequently
drive the photoreaction. We have studied the FLD dynamics by using quantum (Monte Carlo Wave
Packet) and classical (Classical Surface Hopping) two‐state models, which allows us to address the
importance or lack thereof, of quantum effects [3]. As an alternative, we also followed a Molecular
(Langevin) Dynamics with Electronic Friction (MDEF) approach, in which stochastic trajectories are
propagated on the ground state potential energy surface including up to all (i.e., six), degrees of
freedom of the diatomic adsorbate [4]. Potential and (atomwise [5]) electronic friction coefficients,
as well as vibrational lifetimes, were calculated from periodic density functional theory. By analyzing
the desorbing flux, we can rationalize known experimental facts such as a non‐equal energy parti‐
tioning into translations, vibrations and rotations, strong isotope effects, and pronounced fluence‐
dependences of these observables. We also predict hitherto unknown features, such as a strongly
directional desorption flux, subsurface hydrogen absorption as a 'hot‐electron' driven side reaction,
and the enhancement of reaction cross sections by vibrational pre‐excitation. We further analyze in
detail, the performance of surface hopping vs. MDEF schemes, and the applicability of concepts such
as 'adsorbate temperature', a most popular tool for modeling ultrafast photoreactions via dissipative
rate theories.
Fig.1: Electronic friction coefficient (divided by
atom mass) of a H atom on a Ru(0001) surface,
along two coordinates s (inset) and z (height above
the surface). The red dot denotes the fcc adsorption
site of H on Ru(0001), Ru atoms as blue dots [4].
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DFT Studies on Catalytic Activity of Manganese Porphyrins
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Among popular homogeneous catalysts for hydrocarbon oxidation, metalloporphyrins play a cru‐
cial role [1]. They are able to insert oxygen atom into C‐H bonds yielding alcohols or may deliver oxy‐
gen atom to the double C=C bonds, yielding epoxides. This dual reactivity is clearly manifested in the
case of alkenes, whose C=C bond and potentially reactive single C‐H bonds in α (allylic) position with
respect to the double bond, are both prone to oxygenation. In particular, experiments with cyclohex‐
ene oxidation catalyzed by metalloporphyrins showed that, beside the cyclohexane oxide, unsatu‐
rated products of allylic oxidation (cyclohexen‐3‐ol and cyclohexen‐3‐on) are formed. As a first step
of the reaction, an oxidant molecule (e.g. H2O2, PhIO, KO2, O3) binds to the metal center of the
porphyrin resulting in the formation of catalytically active oxygen – containing ligand (=O, ‐OH, O2, ‐
OOH, H2O2), which directly interacts with hydrocarbon.
The aim of the present work is to elucidate geometry and electronic structure of various possible
adducts which ma be formed between manganese(III) porphyrin and hydrogen peroxide followed by
the theoretical investigation of manganese porphyrin reactivity towards cyclohexene to study the
epoxidation and hydroxylation pathways.
The reported studies are preformed within Density Functional Theory (DFT) method as imple‐
mented in Turbomole program. The GGA‐BP functional with all‐electron TZVP basis sets for all atoms
is used. The geometry and electronic structures of the structures found along the studied reaction
pathways are discussed in terms of inter‐atomic distances, valence angles, Mulliken charges and spin
densities.
It is found that different active oxygen species may be formed in the reaction between manga‐
nese porphyrin and hydrogen peroxide. Numerous spin states for each of the studied structures are
found, but the relative energies of different multiplicities depend strongly on the ligands present in
the complex. In view of the catalytic properties, all oxygen – containing ligands are negatively
charged, what results in their role as nucleophiles towards hydrocarbons. The analysis of charge and
spin populations on different parts of the studied systems indicate the porphyrin ligand as active in
charge transfer processes.
When the cyclohexene reactivity pathways are examined, the pre‐reaction complexes are found
for both epoxidation and allylic oxidation. These species are loosely bound to the catalyst molecule.
In case of hydroxylation process, cyclohexene molecule points with its allylic C‐H bond towards the
oxo ligand of the manganese porphyrin, whereas parallel orientation of cyclohexene ring and por‐
phyrin moiety with double bond above the oxo ligand is required for epoxidation. It should be
stressed that although mutual orientation of the reagents would determine further pathway of cyc‐
lohexene transformation, at this stage, when reaction conditions permit, the substrate molecule may
easily undergo rotation or translation and change the mode of physisorption. However, once a par‐
ticular intermediate is formed, its structure clearly indicates that reaction may proceed further along
one reaction pathway only. In view of strong bonding between cyclohexene and oxo‐porphyrin moie‐
ty in structure leading to alcohol, a rearrangement of atoms to form intermediate required for epox‐
ide, is unlikely.
Acknowledgements: This work was supported by the Ministry of Science and Higher Education
within the project Iuventus Plus [2010‐2011] IP2010 036270.
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Electronic structure and stoichiometry of Li‐MgO and Fe‐MgO surfaces at realistic conditions: A
theoretical study

Sergey Levchenko, Norina Richter, and Matthias Scheffler
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We present a theoretical analysis of the thermodynamic stability, electronic structure, and chemi‐
cal properties of surfaces of LixMg(1‐x)O and FexMg (1‐x)O materials (0 < x < 1). While Li‐doped MgO had
been proposed to be a promising catalyst for oxidative coupling of methane [1], transition‐metal‐
MgO ternary compounds are known to be good catalysts for conversion of methane to syngas. Using
density functional theory (DFT), we calculate geometric and electronic structure, and formation
energies of Li and Fe substitutional defects at the MgO (100) surface and in subsurface, and analyze
the interaction between the substitutional defects and the intrinsic defects such as O and Mg vacan‐
cies. To correct for the self‐interaction error and band gap underestimation in DFT with standard
exchange‐correlation functionals, the hybrid functional PBE0 is employed. The equilibrium concen‐
tration of metal atoms in the near‐surface region, as well as concentrations of O and Mg vacancies at
the (100) surface of the ternary compounds at realistic temperatures and oxygen pressures are esti‐
mated using the ab initio atomistic thermodynamics approach [2]. We show that surfaces of LixMg(1‐
x)O become unstable at temperatures relevant for catalysis, in good agreement with experimental
results [3]. Differences in surface properties of LixMg(1‐x)O and FexMg (1‐x)O are discussed.
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Bifunctional Materials for Cooperative Catalysis through Incorporation of BrØnsted Acid and Lewis
Base Components
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Coupling reactions that can be catalyzed with either an acid or a base can achieve faster rates of
reaction in the presence of both functional groups. The acid and base catalytic functional groups can
separately activate the substrates to be coupled, producing intermediates that are more reactive
than the unactivated substrates. For the Aldol condensation, the coupling has been accelerated with
the combination of a Lewis base and BrØnsted acid [1,2]. Depending on the strength of the interac‐
tion, the two catalytic components can also quench one another, inhibiting the catalytic activity.
These interactions can be limited through immobilization of the components onto a mesoporous
silica support, permitting cooperativity and enhancing the rate of reaction relative to the single com‐
ponent system [3,4]. Immobilizing the acid and base components on the same support has the add‐
ed benefit of co‐localizing the catalytic groups that can further enhance the rate of reaction relative
to the homogeneous components [5].
We demonstrate here the effect of co‐localization of an organic acid and an organic base. Mu‐
tually reactive functional groups are immobilized onto a mesoporous silica using a protecting group
during grafting to prevent mutual quenching. Spectroscopy indicates the protecting group can be
thermally cleaved and removed. Catalytic testing demonstrates that acid strength had a strong influ‐
ence on the rate of reaction and that weaker acids performed better than strong acids. Additionally,
the acid‐base interaction can be altered depending on the flexibility of the organic group. The results
are applicable to similar C‐C coupling reactions and will provide future directions for catalyst design.
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