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FOREWORD

KEEPING AN EYE ON
GLOBAL CHALLENGES

Catalysts get chemical reactants moving: they con-
trol and thus accelerate almost all chemical and
biochemical processes. In the chemical industry,
catalysts help save energy and raw materials. They
increase yields and avoid by-products by enabling
starting materials to react specifically and selecti-
vely at the molecular level. In short, catalysis can
save resources and the environment to a great ex-
tent. And it is the key technology for the global
economic transition to renewable raw materials
and renewable energy.

The Leibniz Institute for Catalysis in Rostock, LI-
KAT, has been exploring the phenomena of cataly-
sis from its fundamentals for almost 70 years and
developing innovative solutions for the implemen-
tation of scientific findings together with industry.
With their topics, researchers at LIKAT address ma-
jor goals of the global community: climate-neutral
society, food security, preservation of the natural
environment, protection against pandemics. Our
projects are part of international and national co-
operations, such as the EU hydrogen strategy and
the BMBF initiative ‘Hydrogen Republic of Germa-
ny’. And they lay the foundations for a new, ‘green’
chemistry.

Research highlights in the reporting period include
a process for bio-based polymers to produce PEF
plastic, a sustainable alternative to PET. Highlights
also include catalytic solutions for the ecologically
sound production of platform chemicals and basic
materials, e.g. from renewable raw materials and
biowaste or using CO, from the air as well as sun-
light and photocatalysis (PROPHECY and PRODEGY).
New catalysts and building blocks in the promising
field of fluorine chemistry should also be menti-
oned. And in the field of artificial metalloenzymes,
a research hotspot, we are currently expanding our
expertise (COMBIOCAT).

In the application-oriented field, LIKAT chemists
explored, for example, processes for replacing
expensive precious metal catalysts in the phar-
maceutical industry and for the degradation of
pollutants in wastewater. A new process developed
by LIKAT as part of the MeTHA-CYCLE joint project
is the first to successfully couple wind power, elec-
trolysis and CO,-based methanol synthesis, en-

Dr. Barbara Heller, Commercial Director, and
Prof. Dr. Matthias Beller, Scientific Director.

abling hydrogen to be stored for on-demand pow-
er generation, especially in rural regions.

Our research led to a good three dozen patents in
the reporting period. The transfer of our catalysts
or processes to an industrial pilot scale will also
be facilitated in the future by a ‘zero carbon’ pi-
lot plant, the inauguration of which is planned for
early 2022. We generate about one third of our
budget with successful acquisition of competitive
third-party funding, for example through industrial
cooperations and from public funding programs.

LIKAT's success has many sources. Just two may
be mentioned: Our expertise of seven decades of
catalysis research at the Rostock site and our al-
most 300 institute members - whether in research,
workshop or administration, whether as specialists,
professors or doctoral students and regardless of
their main color and nation. Especially in the diffi-
cult time of the corona pandemic they are doing
a great job. LIKAT's success is also based on our
willingness to keep ourselves ‘on our toes’ and
to overcome boundaries — between disciplines,
between theory and application, between hetero-
geneous and homogeneous catalysis. And final-
ly, between the individual research departments
of the previous institute structure, which we have
supplemented with a matrix structure now compri-
sing seven future-oriented topics.

Bosboro Ml (Z@u/\

Barbara Heller Matthias Beller
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Thieme Chemistry Journal
Award 2019 for Jola Pospech
Dr. Jola Pospech has been
awarded the ‘Thieme
Chemistry Journal Award 2019°.
Every year, the Georg Thieme
Verlag honors ‘promising junior
professors at the beginning of
their careers’. In 2019, seven
young researchers from
Germany were among the
award winners selected from
around the world.

Jola Pospech is the first to
bring this Thieme Verlag

prize to the Leibniz Institute
for Catalysis in Rostock.

Leibniz

LIKAT in Central German

Association

Spiers Memorial Award

for Matthias Beller

Prof. Matthias Beller was
honored with the 2019

Spiers Memorial Award for
the development of applied
homogeneous and heteroge-
neous catalysts for sustainable
chemical conversions at the
Artificial Photosynthesis Faraday
Discussion, March 25-27, 2019,
in Cambridge. The Spiers
Memorial Award is given to
individuals who have made
outstanding contributions to
the field of Faraday Discussion.
These are unique international
discussion events that address
current and rapidly evolving
areas of chemistry and their
interfaces with other

scientific disciplines.

1,1 Million EUR for New

3D Printing for the ISS:
Rostock Pupils at the World's
Largest Youth Science Com-
petition in Arizona

The national winners of the
‘Jugend forscht” competition
2018 came from Rostock and
participate with their project in
the world's largest pre-academ-
ic science competition, the

70th Intel ISEF, in Arizona (USA)
from May 12 to 17.

Lara Neubert and Adrian
Schorowsky prepared for this

at the Leibniz Institute for
Catalysis. There, they investi-
gated the production of a raw
material from packaging waste
for 3D printing on board the
International Space Station ISS
in the laboratory. A great deal
of packaging waste is gene-
rated on board the ISS during
supply operations. Until now,
this plastic has been left to burn
up in the Earth’s atmosphere,
although it can be used
according to their findings.

Esteban Mejia Received

Rui Sang Receives “Chi-
nese Government Award for
Outstanding Self-financed
Students Abroad”

Rui Sang, PhD student in the
research group ‘Applied Car-
bonylations’ (headed by Dr. Ralf
Jackstell) in the area of Applied
Homogeneous Catalysis (Prof.
Matthias Beller) was awarded
the 2018 Chinese Government
Award for Outstanding Self-
financed Students Abroad’.
The award is given annually to
Chinese PhD students for their
outstanding achievements. The
award is one of the highest
honors given by the Chinese
government to doctoral
students who study outside
China and are not supported
by a scholarship from the
Chinese government.

Third Alumni Meeting

Network ‘4chiral

The LIKAT was able to expand
its network by an important
cooperation partner and is
now a member of the Central
German network “4chiral’.
‘The primary goal of the
network partners is to work
together on the rapidly expan-
ding field of organic fine syn-
thesis and to be present here.’
One research focus at LIKAT is
the development of catalyzed
processes for the synthesis of
fine chemicals.

Science Campus in Rostock
and Greifswald

At the beginning of April 2019,
the Leibniz Association decided
to fund six new Leibniz Science
Campi across Germany. The
Leibniz Institute for Cataly-

sis (LIKAT), together with the
Leibniz Institute for Plasma
Research and Technology e.V.
(INP) in Greifswald and the
Universities of Greifswald and
Rostock, succeeded in bringing
the ComBioCat science campus
to Mecklenburg-VYorpommern.
The researchers involved will
be looking for solutions to one
of the major challenges facing
society: the transition from fos-
sil resources to renewable raw
materials for the production of
chemicals and energy sources.
The key technology here is
catalysis.

Scholarship to Attend the
‘Blirgenstock Konferenz’

Dr. Esteban Mejia, a junior
researcher at LIKAT, is one of
15 young scientists who have
been awarded the coveted
scholarship. The scholarships
are awarded by leading
researchers for scientific
excellence and diversity.

The 'SCS Conference on Ste-
reochemistry’ or ‘Burgenstock
Conference’ is held annually
in Brunnen (Switzerland) and
brings together young and
established scientists for inter-
disciplinary exchange.

at LIKAT

On June 27 and 28, the third
alumni meeting took place,
welcoming a good dozen LIKAT
graduates. After short reports
about their current position

and tasks, they briefly reported
about their career after leaving
LIKAT.

The interest was not only great
on the part of the graduates.
Also, the PhD students and
postdocs took the opportunity
to exchange ideas with the
alumni and to benefit from their
experiences. In addition, some
alumni support potential LIKAT
graduates in the context of a
mentoring program at the start
of their professional lives.



2019 IN REVIEW

June

Rostocks Eleven

Jacob Schneidewind, PhD
student in the research group
‘Catalysis for Energy Technolo-
gies’ (headed by Dr. Henrik
Junge), represented LIKAT

at the annual competition
‘Rostock’s 11. Under the aspect
of science communication, it
offers eleven young scientists
from Rostock'’s eleven scien-
tific institutions the chance to
present their research projects
to a non-scientific audience of
eleven journalists.

October

Start of Construction of

the Zero Carbon’ Transfer
Technology Center

In October, construction of the
Transfer Technology Center
‘ZeroCarbon-Catalysis™ at LIKAT
begins. The institute’'s own
Technology Center is intended
to simplify the transfer of inno-
vative laboratory results from
catalysis research for SMEs and
non-chemical user industries
that do not have the corre-
sponding facilities themselves.

November
‘Wippengesprach’ with
Matthias Beller

Smart heads discuss climate
change: Under the motto
‘Solving global problems
globally’, the University of
Rostock invited to the ‘Wippen-
gesprach’ in the Konrad-Zuse-
Haus. Different experts from
science, economy and politics
lead a ‘balanced’ discussion on
the controversial but current
topic ‘How and at what price
can we stop the anthropogenic
influences on the climate?.
Among the representatives of
science, Prof. Matthias Beller
took part in this event.

November

Highly Cited Researchers
With Dr. Kathrin Junge and
Prof. Dr. Matthias Beller, two
LIKAT researchers are on the
2019 Highly Cited Researcher
list, which has been published
annually since 2002 by the Web
of Science Group, a Clarivate
Analytics company. The list
recognizes scientists who have
produced multiple scientific
papers and whose publications
are in the top 1% of published
citations in their field, demon-
strating significant research
impact. In 2019, a total of 327
German researchers are listed,
16 of them in the field of che-
mistry. Among them, Dr. Kathrin
Junge is the only woman.

August

S1-Lab Begins Operation

As part of the LeibnizCampus

ComBioCat, an S1 safety

laboratory was set up at LIKAT.

The scientists in the field of
‘Bioinspired Homogeneous

October

Starting Signal
for the New
LeibnizCam-
pus
‘ComBioCat’
As one of the

November

Awards for Lars Longwitz und Fabian Rei

P-Campus Publication Award
for Lars Longwitz

Lars Longwitz, PhD student
from the Werner group,
received one of the P-Cam-

Catalysis’ of Prof. Paul Kamer
were now able to start their

research work, which requires
the establishment of cell cultu-
res for the production of pro-
teins as well as their harvesting,
genetic modification and puri-
fication, sterile work according
to the legal requirements of the
Genetic Engineering Protection
Ordinance.

four partner institutions of
ComBioCat, the participants
at LIKAT officially start their
research work. Through the
collaboration of all catalysis
disciplines, catalysis as a key
technology has the potential
to provide solutions to the
challenges of the 21st century:
The shift from fossil resources
to renewable raw materials for
the production of chemicals
and energy sources. Previously
inaccessible biomass is to be
made usable and catalyst sys-
tems for sustainable chemical
and energy production are to
be developed.

pus publication awards during
the P-Campus Symposium on

November 12/13, 2019 at the
IOW in Warnemunde.

The prerequisite for the
award, which is endowed
with 300 €, is the interdisci-
plinarity of the project within
the P-Campus. The publica-

tion must therefore be written

by at least two authors
from different P-Campus
institutions.

Poster Award for Fabian Reil3
Dr. Fabian Reif, group leader
‘Catalysis of Early Transition
Metals’ was awarded the
‘Best Poster Award’ at the
meeting ‘Chemistry of
Organoelement Compounds
and Polymers 2019’ (INEOS,
18. = 22. Novermber) in
Moscow.
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Honorary Membership of the
‘Chinese Chemical Society’
for Prof. Matthias Beller

The ‘Chinese Chemical Society”
(CCS) appoints Prof. Matthias
Beller as an honorary member.
This highest honor of the CCS is
awarded exclusively to the 100
most distinguished chemists

in the world. The prerequisite
for honorary membership is
‘significant contributions to the
promotion of chemistry and the
development of Chinese chem-
istry and society’, according to
the CCS letter.

Angelika Briickner Elected to
the GDCh Board of Directors
Prof. Angelika Brickner was
elected to the Board of the ‘Ge-
sellschaft Deutscher Chemiker’
(GDCh) for the term of office
2020 - 2023.
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‘Research Is Going on’ - Sig-

nal from the Chemistry Lab
The Leibniz Institute for Cata-
lysis in Rostock maintained its
research operations despite
the lockdowns. Even though
the Covid-19 disease caused

by the new coronavirus posed

a logistical challenge to the

management board and staff,

experiments continued in the
laboratories.
Strict hygiene regulations and

the greatest possible flexibility

with regard to working hours
and mobile working made
it possible to maintain the
research work. In addition,

young parents were individually

supported in order to be able
to look after their children at
home.

Klaus Tschira Boost Fund for
Christian Hering-Junghans
For the first time, the Klaus
Tschira Foundation and the
German Scholars Organization
e.V. selected young researchers
to be supported by the Klaus
Tschira Boost Fund. In addition
to Dr. Christian Hering-Jung-
hans, ten other young scientists
will receive funding for their
projects over the next two
years. The program is aimed

at excellent scientists in the
natural sciences, mathematics
and computer science.

Transfer in Politics and
Society — Leibniz im
Bundestag

Within the framework of this

Leibniz format, Prof. Dr. Jennifer

Strunk (Head of Department

‘Heterogeneous Photocatalysis’)
and Norbert Altenkamp (CDU,

direct mandate Main-Taunus

district) found each other — this
year virtually. They talked about
the topic ‘Recycling instead of

emitting: Returning carbon

dioxide to chemical production

with the help of renewable

energies.” The Leibniz format is

a good example of successful

science communication at the
interface between politics and

research. In addition to new
impulses for both sides,

the dialog also increases
understanding for each other.

NFDI.(at

External Funding Successes
and Digitalization: NFDI4Cat
— Research Data Treasures
Become Available,
Digitization of Science

In the first of three rounds of
call for proposals, the LIKAT in
Rostock and the Universities of
Rostock and Greifswald, as a
significant part of the catalysis-
related sciences, are benefiting
from the BMBF's 90 million euro
project for the digitization of
science.

The new project promotes
digitization in key scientific
areas with the aim of network-
ing important research data
from the participating partners
and making it more widely
available. In addition to LIKAT,
the universities in Rostock and
Greifswald will be supported as
part of NFDI4Cat with approx-
imately 2 million euros for the
next 5 years.

Virtual Poster Event via
Twitter: Award for Master
Student at LIKAT

Alternatives in demand:

Due to COVID-19, all events in
which people meet directly with
each other were cancelled. In
order to maintain the important
exchange among researchers
in science as well, the Canadi-
an Institute of Chemistry (CIC)
organized a 48-hour poster
event on Twitter, in which a
total of 166 scientists from over
20 nations participated.
Jan-Erik Siewert, a master’s
student in the junior research
group ‘Activation of Small
Molecules’ led by Dr. Christian
Hering-Junghans, also parti-
cipated in the GIDW (Global
Inorganic Discussion Weekdays)
poster event with his work

from his methods and research
internship.

2020

GREEN
TALENTS

g g P Lo g Brsmiiess
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P-Campus Starts into
Second Funding Phase

The P-research in the network
of the Leibniz research campus

‘P-Campus’ is secured until
2023. The second funding

phase was secured in a coope-
ration agreement between the

Leibniz Association, the state of
Mecklenburg-Vorpommern and

the University of Rostock.

LEIBNGZ SCIENGE CAMPUS
] PHOSPHORUS RESEARCH
l ROSTOCK

Angelika Briickner Appoin-
ted to Advisory Board of Karl
Ziegler Foundation

Prof. Angelika Brickner, mem-
ber of the board at LIKAT and
head of the department
‘Catalytic in-situ-studies’, was
appointed to the advisory
board of the Karl Ziegler Foun-
dation by the GDCh board. Her
term of office will begin on Ja-
nuary 1, 2021. The Foundation’s
Advisory Board will select the
next awardee in spring 2021.



2020 IN REVIEW

Green Talents at LIKAT

Young scientific visionaries, the
25 winners of the BMBF's Green
Talents competition, made a
virtual stop at LIKAT.

They were awarded for their
outstanding research on the
topic of sustainability. Their
research range from climate
change to new energy systems,
which also determine the
research program at LIKAT.
Even if only online in 2020: the
stations of the Science Forum
offer the young researchers a
good opportunity to establish
contacts for collaborations and
for a future research stay in
Germany. These stays of the
Green Talents are funded by the
BMBF for three months.

Evgenii Kondratenko
Receives extraordinary
professorship

PD Dr. Evgenii Kondratenko,
group leader of the research
group ‘Reaction Mechanisms’,
receives a professorship ‘Prof.
apl.” from the University of
Rostock. His research has been
dedicated to the detailed analy-
sis of chemical processes for

many years.

Honoring - Highly Cited
Researchers 2020

In 2020, Dr. Kathrin Junge and
Prof. Dr. Matthias Beller again
made it onto the 2020 Highly
Cited Researcher list, which
recognizes scientists whose
publications are among the
top 1% of published citations
in their field. In total, only 14
German chemists were honored
this year, including Dr. Junge as
the only woman in the field of
chemistry.

11

Best Master’s Graduate in
Chemistry: MNF Faculty
Award Goes to Jan-Erik
Siewert

M.Sc. Jan-Erik was awarded

the Faculty Prize of the Faculty
of Mathematics and Natural
Sciences of the University of
Rostock (MNF) as the best
Master’s graduate of the
Institute of Chemistry 2020. He
wrote his master thesis on ‘DFT
studies on the mechanism of
reactions of phospha-Wittig
reagents with N-heterocyclic
carbenes and N-heterocyclic
olefins’” under the supervision of
Jjunior group leader Dr. Christian
Hering-Junhans and

Prof. Johannes de Vries.

Kick-Off-Symposium for
LeibnizCampus ComBioCat
On October 13, the first
‘ComBioCat Symposium’ took
place in Rostock. Despite strict
corona regulations, all PhD
students had the chance to
network and to present and
discuss first research results.
Eqality E-Qy
— LIKAT
Receives
TEQ Award
for the 4th
Timeina
Row

LIKAT has been awarded the
“Total E-Quality’ predicate for
the fourth time in a row. The
jury’s statement emphasized
that the equal opportunities
policy at the Leibniz Institute
for Catalysis has been firmly
integrated and institutionalized
for many years.

&
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Matthias Beller Again Vice
President and Member of
the Board of the Leibniz
Association

Prof. Dr. Matthias Beller was
re-elected to the Executive
Board and as Vice President of
the Leibniz Association at the
Leibniz Annual Meeting

on 26.11.2020.

Prof. Paul C. J. Kamer

The LIKAT mourns the death
of Paul Kamer, an excellent
researcher and university
teacher, a pioneer in his field.
His death deeply shocked us,
his colleagues. Paul Kamer’s
extraordinarily productive re-
search was reflected in some
250 widely cited publications
and a number of patents. He
was co-editor of CATALYSIS
SCIENCE AND TECHNOLOGY
and a visiting professor at

universities in Milan, Eindhoven,

Tarragona, Amsterdam and
Caltech.

Successful Audit at LIKAT

Successful Habilitation of

As an advisory body, the Scien-
tific Advisory Board evaluates
the scientific performance of
Leibniz institutions. Of great
importance are the audits, in
the context of which scientific
quality as well as questions of
further structural development
and orientation play a role.
The Audit for LIKAT, scheduled
for summer 2020, was post-
poned to November 30 due to
corona and conducted virtually.
The scientific advisory board
rates the audit as outstanding
in all respects.

Esteban Mejia

On 16.12. Esteban Mejia, junior
research group leader ‘Polymer
Chemistry & Catalysis’ success-
fully defended his habilitation.
In the working group of Prof.
Udo Kragl he asserted himself
as a successful and creative
Jjunior researcher and group
leader.
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Research Structure

TOPICS

Topic 01
Structure-Reactivity Relationships
Angelika Bruckner, Wolfgang Baumann (deputy)

Topic 02
Kinetics, Theory & Mechanisms
Evgenii Kondratenko, Haijun Jiao (deputy)

Topic 03
Reaction Engineering & Implementation
David Linke, Udo Armbruster (deputy)

Topic 04
Renewable Resources
Johannes de Vries, Thomas Werner (deputy)

Topic 05
Energy & Environment
Jennifer Strunk, Henrik Junge (deputy)

Topic 06
More Efficient Processes
Sebastian Wohlrab, Bernd Mller (deputy)

Topic 07
New Products & Processes
Torsten Beweries, Christian Hering-Junghans (deputy)



Towards a Matrix Structure

Until now, LIKAT was organized in three program
focuses consisting of several research depart
ments. However, the operational research work at
the Leibniz Institute for Catalysis has already been
organized for many years in the form of a project
matrix structure in which projects have been as-
signed to several research departments.

The focus of our research approach is not the se-
paration into the classical areas of catalysis — ho-
mogeneous and heterogeneous — but the answering
of important research questions. In order to better
reflect these operational research activities, the
former program department structure is replaced
by the so-called matrix structure and the research
activities are assigned to so-called Topics across
departments.

One important goal is to achieve greater syneray
effects. If all groups and their expertise are visible
to everyone, opportunities for collaboration will
be found more quickly. Basically, a holistic view of
the phenomenon of catalysis is aimed at. This will
put the institute in a better position to use its re-
search results to make significant contributions to
solving the global ‘Grand Challenges’ of the 21st
century, such as health, sustainability, energy sup-
ply or climate change.

A total of seven topics have been identified as
future-oriented research areas, which are being
worked on by the existing research departments
with their individual research groups. Three of
them (Topic 0T - 03) are methodologically oriented
and four (Topic 04 - 07) are materially oriented. Al
topics are coordinated by a speaker and his or her
deputy speaker.

The reorganization of the individual research
groups into cross-research-departments topics
promotes transparency and intensive communica-
tion between all research departments and rese-
arch groups. The goal is to develop an information
culture that promotes an effective exchange of in-
formation at all levels: professional, organizational,
joint projects and new joint applications.

This does not affect the granting of research free-
dom for all scientific staff. Researchers are en-
couraged to independently develop solutions for
existing projects or to propose new project topics.
Explorative topics, which have been set up specifi-
cally for this purpose, offer the opportunity to ex-
plore research ideas and to react flexibly to current
problems and challenges.

13
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TOPIC 01

Prof. Angelika Briickner
PD Dr. Wolfgang Baumann

STRUCTURE-REACTIVITY
RELATIONSHIPS

In Topic 01, modern experimental methods are es-
tablished and combined as an essential basis for
knowledge-based catalyst design. This includes
the development, optimization and application
of innovative methods, processes and setups for
carrying out catalytic reactions and catalyst syn-
theses. The aim is to accelerate the development
of new catalytic processes and to make existing
processes more efficient.

One focus is on the development of new spec-
troscopic reaction cells in which different in situ
and operando methods can be coupled simulta-
neously. Of particular note is the 5-in-1 coupling
of FTIR-ATR/UV-Vis/EPR/EXAFS/XANES at a mea-
surement site of the Synchrotron Soleil near Pa-
ris, which allows, for example, the elucidation of
complex reaction mechanisms. In addition, a low
temperature FTIR cell was developed to analyze
exposed metal centers on the surface of solid ca-
talysts by adsorption of probe molecules (NO, CO).

New experimental solutions were developed for
operando spectroscopy at elevated pressure up
to 20 bar. Worth mentioning here are the FTIR
spectroscopic investigation of the Fischer-Tropsch
synthesis with CO, and the combination of EPR
spectroscopy and EXAFS/XANES for mechanistic
studies of the homogeneous chromium-catalyzed
tetramerization of ethylene.

Further milestones on the way to relevant reaction
conditions for in situ investigations of catalysts are
(i) the installation of a new NAP-XPS spectrome-
ter (Near Ambient Pressure) at LIKAT and (ii) an
innovative TEM setup with special sample holders
for in situ investigations at elevated temperatures
and pressures at the interdisciplinary faculty ‘Life,
Light & Matter” of the University of Rostock (funds
for this were jointly obtained). The measurements
under near-real conditions allow conclusions to be
drawn, for example, about reaction conditions or
catalyst properties that need to be adjusted.

The comprehensive set of operando techniques
has been used for monitoring selective oxida-
tions, hydrogenations, photocatalytic as well as
environmentally relevant reactions such as selecti-
ve catalytic reduction of NO_(NH,-SCR) and pho-
tocatalytic ozonation of organic contaminants in
wastewater.

A very illustrative example of the collaboration
between different groups in Topic 01 is the de-
velopment of a special ‘spin-trapping’ method
in the research group ‘Magnetic Resonance &
X-ray Methods’, which can selectively distinguish
between different radicals. With the help of this
method, predominantly preparative groups can
detect whether reactions are driven by radical me-
chanisms.

Investigation of structural and electronic properties
of heterogeneous and homogeneous photocata-
lyst and electrocatalyst systems in CO, reduction,
water splitting, and methanol oxidation revealed
that known active sites from thermal catalysis can
possess comparable activities in the novel reacti-
on guides. The collaboration in Topic 01 enabled
a more detailed investigation of these findings in
temperature-dependent UV-Vis and Raman mea-
surements and the deciphering of the relationships
between optical, electronic and catalytic proper-
ties of the material.

In the future, the combination of operando FTIR
spectroscopy and kinetics as well as chemometrics
will be a new experimental advance in the subject
area.
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IMPACT OF V AND M ON MECHANISM
AND PERFORMANCE OF VO /Ce, M O, ,

CATALYSTS IN LOW-TEMPERATURE

NH,-SCR OF NO_

ABSTRACT: The selective catalytic reduction (SCR)
of NO_ by NH, is highly important for cleaning
of exhaust gases, yet common catalysts such as
V,0.-WO,/TIO, and Fe- or Cu-containing zeolites
work properly only between 300 and 500 °C, which
is too high for application in diesel and lean-burn
engines. Promising candidates are CeO,-based
catalysts, which show high activity already well be-
low 200 °C, due to their high oxygen mobility and
interesting redox properties. Therefor we tried to
improve supported VO /Ce, MxO, ¢ catalysts by
doping with metal ions of different valence and
redox potential. This work has been performed in
close cooperation between the research groups of
U. Armbruster and J. Rabeah.

OBJECTIVE: The aim was to explore the effect of
replacing Ce** lattice ions by isovalent M** (Zr, Ti,
Mn) or lower-valent M** (Fe, Sb, Bi) with different
redox potential. While M** should modify oxygen
mobility due to lattice distortion caused by the dif-
ference of Ce** and M** radii, incorporation of M3*
was expected to create oxygen vacancies. Various
techniques such as DRIFTS, EPR, UV-vis and XA-
NES/EXAFS spectroscopy were applied in operan-
do or in situ mode together with catalytic tests for
elucidating structure-reactivity relationships and
mechanisms.

RESULTS: Almost complete NO_conversion and
N, selectivity were obtained at T < 200°C and high
flow rates with \/O/CeHMxO}6 (M** = Zr, Ti, Mn)i2,
The high activity has been related to the unique
oxygen transport ability of such Ce, M O, . solid
solutions which was shown to govern the redox
activity of the supported VO, species.

In Ce, M O, , solid solutions with M** = Fe, Bi, Sb,
catalytic activity of V-free supports follows the or-
der CeSb>CeFe>CeO,>CeBi and correlates with
the formation of Ce-O surface species which pro-
mote initial NO oxidation. \/Oy/CeHl\/IXO}6 cata-
lysts are more active than corresponding V-free
supports, yet the order of NO_ conversion
(VSbCe>VCe>VFeCe>VBiCe) is governed by the
efficiency of the V>*/V#* redox shuttle which is
faster in \/O/CeHSbXO}6 thanin \/O/CeO2 but lower

Chemistry
Europe

ChemCatChem

when M=Fe and Bi. Activity of V-free supports is
raised by increasing Brgnsted acidity after treat-
ment with H,0/S0O, containing feed while no posi-
tive effect was observed for \/Oy/CeHMXOM, since
the redox properties of VO dominate over the im-
pact of surface acidity.

OUTLOOK: We are now going to use the acquired
knowledge on the redox properties of Ce, M O, .
solid solutions to optimize those materials for si-
multaneous absorption of CO, from air and its
selective conversion to methanol within a new col-
laboration project sponsored by the Leibniz-Ge-
meinschaft within the ‘Pakt fur Forschung’.
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IRON-BASED CATALYSTS FOR CO
CONVERSION INTO HIGHER

z &

HYDROCARBONS UNDER

DYNAMIC CONDITIONS

ABSTRACT: CO, hydrogenation to higher hy-
drocarbons offers a sustainable path to valuable
chemicals if H, is produced using renewable ener-
gy. As such energy is provided in a non-conti-
nuous manner, applied catalysts should be robust
to changes in reaction temperature or feed com-
position without losing their desired performance.
To address these challenges, we develop catalysts
for dynamic operation.

OBJECTIVE: The main objective of this project in
the frame of the DFG SPP 2080 is to understand
basics for the purposeful development of Fe-
based catalysts for CO, hydrogenation to higher
hydrocarbons (CO,-FT) with low selectivity to CH,
under dynamic conditions. We focus especially on
mechanistic and kinetics aspects related to re-
action-induced changes of catalyst structure/com-
position and to the hydrogenation reaction itself.

RESULTS: In this project, the research groups Ben-
trup, Kondratenko from LIKAT and Kraehnert from
TU Berlin are working together in a complemen-
tary manner. They possess broad expertise in ope-
rando studies, transient and steady-state kinetic/
mechanistic analysis, and controlled material syn-
thesis.

As a first step towards targeted catalyst design,
literature data about CO,-FT were analyzed by
various statistical methods.' The Pauling electrone-
gativity of metal dopant for Fe,O, was identified
to be an appropriate descriptor affecting catalyst
activity and selectivity. In addition, the selectivity to
higher hydrocarbons and the olefin/paraffin ratio
are improved when combining promoters based
on oxides of alkali and transition metals. On this
basis, we developed a K-Mn/Fe,O, catalyst with
the selectivity to higher hydrocarbons of 83.1 % at
CO, conversion of 42 %.

We also proved that catalyst composition changes
along the bed length under CO,-FT. A correlation
between product selectivity and the steady-state
composition was established. In addition, reduc-
tion treatment prior CO,-FT was shown to affect
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the dynamics of reaction-induced catalyst restruc-
turing and accordingly product distribution.

A cell for operando catalyst characterization by
means of IR spectroscopy was developed and
successfully validated for CO,-FT at pressures up
to 15 bar (Figure). It is possible to monitor both
surface adsorbates and gas-phase under real re-
action conditions. Such analysis is instrumental for
deriving molecular insights into product formation
in CO,-FT under dynamic and steady-state ope-
ration.

OUTLOOK: Our activities are further focused on
(i) establishing the rules regulating catalyst struc-
ture/composition under dynamic and steady-state
CO,-FT conditions and (ii) identifying the relation-
ships between operando catalyst composition and
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In-house developed cell for operando IR-studies of catalytic material.

activity/selectivity. The derived insights should en-
able a rational design of improved catalysts and
be used as general guidelines for efficient catalyst
operation.
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KINETICS, THEORY &
MECHANISMS

The focus of Topic 02 is on mechanistic and kinetic
aspects of heterogeneous, homogeneous, electro-
and photocatalysis.

The subject of ongoing investigations are various
large-scale, future-oriented and sustainable cata-
lytic processes. The main goal is to derive corre-
lations between macroscopic observations in re-
actors with the microscopic structure of catalytic
active sites/phases and reaction microkinetics at as
elementary a level as possible.

Several research groups from complementary
fields are collaborating to achieve this goal.

Transient (time-resolved) experiments with iso-
tope-labeled molecules, steady-state kinetic and
mechanistic measurements, and spectroscopic
catalyst characterization are used to identify indi-
vidual reaction steps and determine their kinetic
parameters. With mathematical modeling and nu-
merical analysis of time-resolved experiments and
density functional theory (DFT) calculations, it is
possible to obtain nearly elementary kinetic and
mechanistic information. The combination pro-
vides a very detailed view of the mode of action of
a wide variety of catalysts.

One focus is on catalyst development supported
by mechanistic and kinetic investigations as well as
optimization of reactor operation in order to carry
out catalyzed reactions as efficiently as possible.
For this purpose, various techniques and methods
are applied and combined.

Chemometric methods allow the extraction of
pure component spectra and concentration pro-
files of substrates and products as well as catalyst

complexes and intermediates from time-resolved
FTIR spectra. These are used for the qualitative de-
scription of the reaction network.

An integral part of the Topic's research is the com-
bination of kinetic measurements (in situ/operando
NMR, UV-Vis spectroscopy, catalytic studies) coor-
dination chemistry studies (NMR, UV-Vis, X-ray),
time-resolved product analysis, steady-state isotopic
transient kinetic analysis and DFT calculations to
elucidate reaction mechanisms and to obtain re-
action kinetics.

The establishment of vibrational spectroscopy
(such as high pressure in situ spectroscopy) sup-
ported by DFT calculations offers the potential to
identify catalytically active species and develop ki-
netics for complex and cluster formation. Simul-
taneous combination with electrochemistry (for
spectrochemistry) provides information on struc-
tural changes and charge transfer of reactants.

Collaboration in Topic 02 promotes rationalization
of experimental results, based on which sugges-
tions can be made for optimizing reaction condi-
tions, improving reaction sequences, and planning
new experiments.
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DEVELOPMENT OF ALTERNATIVE-TYPE
CATALYSTS FOR NON-OXIDATIVE
DEHYDROGENATION OF PROPANE

TO PROPENE

ABSTRACT: Owing to the developments of shale
gas technology and demand for propene,
non-oxidative propane dehydrogenation (PDH)
has attracted growing attention. However, com-
mercial catalysts suffer from costs of Pt or toxicity
of Cr(VI). To overcome these faults, we developed
and validated a concept for preparation of alter-
native-type catalysts based on ZrO,. They became
novel ‘state-of-the-art catalysts’.

OBJECTIVE: In contrast to the most of literature
studies using supported catalysts, we develop bulk
catalysts. Our idea behind is that surface defects
of non-reducible metal oxides can catalyze al-
kane transformations. This concept was proven in
our previous studies using ZrO,-based catalysts
for PDH. The main aims of our recent studies in
the frame of a DFG project (E. Kondratenko and
H. Jiao, 2017 — 2020) were to identify structure of
active sites, to understand basics relevant for cata-
lyst synthesis and to check applicability of catalysts
developed.

RESULTS: The performed work includes synthesis
of well-defined catalysts, their detailed character-
ization, mechanistic tests and density functional
theory (DFT) calculations in cooperation with the
research groups Rabeah, Bentrup/Kubis, Rode-
merck, and ‘Analytics’ of LIKAT, Prof. Grunwaldt
(Karlsruhe), and Prof. Jiang (Beijing). DFT calcula-
tions predict that two coordinatively unsaturated
Zr cations (Zr_ ) of tetragonal or monoclinic ZrO,
form the active site for PDH.I" Their concentration
depends on the ability of ZrO, to release lattice
oxygen. This property can be tuned through the
usage of a metal (Cr, La, Sm or Y) oxide promo-
ter for ZrO, or/and supported metal (Ru, Rh, Ir or
Pt or ZnO P The highest positive promoter ef-
fect was established when ZrO, was doped with
Cr,0,. Ru, Rh, Ir or Pt particles deposited on ZrO,
increase intrinsic activity of Zrcus located at them?!
and influence side reactions®?, with Ir and Pt effec-
tively hindering coke formation.

The derived knowledge was successfully applied
for the development of novel catalysts based on

Gd,0, or Eu,0,. Thus, our approach is of general
character and may be used for synthesis of other
alternative-type catalysts.

Finally, our best materials outperform an analogue
of commercial K-CrO /ALO, tested under same
conditions (Fig. 1) and have already aroused inter-
est of several companies.

OUTLOOK: The application potential of our cata-
lysts for PDH will be further analyzed. Besides, the
concept developed for ZrO,-based catalysts will
be extended to other metal oxides to identify gen-
eral descriptors affecting formation and catalytic
properties of defective metal cations in dehydro-
genation of C-C, alkanes.
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THEORY
OF CATALYSIS

ABSTRACT: Different collaborations in Topic 02
dedicated to the understanding the mechanisms
of catalytic hydrogenation?, dehydrogenation®4,
transfer hydrogenation® and dehydrocoupling®®
reactions using non-noble Mn-, Fe-, Co- and
Ni-based catalysts.

OBJECTIVE: The main goal is the synergistic co-
operation between experiment and theory to un-
derstand the experimental findings and in turn to
make rational suggestions for optimizing reaction
conditions, improving reaction procedures and
planning new experiments.

RESULTS: In the reaction of manganese catalyzed
isomerization of allylic alcohols to ketones (Fig. 1),
the following mechanistic aspect was found: (a) Al-
lylic alcohol (1) dehydrogenation has the highest
barrier and is the rate-determining step. This ex-
plains the need of high temperature. (b) The catalyst
interconversion has lower barrier than allylic alco-
hol dehydrogenation what explains the need of
high pressure to maintain the stability of catalysts.
() The subsequent 1,4-hydrogenation of o, 3-unsat-
urated ketone (4) is more favored kinetically than
1,2-addition. This could be verified by the isolation
of the o, 3-unsaturated ketone as intermediate and
deuterium labeling experiment. (d) The ketone (2)
from the isomerization of allylic alcohol is the main

product as found experimentally. (e) Direct hydro-
genation of allylic alcohol (1) to saturated alcohol
(3) is not competitive due to the much high bar-
rier. (f) The saturated alcohol can be formed from
ketone hydrogenation due to the close barrier to
allylic alcohol dehydrogenation. A short reaction
time is needed for high yield of desired product.
(g) It also provided a rationale for the observed
selectivity and the higher efficiency of phenyl over
isopropy! substitution at the phosphorous.

In the chemoselective semihydrogenation of al-
kynes catalyzed by manganese(l)-PNP pincer
complexes (Fig. 2), it is found that (a) the catalyst
has high stability toward CO dissociation and is
also stable for the semihydrogenation; (b) an out-
er-sphere mechanism is operative. () The high
selectivity of the Z-product (2a) was due to the
low barrier. (d) Low H, pressure (5 bar), low tem-
perature (30°C) and short reaction time (4 h) lead
to high yield (99%) and Z-selectivity (99%). (e) A
too high temperature lowers H, concentration in
solution and suppresses the reaction.

OUTLOOK: On the basis of our very cooperative
and productive work, we will continue our cooper-
ation not only in the reactions involving H, but
also reactions relating with practical applications.
We wish to design new generation catalysts with
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Fig. 1. Proposed reaction mechanisms of allyl alcohol dehydrogenation and isomerization to ketone (left) and computed Gibbs

free energy profile for the isomerization of 1to 2 (right)."
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the respect of economy, ecology and green and
sustainable chemistry.

Mechanisms

Stability, Activity and Chemoselectivity
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Figure 2. Proposed bifunctional outer-sphere mechanism for the Mn-catalysed hydrogenation of alkyne 1a and alkenes 2 (left)

and the computed Gibbs free energy surfaces (right).”?
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REACTION ENGINEERING &

IMPLEMENTATION

Along with Topics 01 and 02, Topic 03 is one of
the methodologically and technologically oriented
topics at LIKAT.

With regard to reaction technology, the core task
of Topic 03 is the development of the best pos-
sible design and the determination of an optimal
mode of operation for reactors to carry out homo-
geneously and heterogeneously catalyzed chemi-
cal reactions. Different reactor concepts can be
evaluated, but also reactor and process concepts
can be developed together. Core elements are re-
action kinetics, fluid dynamics, and mass and heat
transport, which form the basis for modeling and
optimizing reactor performance. In addition to the
catalytic reaction, process engineering aspects of
catalyst synthesis are also addressed.

Core implementation tasks include (i) the transfer
of catalytic reactions from laboratory scale to pilot
or technical scale and (ii) the transfer of methods
from neighboring disciplines and information
technology to catalysis, which have the potential
to accelerate the transfer from research to techni-
cal application.

Construction of the LIKAT Transfer Technology
Center began in the fall of 2019. Since SMEs and
non-chemistry-specific user industries usually do
not have facilities for transferring innovative labo-
ratory results to pilot scale, it makes sense to keep
the know-how for piloting available at LIKAT to
support these users in transferring.

To realize this vision, research groups from dif-
ferent research departments work together. For
industry, Topic 03 is a competent partner for the
transfer of new developments in catalysis from ba-

sic research to application. In both heterogeneous
and homogeneous catalysis, several projects with
industry target reaction engineering or upscaling
aspects. To support these activities, Topic 03 ope-
rates and (partly) develops experimental facilities
of different scale (from microreactor to miniplant
scale) that provide high quality data.

To guarantee controlled synthesis of catalysts, it
is important to monitor all parts of the synthesis,
such as dosing of solutions or precipitants, mixing,
control of pH, etc. This involves the combination
of different reactor techniques and analytical me-
thods. A more detailed knowledge of the role of
the different parameters on the synthesis also min-
imizes the risk of failure when upscaling a catalyst
synthesis

Currently, various modern and sustainable catalytic
processes for fine and bulk chemistry are being
developed in Topic 03. This includes, among other
things, studies on catalyst activation and deactiva-
tion as well as start-up and shut-down behavior.
Scale-up of catalyst synthesis is also becoming in-
creasingly important.

In the future, ‘Data Science’ within NFDI4Cat will
add another focus on research data management.
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STUDY OF REACTION NETWORK OF
THE ETHYLENE-TO-PROPENE REACTION

e

BY MEANS OF ISOTOPICALLY LABELLED

REACTANTS

ABSTRACT: The reaction network of direct con-
version of ethylene to propene (EtP) is still under
debate. Particularly it is controversially discussed, if
metathesis is part of the reaction network. By using
13C- and 12C-labelled feed components we could
show that metathesis does not play a major role in
the reaction. Instead a complicated set of reactions
of forming longer olefins by C-C coupling and cra-
cking them to lower olefins happens.!”

OBJECTIVE: Ethylene can be directly converted to
propene over different Ni containing catalysts; the
highest propene yields have been obtained over
Ni/Al-MCM-41 prepared by complicated tem-
plate-ion exchange method” and over Ni/silica-alu-
mina prepared by incipient wetness impregnation
method.B! A reaction network comprising three
steps has been suggested in the past: (1) ethy-
lene dimerization to 1-butene on Ni sites, (2) 1-bu-
tene isomerization to 2-butene on acidic sites of
the support and (3) metathesis of 2-butene with
ethylene to propene on Ni sites.” % The third step
is under debate since Ni was never shown before
to be active for metathesis. Alternatively, a conjunct
polymerization producing a complex mixture of
saturated and unsaturated hydrocarbons has been
suggested.®!

The aim of the present study was to investigate the
reaction mechanism of the third step in the reac-
tion sequence of the EtP reaction, the reaction of
ethylene with trans-2-butene. Particularly, it should
be checked if propene is formed via metathesis

of these two molecules or through another re-
action pathway(s). To this end we used ethylene
labelled with the isotope ®C and let it react with
trans-2-butene containing only “C atoms. In case
of metathesis the formed propene should contain
one “C and two “C atoms. We also analyzed the
fraction of ?C and ®C atoms in all other reaction
products.

RESULTS: We studied the reaction of 2C labelled
ethylene with “C containing trans-2-butene over
two catalysts, Ni/AI-MCM-41 and Ni/silica-alumi-
na. The reaction products were separated by gas
chromatography and their isotopic composition
was analyzed by mass spectrometer. Pure meta-
thesis reaction should result in propene containing
one “C and two "C atoms. However, different iso-
topologues of propene were formed; the majority
contains only “C atoms showing that it must be
formed from the butene feed molecule (Fig. 1).
Propene containing one ®C and two C atoms was
observed only in traces excluding metathesis as a
major pathway of its formation.

Besides propene, other olefins with up to six C
atoms were obtained, and their isotopic compo-
sition was analyzed, too. As an example, the iso-
topologues of 1-butene are shown in Fig. 1. 1-Bu-
tene with four ?C atoms can be easily formed at
acidic sites of the catalyst by isomerization of the
2C-trans-2-butene and thus represents the ma-
jority among 1-butene isotopologues (not shown
in Fig. 1). However, besides “C-1-butene other
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Fig. 1. Reaction between ™C-
ethylene and C-trans-2-butene
over Ni/silica-alumina. Fractions
of ”C und ®C atoms in the reac-
tion products propene und 1-bu-
tene in dependence of conver-
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Fig. 2. Reaction between ®C-ethylene and "“C-trans-2-butene. Formation of intermediates and reaction products
containing different numbers of ?C und ®C isotopes. Adapted from [1].

isotopologues containing one to four “C atoms,
were obtained, too. Among them, the molecule
with four BC atoms presents the majority. It is
most likely, that it was formed by dimerization of
BC-ethylene. Also, the formed ethylene, pentenes
and hexenes contain different numbers of “C and
BC atoms. From the occurrence and fractions of
the C isotopes in the different products a complex
reaction scheme was deduced that contains vari-
ous C-C coupling and cracking reactions (Fig. 2).
The former can be catalyzed by both Ni and acidic
sites whereas for cracking reactions acidic sites are
mandatory.

The two studied catalysts, Ni/AI-MCM-41 and Ni/
silica-alumina differ in strength and number of sur-
face acidic sites with the latter being more acidic.
Consequently, over the two catalysts, a different
distribution of “C and C atoms in the produced
olefins was obtained.

OUTLOOK: Our study excluded metathesis as a
major reaction in the reaction scheme of EtP re-
action. Instead, complex scheme of C-C coupling
and cracking reactions can explain all reaction pro-
ducts and the fractions of “C and *C atoms con-
tained therein. Besides Ni sites, acidic sites of the
catalyst play a vital role. Consequently, tuning the
surface acidity of supported Ni catalysts offers the
way to improve catalyst selectivity.
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reaction network of the ethylene-to-propene re-
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HYDROGENOLYSIS OF TETRAHYDRO-
FURFURYL ALCOHOL TO 1,5-PENTAN-

e

DIOL IN A CONTINUOUS-FLOW

MICROREACTOR

ABSTRACT: Ni on various lanthanide oxides is a
very selective, active and also long-term stable ca-
talyst for the hydrogenolysis of bio-based tetrahy-
drofurfuryl alcohol (THFA) to 1,5-pentanediol (1,5-
PeD) in the liquid phase. In isopropanol, yields of
1,5-PeD of 87% were obtained in a batch reactor
and of 72% in a continuously operated microre-
actor.

OBJECTIVE: Terminal diols derived from renew-
ables are desired building blocks for bio-based poly-
esters and polyurethanes. C5 monomers such as
1,5-PeD are attracting particular interest because
they are not available in large quantities from petro-
chemical feedstocks. In polymers, 1,5-PeD con-
tributes to a good balance between hardness and
flexibility, and the materials possess a low viscosity
and low glass transition temperature.” Furan-de-
rived compounds accessible from cellulose should
be investigated as starting material. Since contin-
uous processes are favorable for technical appli-
cations, and very good selectivities to the desi-
red products can often be achieved by setting an
optimum residence time, continuous processing
should be investigated. Since the best conversions
and selectivities to 1,5-PeD were achieved in the
literature mainly by means of expensive supported

noble metal catalysts (e.g. Rh/ReOx/SiO,), we
looked for cheaper alternatives for active and
selective catalysts.

RESULTS: After an extensive catalyst screening in
the batch reactor, nickel catalysts on lanthanide
oxides, such as La,O,, Pr,0,, Sm,O,, and Nd,0,,
were identified as particularly active, but more im-
portantly, selective to 1,5-PeD. The best yield (87 %)
of 1,5-PeD at 88 % selectivity was obtained with Ni/
Pr,O,. The four types of catalysts were then used in
a commercial modular microreactor system (Fig. 1,
Ehrfeld Mikrotechnik BTS) under continuous liquid
phase flow conditions. The preparation methods
of catalysts and reaction conditions, such as tem-
perature, H, pressure, concentration, and solvent,
were optimized.

The reaction was found to proceed mainly as a
transfer hydrogenation, and the most suitable sol-
vent, and hydrogen donor at the same time, was
isopropanol. However, the presence of molecular
hydrogen significantly increased partly the catalyst
activity and selectivity. With Ni/La,O,, up to 82%
conversion of THFA at 88 % selectivity to 1,5-PeD,
and with Ni/Sm,O,, up to 70 % conversion of THFA
at 72 % selectivity to 1,5-PeD could be achieved. In
a long-term experiment (Fig. 2), where the reac-
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Figure 1. Scheme of the
microreactor set-up.”!
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tion temperature was simultaneously varied bet-
ween 135 and 150°C, a Ni/La,O, catalyst was still
as active after 384 h as at the beginning of the ex-
periment. The best selectivity obtained to 1,5-PeD
was 94 % at 72 % conversion.

Very active, selective, and long-term stable cata-
lysts have been provided for the continuous pro-
duction of 1,5-PeD from bio-based feedstock.!

OUTLOOK: Other suitable substrates, bio-based if
possible, will be included into the studies to gen-
erate diols of different chain length. In addition,
investigations of the reaction mechanism are to be
continued.
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TOPIC 04

Prof. Johannes G. de Vries
PD Dr. Thomas Werner

RENEWABLE
RESOURCES

Topic 04 bundles expertise in the field of renewable
raw materials. The focus is on research into the ca-
talytic conversion of renewable raw materials into
basic chemicals for products used in our daily lives.
For example, lignocellulose obtained from wood
waste and its components or fatty acids and ter-
penes can be used to produce various polymers,
agrochemicals, solvents or flavorings.

The first step is to convert the biomass into so-called
platform chemicals. These can usually be pro-
duced in large quantities in simple and high-yield
reactions and are suitable as synthesis building
blocks for numerous other compounds. Subse-
quently, these platform chemicals, such as glycerol,
levulinic or lactic acid, HMF or furfural, are convert-
ed in further catalyzed steps into the desired exist-
ing or new chemicals with the desired properties.
Carbon dioxide is also used as a raw material. The
challenge lies in activating the thermodynamically
extremely stable compound.

Until now, mainly homogeneous and heteroge-
neous catalysts have been used. Through our
collaboration in new Leibniz Science Campus
ComBioCat, biocatalysis (in cooperation with the
University of Greifswald) and low-temperature
plasma technologies (with INP Greifswald) can
now also be used.

Topic 04 facilitates excellent cooperation with in-
dustry in many projects: Renewable monomers
for use in adhesives are being developed together
with the Henkel company. Long-standing coope-
rations with Symrise AG are dedicated to the pro-
duction of fragrances and flavors based on bio-
mass. Chitin, waste from shellfish, or residues from
rice husks are also used as catalyst bases or carri-
ers for heterogeneous catalysts.
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GLUE FROM
WOOD

ABSTRACT: Levulinic acid is a chemical that can
be made from wood in excellent yield. In a large
European project with several industrial and aca-
demic partners, this process was scaled up and
processes were developed for further conversion
to solvents and resins that will be used as compo-
nents in glues.

OBJECTIVE: One of the major goals of the re-
search group Tin is to prepare chemicals from renew-
ables via catalytic routes. The group ‘Renewable
Ressources’ is partner in a large European project
called ‘GreenSolRes’ (https://greensolres.eu), fun-
ded by the Bio-Based Industry Joint Undertaking
(BBI-JU), together with industrial partners (GFBio-
chemicals, BASF, Lenzing, Henkel) as well as other
academic partners and research organisations.
The goal of the project was the production of le-
vulinic acid from wood on demonstration scale,
hydrogenation of levulinic acid to three different
molecules (GVL, 2-MeTHF and 1,4-pentanediol)
and finding applications of the three hydrogena-
tion products.

RESULTS: Our role in the project was to develop
components for adhesives from these levulinic
acid-derived compounds. In the end, success-
ful oligomers for adhesives were prepared from
2-MeTHF and 1,4-pentanediol;l"l investigation of
the applicability of the rather unreactive GVL is still
on-going. These polymers are used as compo-
nents for adhesives by the company Henkel, one
of the partners in the project. A number of patents
have been filed. As a bonus, one of the polymers
based on 1,4-pentanediol showed a very interest-
ing memory effect. A glue based on this material
would have great potential, for example, for use
on labels for bottles containing pharmaceuticals,
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which need to be kept at low temperatures. If the
bottle is exposed at some point to higher tem-
peratures, it would immediately become obvious
from the label, which would come off.

OUTLOOK: Another goal pursued during the pro-
ject was the recycling of polyesters. Our modern
society uses large amounts of plastic objects that
at the end of their large are either landfilled or float
around in the environment. To deal with this prob-
lem we need to develop economic recycling me-
thods. We have developed a method to upcycle
(= convert to a higher value product) much used
polyesters like PET to polyethers, that can be used
as components in glues.?!
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SUSTAINABLE SOLUTIONS
TOWARDS GREEN POLYMERS:

THE CASE OF PEF

ABSTRACT: The large-scale production of 100%
bio-derived PEF, the ‘green brother’ of PET, has
been hampered by the poor processability of its
building blocks. Here we describe an alternative
process for the sustainable aerobic synthesis of
PEF monomers under batch -and flow conditions.

OBJECTIVE: Polyethylene terephthalate (PET) is
general-purpose thermoplastic which finds com-
mercial application in many sectors including bev-
erage bottles and food packaging, fabrics, films,
parts for automotive, and electronics, among
others. PET is a polyester made traditionally from
petroleum-derived terephthalic acid (TPA) and
ethylene glycol.

The ‘green brother’ of PET is polyethylenefuranoa-
te (PEF), produced from plant-derived furandicarb-
oxylic acid (FDCA) and ethylene glycol, making it
a 100% biobased polymer. PEF can replace PET in
many applications, sometimes even surpassing its
performance. The sustainable production of PEF
can be entirely made from cellulose, for instance
derived from agricultural bio-waste. The bottle-
neck of this otherwise ‘dream-process’ lies in the
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Oxidation Paolymerization
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physical and chemical properties of FDCA which
make its synthesis, purification and downstream
processing challenging. Hence, we have embarked
on the synthesis of a more stable, easier to han-
dle FDCA surrogate, namely dimethyl-2,5-furandi-
carboxylate (FDCM). This diester is easier to purify
and is more stable in the polymerization process
to produce PEF, therefore, it is economically more
suited as starting material than FDCA.

RESULTS: We developed a green batch process
for the quantitative and selective oxidative esterifi-
cation of Hydroxymethylfurfural (HMF) to FDCM.!"
The conversion was achieved using a bimetallic
heterogeneous catalytic system containing ru-
thenium and cobalt oxide over nitrogen-doped
carbon which work in synergy. Each catalyst has
his own mechanism of action and the sum of both
mechanisms leads to the improved synthesis of
FDCM. The process works at mild temperatures
(50°C), uses oxygen from air as oxidant and does
not require additional solvents.

With this technology in our hands, we transferred
our batch process to micro-flow conditions,” for
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which a new set of catalysts had to be developed
to circumvent certain technical limitations like the
catalyst’s particle size. The products are contin-
uously collected with a HMF conversion of 98%
and selectivity towards FDCM up to 57%. The use
and adaptation of flow chemistry to this challen-
ging reaction led to a >15-fold increase in the pro-
duction of FDCM from HMF compared to batch
conditions.

OUTLOOK: With this work on the synthesis of
FDCM, we set the starting point in the use of flow
chemistry for the synthesis of this important mole-
cule and hope the interest of the industry is renewed,
as FDCM s the building block for biobased furan
polymers, which widens the possibilities of
establishing the use of a 100% biobased polymer
like PEF in our everyday life.
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ENERGY &
ENVIRONMENT

Topic 05 deals with basic and applied research aimed
at enabling a circular economy and securing
clean resources for future generations. To this end,
the research work focuses on three main lines of
research.

‘Utilization of renewable energy for chemical pro-
duction’, e.g. in electrochemical or photocatalytic
processes, bundles research efforts on hydrogen
production, its storage and reconversion into elec-
trical energy. This includes H, production from re-
newable resources and its storage in small ener-
gy-rich molecules such as methanol and formic
acid under mild conditions, as well as the photo-
and electrocatalytic splitting of water and reduc-
tion of CO,,

Another focus is on the ‘reintroduction of green-
house gases into chemical production’. Various re-
search approaches of Topic 05 are dedicated to
CO,, which is considered a climate gas and is ther-
modynamically stable, as a potential raw material.
Using suitable catalysts and reaction conditions, it
can be converted to methanol, which in turn can
be used as a CO,-neutral fuel or energy storage
medium. The reaction of CO, with the greenhouse
gas methane CH, in dry reforming is also the sub-
ject of intensive research. The synthesis gas (H,/

CO) produced in this process is relevant for nume-
rous industrial processes.

Another focus of Topic 05 is on the ‘purification of
exhaust gas streams’, e.g. of NO , and ‘wastewa-
ter, e.g. of organic substances that are difficult to
degrade. The selective catalytic reduction of nitro-
gen oxides (NO ) with ammonia at low temperatures
(NH,-SCR) is a promising method for removing the
toxic gases from exhaust gases. At the same time,
influences of other components, such as form-
aldehyde, on the catalyst's mode of action are also
being investigated. The close collaboration of dif-
ferent research groups with expertise in catalytic
testing, in situ/operando FTIR and EPR spec-
troscopy as well as transient studies with temporal
resolution enables detailed findings in this context,
which form the basis for knowledge-based catalyst
design. Hardly degradable inorganic and organic
compounds in wastewater, e.g. from pharmaceuti-
cals, can be heterogeneously photocatalytically
degraded using UV and visible light.
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EMISSION OF HCN FROM FORMALDEHYDE -~;
DURING NH,-SELECTIVE CATALYTIC " MLA

\

/

REDUCTION OF NO, OVER DIFFERENT
V,0,.-WO,_/TIO, CATALYSTS

ABSTRACT: Selective catalytic reduction of nitro-
gen oxides (NO ) by ammonia (NH,-SCR) is an
important technology for the abatement of these
harmful substances from the environment.!"?!
Recent investigations showed that catalytic reac-
tions of formaldehyde, stemming from incomplete
combustion of fuel, may form toxic hydrogen cya-
nide (HCN) with NH,.“I We investigated this widely
neglected effect on commercial catalysts to under-
stand and tackle this issue.

OBJECTIVE: The main goal of this work in the frame
of ROHAN project between Hanoi University of
Science and Technology (Vietnam) and LIKAT (J.
Rabeah, U. Armbruster and E. Kondratenko) was
to study the impact of formaldehyde on HCN pro-
duction during NH,-SCR of NO_over commercial
V,0,-WO,/TiO, and home-made catalysts having
different redox and acidic properties. This side re-
action generates a novel serious emission problem
during operation of combined heat and power
plants. To this end, the interaction of HCHO with
different feed components as well as with the total
SCR feed has been investigated in detail.

RESULTS: The effect of HCHO on NH,-SCR has
been studied on commercial V,0,-WO,/TIO, ca-
talyst and analyzed in detail by tailored catalytic
tests, in situ EPR and FTIR experiments, and tran-
sient studies using temporal analysis of products
(TAP). To explore the effect of the different cata-
lyst components on the reaction of HCHO, model
catalysts WO,/TiO, and V,0./TiO, have also been
investigated. Significant amounts of HCN were
detected during the NH,-SCR in the presence of
formaldehyde over the most active catalyst V,O,-
WO,/TIO,, while the effect of HCHO was negligible
on the less active catalysts WO,/TIiO, and V,O,/
TiO,.

In a first step, HCHO is oxidized to adsorbed form-
ate species, which compete with adsorbed nitra-
te species for NH,. The first leads to formamide
and the second to N,. The acidic and redox pro-
perties of V,O.-WO,/TiO, catalysts play essen-
tial roles in the subsequent reaction pathways to

formamide as precursor for HCN. Above 450°C,
formamide was oxidized to CO, and nitrogen ox-
ides on V,O,-WO,/TiO, catalyst while in the range
from 250 to 400 °C it was mainly dehydrated to
form HCN together with minor amount of CO via
decarbonylation. This overall reaction sequence
consumes NH, and hence lowers the SCR activity
and N, selectivity in addition to the emission of a
highly toxic substance.

OUTLOOK: This work provides evidence for HCN
emission due to the direct reaction between form-
aldehyde and NH, and should offer a basis for
designing highly active and selective catalysts
either to prevent HCN emissions or to convert it
to non-toxic gases. Extra efforts are required to
deeply understand the roles of water and SO,
which are present in the exhaust gas, for HCN
formation. Such kind of investigations is essential
for practical application. Therefore, the groups
of J. Rabeah, U Armbruster and E. Kondratenko
are planning to continue their collaboration
through ROHAN project to provide a solid scientific
knowledge for catalyst improvement to minimize
the formation of HCN.
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PROPHECY AND PRODIGY: PROCESS ~ -
CONCEPTS AND PROCESS DEVELOPMENT ~“NLA~
IN GAS-SOLID PHOTOCATALYSIS FOR

THE REDUCTION OF CO,

ABSTRACT: In the projects PROPHECY (10/2016
to 01/2020) and PRODIGY (since 02/2020), coor-
dinated by the Department of Heterogeneous
Photocatalysis at LIKAT, the five scientific partners
(from Berlin, Oldenburg, Karlsruhe) produce nano-
materials and test various reaction environments
to be applied in a photocatalytic process to con-
vert CO, into valuable products. It is anticipated to
use sunlight in an artificial photosynthesis process.
In contrast to earlier work, the reaction partner
here is not primarily water, but biogenic resources
(e.g. methane from biogas).

OBJECTIVE: For such photocatalytic processes to
be economically viable even with low yields, pro-
ducts of high value must be produced, such as
short-chain alcohols, aldehydes, carboxylic acids
or synthesis gas. To this end, three sub-goals are
to be achieved: (i) the strategic design of materials
that are free of precious metals, absorb visible light
and adsorb the reactants, (ii) reliable evidence of
product formation from CO, and the optimiza-
tion of the reaction conditions for the new reacti-
on partners, and (iii) a life cycle assessment of the
environmental characteristics and costs. LIKAT is
particularly involved in sub-goal (ii).

RESULTS: In 2019 and 2020, at LIKAT the prereqg-
uisites were established to study adsorption prop-
erties of the developed catalysts (BelCat Il) and
to carry out studies with BC isotope labeling. In
terms of materials, the focus was placed on (or-
dered) mesoporous titanium oxide, whereby both
the introduction of zinc oxide and the creation of a
carbon-based shell layer increased the overall pro-
duct yield. In the case of zinc oxide, in particular
the ethane yield was increased. For SrTiO,-based
photocatalysts, the highest product concentration
was achieved with a Pt cocatalyst, but with Pt-Cu
as cocatalyst the competitive H, evolution was
suppressed. Furthermore, a molecular photocata-
lyst system was investigated for the formation of
CO in an ionic liquid, and product formation from
CO, was verified.!

OUTLOOK: The further studies particularly deal
with carbon-based sheet-like and framework ma-
terials as metal-free and visible light absorbing al-
ternative photocatalysts. In addition, the work on
the photocatalytic dry reforming of methane with
carbon dioxide is being expanded. Studies with
isotope labeling are planned to follow reaction
pathways.
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TOPIC 06

Dr. Sebastian Wohirab
Dr. Bernd Miiller

MORE EFFICIENT
PROCESSES

Research within Topic 06 is focused on new colla-
borations and concepts that can successfully meet
future challenges. Economical synthesis routes,
promising new starting materials as well as novel
attractive processes for industrial applications are
the goal.

The design of more efficient processes comprises
four different pillars:

(i) More efficient catalysts: Targeted ligand design
and their synthesis play a prominent role in ho-
mogeneous catalysis. This is because even the
smallest structural changes can have a drastic ef-
fect on the catalytic efficiency of the catalyst. In
addition to the synthesis of ligands and complexes
for homogeneous catalysis, Topic 06 is dedicated
to research on heterogeneous catalysts. One focus
is on the development of cost-effective and en-
vironmentally friendly alternatives to commercially
used catalyst systems. Priority is given to the rege-
nerability of the developed catalysts without losing
activity, selectivity and on-stream stability.

(i) More efficient process control: The subject of
investigations includes transfers from batch to
continuous operation, with the aim of improving
various factors such as thermal management, re-
sidence time distribution, product separation and
ultimately selectivity and yield. Another tool to
make thermodynamically and kinetically deman-
ding reactions more efficient is the use of catalytic
membrane reactors. By using membranes, ther-
modynamic equilibria can be shifted or selectivity
as well as productivity can be increased.

(iiy More efficient synthesis routes: So-called ‘dream
reactions’ are attractive reactions that often only
exist on paper, for example the production of a
complex compound in just one reaction step.
However, catalysis opens up the possibility of com-
pletely new synthetic routes. One such ‘break-
through’ is the one-step dicarbonylation of buta-
diene. After more than 60 years of intensive rese-
arch worldwide, the reaction could be realized at
LIKAT and transferred into application. The targe-
ted adjustment of the H.,:CO ratio of synthesis gas
in the catalyzed reforming of methane is another
such dream reaction that is the subject of intensive
investigation.

(iv) More efficient use of resources: The great inte-
rest of industry in improving its processes in terms
of turnover, selectivity and productivity - even by
only a few percentage points - justifies the fourth
focus of Topic 06. Behind the primary objectives
lies a more efficient use of raw materials and ener-
gy, which is of great societal importance for the
conservation of our resources. Of great impor-
tance is research into carbon extraction from the
air and the further processing of airborne CO, un-
der mild conditions
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EFFICIENT PALLADIUM-CATALYZED
CARBONYLATION OF 1,3-DIENES:

SELECTIVE SYNTHESIS OF ADIPATES
AND OTHER ALIPHATIC DIESTERS

ABSTRACT: Here, we report on a palladium-cata-
lysed process in the presence of 1,2-bis-di-tert-bu-
tylphosphin-oxylene (dtbpx) ligands, which allow
adipate diester formation from 1,3-butadiene, car-
bon monoxide, and methanol with 97 % selectivity
and 100% atom-economy under scalable condi-
tions. Under optimal conditions a variety of di-and
triesters from 1,2- and 1,3-dienes can be obtained
in good to excellent yields.

OBJECTIVE: The dicarbonylation of 1,3-butadiene
to adipic acid derivatives offers the potential for
a more cost-efficient and environmentally benign
industrial process. However, the complex reaction
network of regioisomeric carbonylation and iso-
merization pathways, make a selective and direct
transformation particularly difficult. We describe
for the first time this ‘dream reaction for industry’
first time 2019 Further on we improved this me-
thodology to an industrial viable level .3l

RESULTS: Recently, we discovered that a particu-
lar bidentate phosphine ligand (HeMaRaPhos) L1
allowed the palladium-catalyzed dicarbonylation
of 1,3-butadiene working with high activity in other
palladium-catalyzed alkoxycarbonylation reactions
too.2 In order to understand the different reactivi-
ty of HeMaRaPhos and 1,2-bis-di-tert-butylphos-
phinoxylene (L2, dtbpx), we re-investigated the re-
activity of the latter system in more detail. Notably,
L2 is commercially used in the alkoxycarbonylation
of ethylene (Lucite a-process) and can be consi-
dered as a benchmark ligand for such reactions. In
our study, a peculiar solvent effect was discovered,
which laid the basis for a new protocol for direct
dicarbonylation of 1,3-butadiene and related di-
enes in the presence of several palladium catalyst
systems.

Comparing the kinetic behavior of both catalyst
systems, some peculiar differences became appa-
rent (Fig. 1). The one containing dtbpx L2 shows
a prolonged induction period (6-8h), while in the
presence of L1 in the first two hours an intermedi-
ate is mainly formed, which afterwards rapidly is
converted to the desired adipate.

OUTLOOK: The first Pd/dtbpx-catalyzed direct di-
methoxycarbonylation of 1,3-butadiene can be
presented. Surprisingly, the viability of this indus-
trially relevant process is highly dependent on the
ligand, solvent and catalyst system. We believe
these findings will provide motivation towards the
production of intermediates for bulk polyamides
and polyesters produced on multi-million ton-
scale.
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DEVELOPMENT OF A CATALYTIC ”
MEMBRANE REACTOR FOR THE 1

EFFICIENT PRODUCTION OF METHANOL
BY THE HYDROGENATION OF CO, WITH
REGENERATIVE HYDROGEN IN THE GAS
PHASE ON A HETEROGENEOUS
CATALYST (HYTHANOL ECO,)

ABSTACT: The background of the project is the
concept of hydrogen utilization by an expanded
group of users by refining hydrogen within the
framework of power-to-X strategies. The primary
objective of the joint project is to develop a catal-
ytic membrane reactor for the efficient production
of methanol by hydrogenating CO,, e.g. from flue
gas, with regenerative hydrogen in the gas phase
on a heterogeneous catalyst.

OBJECTIVE: The core idea of the project is to shift
the equilibrium of the methanol synthesis by sepa-
rating a product in order to increase the yield of
the desired product. This allows the reaction to be
carried out economically even with expensive star-
ting products such as green hydrogen. Specifically,
a catalytic double membrane reactor is developed
that allows selective dosing of a reactant (H, or
CO,), catalytic conversion and selective removal of
a product (H,O, methanol) to increase the yield
of equilibrium-limited methanol synthesis. This in-
creases the production efficiency of this versatile
base chemical via the CO, route. In order to realize
the most efficient synthesis, two substance-selec-
tive membranes are used, coupled with an active
catalyst in a reactor.

RESULTS: In the project, membranes and mem-
brane-catalyst combinations are to be developed,
coupled in terms of process technology, tested un-
der real conditions and checked for practical suita-
bility. The overall process concept should allow the
integration of a wide range of CO, sources.

Target parameters of the innovative concept are:

+  Development of new catalysts and membranes;

+ Significant increase in methanol yield compa-
red to CO, hydrogenation in a fixed bed re-
actor;

* Increase of reactor throughput and simulta-
neous energy savings;

* Realization of at least 3 process steps in one
reactor (process intensification) and

* Integration of heat management for waste
heat utilization for provided processes (e.g.
amine scrubbers).

OUTLOOK: The economic objective is to achieve
a process of methanol synthesis based on the use
of CO, and regenerative hydrogen. The project
enables a more variable and intensive H, utiliza-
tion and opens up new utilization routes as well
as the possibility of H, storage in the form of Ii-
quid methanol. Methanol is a value-added pro-
duct and is conventionally produced from natural
gas or coal via syngas. The project aims to make
methanol synthesis from renewable sources and
CO, economically attractive. In addition, there is
an enormous savings potential for CO,-intensive
emitters against the background of rising prices for
CO, certificates in the future and could become an
essential aspect for the existence of CO,-intensive
heavy industry in Germany and its social accep-
tance.

In collaboration with Fraunhofer-Institut fUr Kera-
mische Technologien und Systeme (IKTS), MUW
Screentec GmbH (MUW), DBI Gas- und Umwelt-
technik GmbH (DBl -GUT)
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TOPIC 07
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NEW PRODUCTS &
PROCESSES

Research in Topic 07 is based on LIKAT's long-stan-
ding expertise in fundamental and applied areas of
homogeneous and heterogeneous catalysis, com-
plemented by new aspects, junior research groups
and associated research groups.

This includes aspects of classical homogeneous
catalysis, organometallic and coordination che-
mistry, main group chemistry, photocatalysis, and
organocatalysis. This knowledge is complemented
by aspects of heterogeneous catalysis.

An illustrative example are transition metal-cataly-
zed syntheses of fine chemicals, which often find
application in the pharmaceutical industry. The
development of transition metal complexes with
polydentate P-containing ligands plays a central
role. Often, a new generation of ligands enables
unusual conversions and a significant increase in
activity.

Catalysis bears a key role in the valorization of re-
newable resources and CO, chemistry. The pro-
duction of plant-based platform chemicals or the
use of CO, hold great potential in terms of climate
and resource protection. Catalytic processes are
then needed to convert the sustainable platform
chemicals into new compounds and materials.

In addition to industry-related research projects,
basic research accounts for a large part of the ac-
tivities in Topic 07. The relevance of this work lies,
among other things, in the investigation of reac-
tivities and the discovery of new methods, which
allows conclusions to be drawn about catalysis-re-
lated issues.

In the following, only a few of the multifaceted to-
pics are mentioned as examples.

Intensive research efforts are being made in the
field of phosphorus chemistry, also at the boundary
between homogeneous and heterogeneous cata-
lysis. This includes the development of new (ste-
reogenic) P-containing ligands, the synthesis of
strained P-containing ring systems or P(lll)/P(V)
redox-based organocatalysis.

Furthermore, it is investigated how inexpensive
metal-based and metal-free catalysts for carbony-
lative coupling reactions can be used for the
synthesis of heterocycles or how small bioactive
molecules can be produced by established and
new methods.

The amine-borane class of compounds holds po-
tential for use as precursors for new B-N materials
and is therefore of great interest. Their dehydro-
coupling with early and late transition metal com-
plexes or the preparation of linear polyaminobo-
ranes are the subject of intense investigation.

Highly strained metallacycles, such as unsaturated
and four-membered Ti-containing ring systems,
are challenging compounds to prepare with inte-
resting bonding situations. Based on the synthesis
and studies of these compounds, conclusions can
be drawn about individual substeps of catalytic
mechanisms.
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P(111)/P(V) REDOX CATALYSIS

ABSTRACT: In this work, the carbon-carbon dou-
ble bond of unsaturated carbonyl compounds is
readily reduced by a phosphetane oxide catalyst.
Notably, water is used as the hydrogen source
while the P(Ill)/P(V) redox cycling is realized utili-
zing a simple organosilane (PhSIH,) or the even
less active polymethylhydrosiloxane as the termi-
nal reductant.

BACKGROUND: We have been involved in the
development of new catalytic methods based
on P(ll)/P(V) redox catalysis for some time. In
this context, we recently reported the use of a
phosphetane oxide as a catalyst in Wittig reactions
(Fig. 1a)." In the presence of small amounts of this
catalyst (1-2 mol %) this reaction can be carried out
even at room temperature. It is noteworthy that
in some cases hydrogenation of the double bond
was observed under the reaction conditions. Initial
investigations indicated that water served as the
hydrogen source. Based on these observations, a
new method for the organocatalyzed reduction of
o, B-unsaturated carbonyl compounds should be
developed.

RESULTS: A catalyst screening and optimization
of the reaction conditions led to a protocol for the
efficient organocatalytic reduction of activated al-
kenes using water as a hydrogen source (Fig. 1b).1

The mechanism of the reaction was investiga-
ted. It was found that the phosphetane oxide is
first reduced to the corresponding phosphetane.
This then undergoes a Michael reaction with the
substrate to form an ylide, which is hydrolyzed
under the reaction conditions to the alkane and
the phosphetane oxide. The phosphetane oxide
catalyst thus enables the selective reduction of
electron-poor alkenes by P(lll)/P(V) redox cataly-
sis in the presence of water. Under the optimized
conditions, a total of 25 alkenes and two alkynes
were hydrogenated to the corresponding alkanes
in excellent yields of up to 99 %, tolerating a vari-
ety of functional groups that are normally easily re-
duced. In addition, it was possible to use inexpen-
sive polymethylhydrosiloxane instead of PhSiH,

as the terminal reducing agent and to substitute
toluene by the renewable solvent BUOAC.

REFERENCES:
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a) Room temperature catalytic Wittig reaction

0 EWG 1-2 mol% Cat.
] o+ BTY L

R! R2 EtN/Pry, PhSiHg, THF , R=o
room temperture, 48 h R Me
25 examples Catalyst

up to 97% vyield

b) Reduction of activated alkenes by P(lll)/P(V) redox catalysis

25 examples
up to 99% vyield

1-2 mol% Cat., H,O (3.0 equiv),
PhSiH; (1.5 equiv), toluene, 80 °C, 24 h

Figure 1. a) Catalytic Wittig reaction at room temperature.!” b) Reduction of activated alkenes by P(lll)/P(V) redox catalysis.?
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THREE-MEMBERED PHOSPHORUS RING
SYSTEMS AS PRECURSORS FOR NOVEL
LIGANDS IN TITANOCENE COMPLEXES

ABSTRACT: Phosphaalkenes, systems with a P=C
double bond, offer multiple binding sites for tran-
sition metals. In the search for new synthetic routes
towards phosphaalkenes with small aryl groups on
phosphorus, we have discovered a selective syn-
thetic route for strained three-membered phos-
phorus cycles, (PAr),, so-called cyclotriphosphanes.

OBJECTIVE: Phosphaalkenes can be obtained
in the so-called phospha-Wittig reaction. In this
process, phospha-Wittig reagents, ArPPMe (Ar =
sterically demanding group), react with aldehydes
to form the desired phosphaalkenes, ArP=C(H)R,
with concomitant formation of OPMe,. Phosphaal-
kenes can coordinate metals in many ways, for
example via a free electron pair on the phospho-
rus or via the electron density in the P=C double
bond. We now wanted to transfer the concept of
the phospha-Wittig reaction to smaller aryl groups
on phosphorus, such as the diisopropylpheny!

group (dip).

RESULTS: In doing so, we found a selective and
scalable access to cyclotriphosphanes, (PAr), with
aryl substituents (Scheme 1, bottom), which have
so far only been described as by-products in the
literature.l” Optimisation of the reaction conditions
showed that mixed halides of the type ArPX, (Ar =
Tip, Dip, Mes; X = Cl, Br) represent ideal and easily
accessible starting materials. The subsequent reac-
tion with Zn and PMe, then yields the three-mem-
bered phosphorus rings in excellent yields. These
are thermally stable and can be stored indefinitely
in an inert atmosphere. In collaboration with Dr.
Fabian ReiB, an expert in the field of titanocene
chemistry, the P,-ring systems should be reacted
with the complex Cp,Ti(btmsa) to obtain so-called
phosphinidene complexes. In this process, the P-
ring would be split into individual PAr units and
transferred to the titanium centre. Systems of the
type Cp,Ti=PAr are unknown to date. If now (PAr),
and Cp,Ti(btmsa) are reacted in a 1:3 ratio, we did
not find the formation of the phosphinidene com-

phospha-Wittig reaction
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Figure 1. Molecular structure of the first titanocene phosphinidene complex (left) and a cyclotriarsane with dip-substituents.

plexes as expected. Rather, complexes of the type
Cp,Ti(P,Ar,) were obtained (Scheme 1), which were
isolated in good yields after optimisation. Through
close collaboration with Dr. Haijun Jiao, we were
able to show by DFT studies that electrons are
transferred stepwise from the titanium to the P,
ring, forming a phosphorus radical, a species with
an unpaired electron, on the titanium. In collabo-
ration with Dr. Jabor Rabeah, these radicals could
then be detected in the EPR spectrum.

OUTLOOK: In collaboration with the Reil3 group,
we are currently working on the synthesis of ti-
tanocene phosphinidenes,” and were able to
structurally characterise them for the first time.
Furthermore, the synthetic route to the triphos-
phiranes could be transferred to the analogous
arsenic systems.?! In the future, the chemistry of
these strained group 15 ring systems will be ex-
panded with regard to catalytic phosphinidene

transfer reactions and the synthesis of functional
materials.
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Forced by political decisions, intensive work is cur-
rently underway in Germany on the development
of hydrogen technologies. The group ‘Catalysis for
Energy’ has already been working since 2003 on
the production of hydrogen from renewable ener-
gies and raw materials, the chemical storage of hy-
drogen and the use of green hydrogen for carbon
dioxide utilization by synthesizing energy carriers
as well as industrially relevant products (e.g. car-
bon monoxide, formic acid, methanol). For this
purpose, classical hydrogenation/dehydrogena-
tion reactions as well as photocatalytic reactions
are applied. To improve these conversions, we
combine our methodological expertise in reaction
control and product analysis with our experience
in the development of active and selective catalysts
and photosensitizers. Both organometallic com-
plexes and heterogeneous catalysts, e.g. suppor-
ted nanoparticles and ‘single atoms’, are used as
catalysts. In this respect, non-precious metals also
play a crucial role.

Recent highlights were the successful application
of one of our catalyst systems in continuous

low-temperature hydrogen production from me-
thanol/water over 450 h in a demonstration plant
at FAU Erlangen-Nuremberg (Metha-Cycle project,
funded by the BMWi) and the start of a project
on hydrogen storage in formic acid funded by the
state of Mecklenburg-Western Pomerania and the
EU.
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The research group ‘Applied Carbonylations’ is
equally dedicated to basic research (e.g. within the
framework of BMBF and EU projects as well as in
cooperation with other university institutions and
industry) and application-oriented research (co-
operation with industry, e.g. Evonik, BASF, Creative
Quantum, etc.).

Its research focuses on hydroformulations, alkoxy-
carbonylations, hydroxycarbonylations and hydro-
aminomethylations with industrially relevant raw
materials (such as olefins, alkynes, carbon dioxide)
to industrially relevant products (such as alde-
hydes, carboxylic acids, esters, amines, alcohols)
for applications in polymer chemistry (monomers,
plasticizers, etc.).

In order to contribute to the transfer into industri-
al applications, process-accompanying research is
part of our tasks. This includes e.g. the investiga-
tion of activity, stability and selectivity behavior of
new catalysts in new reactions to known and new
products of industrial importance.

Another focus is on the development and testing
of new homogeneous and heterogeneous catalysts
for carbonylation reactions and CO, hydroge-
nations with known noble metals and alternative
catalyst metals such as iron, cobalt, manganese,
ruthenium or iridium.

Direct co-development and test runs of small de-
monstration plants in cooperation with industrial
partners and university institutions are also part of
the research activities. They serve to validate im-
portant process parameters in hydrogenation re-
actions of carbon monoxide and carbon dioxide.
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The focus of the research group ‘Theory of Cata-
lysis” is the computational investigation into physi-
cal organic chemistry, organometallic and homo-
geneous catalysis as well as surface science and
heterogeneous catalysis in cooperation with col-
leagues in our Institute.

In physical organic chemistry and organometallics,
we are interested in the structure and stability as
well as spectroscopic properties of organic and
organometallic molecules." " In homogeneous
catalysis, we investigate the catalytic activity of
transition metal complexes in the hydrogenation,
dehydrogenation and transfer hydrogenation re-

References:

[1] F. ReiB, M. Reif3, J. Bresien, A. Spannenberg, H. Jiao, P Arndt,
U. Rosenthal, T. Beweries, Chem. Sci. 2019, 70, 5319-5325.
1-Titanacyclobuta-2,3-diene — an elusive four-membered cy-
clic allene.

[2] A. Schumann, F. ReiB, H. Jiao, J. Rabeah, I. Krummenacher,
H. Braunschweig, C. Hering-Junghans, Chem. Sci. 2019, 70,
7859-7867. A selective route to aryl-triphosphiranes and their
titanocene-induced fragmentation.

[3] Z. Wei, H. Jiao, Adv. Inorg. Chem. 2019, 73, 323-384. Bi-
functional aliphatic PNP pincer catalysts for hydrogenation:
mechanisms and scope.

[4] K. Murugesan, Z. Wei, V. G. Chandrashekhar, H. Neumann,
A. Spannenberg, H. Jiao, M. Beller, J. Rajenahally, Nat. Com-
mun. 2019, 70, 5443. Homogeneous cobalt-catalyzed reduc-
tive amination for synthesis of functionalized primary amines.
[5] T. Xia, B. Spiegelberg, Z. Wei, H. Jiao, S. Tin, S. Hinze, J. G.
de Vries, Catal. Sci. Technol. 2019, 9, 6327-6334. Manganese
PNP-pincer catalyzed isomerization of allylic’/homo-allylic al-
cohols to ketones — activity, selectivity, efficiency.

[6] K. Murugesan, Z. Wei, V. G. Chandrashekhar, M. Beller, H.
Jiao, J. Rajenahally Chem. Sci. 2020, 77, 4332-4339. General
and selective synthesis of primary amines using Ni-based ho-
mogeneous catalysts.

[7] M. Garbe, S. Budweg, V. Papa, Z. Wei, H. Hornke, S. Bach-
mann, M. Scalone, A. Spannenberg, H. Jiao, K. Junge, M. Beller,
Catal. Sci. Technol. 2020, 70, 3994-4001. Chemoselective se-
mihydrogenation of alkynes catalyzed by manganese(i)-PNP
pincer complexes.

[8] J. Liu, Z. Wei, J. Yang, Y. Ge, D. Wei, R. Jackstell, H. Jiao,

actions of unsaturated compounds,®"! carbonyla-
tion of alkenes and alkynes.® I In heterogeneous
catalysts, studies are currently being carried out
on activation mechanisms of low molecular weight
hydrocarbons.!

M. Beller, M. ACS Catal. 2020, 70, 12167-12181. Tuning the
Selectivity of Palladium Catalysts for Hydroformylation and
Semihydrogenation of Alkynes: Experimental and Mechanistic
Studies.

[9] J. Liu, C. Schneider, J. Yang, Z. Wei, H. Jiao, R. Franke, R.
Jackstell, M. Beller, Angew. Chem. Int. Ed. 2021, 60, 371-379. A
General and Highly Selective Palladium-Catalyzed Hydroami-
dation of 1,3-Diynes.

[10] Y. Zhang, Y. Zhao, T. Otroshchenko, S. Han, H. Lund, U.
Rodemerck, D. Linke, H. Jiao, G. Jiang, E. V. Kondratenko, J. Ca-
tal. 2019, 371, 313-324. The effect of phase composition and
crystallite size on activity and selectivity of ZrO, in non-oxida-
tive propane dehydrogenation.

[111 Y. Zhang, Y. Zhao, T. Otroshchenko, A. Perechodjuk, V. A.
Kondratenko, S. Bartling, U. Rodemerck, D. Linke, H. Jiao, G.
Jiang, E. V. Kondratenko, ACS Catal 2020, 70, 6377-6388.
Structure—Activity—Selectivity Relationships in Propane Dehy-
drogenation over Rh/ZrO2 Catalysts.

[12] S. Han, Y. Zhao, T. Otroshchenko, Y. Zhang, D. Zhao, H.
Lund, H. V. Thanh, J. Rabeah, U. Bentrup, V. A. Kondratenko,
U. Rodemerck, D. Linke, M. Gao, H. Jiao, G. Jiang, E. V. Kond-
ratenko, ACS Catal. 2020, 70, 1575-1590. Unraveling the Ori-
gins of the Synergy Effect between ZrO, and CrO,_ in Suppor-
ted CrZrO, for Propene Formation in Nonoxidative Propane
Dehydrogenation.

[13] Y. Jiao, H. Ma, H. Wang, Y.-W. Li, X.-D. Wen, H. Jiao, Catal.
Sci. Technol. 2021, 77, 191-210. Interactive network of the dehy-
drogenation of alkanes, alkenes and alkynes — surface carbon
hydrogenative coupling on Ru(111).



RESEARCH GROUPS

SUSTAINABLE

REDOX REACTIONS

Dr. Kathrin Junge
kathrin.junge@catalysis.de

In the research group ,Sustainable Redox Reac-
tions”, catalysts are developed for various model
reactions in the field of oxidation and reduction
reactions (hydrogenation of carboxylic acid deriva-
tives). Here, the focus is particularly on base metals
such as iron, cobalt, manganese, nickel and, more
recently, molybdenum (Fig. 1-2).I" @ While the main
expertise of the research group originally stems
from homogeneous catalysis, heterogeneous sys-
tems have also been studied for more than 10 ye-
ars.B! The aspect of sustainability plays an impor-
tant role, which is reflected in the choice of readily
available and inexpensive catalyst metals, but also
in the establishment of novel catalyst support from
industrial waste (e.g. chitosan, chitin). The catalysts
are tested using autoclave technology, whereby
both parallel screening on a ml scale and upsca-
ling experiments up to a 2-liter scale can be rea-
lized. For the synthesis of homogeneous catalysts,
Schlenk and glovebox techniques are used. In this
respect, especially the synthesis of pincer type
complexes is a very efficient concept due to the
direct tuning of catalyst properties. The heteroge-
neous materials are produced using pyrolysis.

As part of the recent, growing significance of sus-
tainability and the shortage of resources, industry
has an increasing interest in the development of
environmentally benign, non-noble metal catalysts.
The research group has longstanding experi-
ence with industrial collaborations in various fields
(pharmaceuticals, life science, agrochemicals). We

. |
o

(o ot

are working on application-oriented problems in
the field of oxidation and reduction reactions with
high flexibility.

ChemCatChem

Abb. 1. Cover for the
molybdenum catalyzed
nitrile hydrogenation.

Abb. 2. Cover for the
Cobalt catalyzed re-
duction of amides.

o e
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In numerous industrial collaborations, the focus of
catalyst development and optimization is on acti-
vity, reusability, stability, and synthesis effort.

In collaboration with Evonik, homogeneous palla-
dium catalysts are being developed for the me-
thoxycarbonylation of octene mixtures to terminal
esters. Based on this, a ‘dream reaction’ in che-
mistry could be realized with the dicarbonylation
of difficult-to-carbonylate 1,3-butadienes to adipic
acid esters.[" The products are used on a ton scale
for the production of polymers.

Another focus is on the synthesis of per- and tri-
fluoro alkylated aromatics, which serve as impor-
tant synthetic building blocks in drug development
and agrochemistry. Together with LONZA, diffe-
rent nickel®- and cobalt-based® catalysts have
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thoxy-substituted arenes. Electron-rich enamines
can even be perfluoroalkylated without a catalyst.”

Furthermore, classical coupling reactions are in-
vestigated. For the preparation of Naproxen®
and other profenes, a two-step one-pot synthesis
could be developed, consisting of a Heck reaction
followed by hydroxycarbonylation.P!

Methylations of nitrobenzene derivatives to the
corresponding methyl anilines using certain cata-
lystst®l and aldol condensations starting from ke-
tones and alcohols using pincer complexes are
also being carried out.”
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The group's research focuses on (1) developing
low-cost catalysts that combine the activity and
selectivity of homogeneous catalysts with the sta-
bility and recyclability of heterogeneous catalysts
and (2) developing more sustainable processes for
fine and bulk chemicals and life science molecules.

In general, homogeneous catalysts are highly
selective but not stable, while heterogeneous cata-
lysts are stable but not selective. Our mission is to
combine homogeneous and heterogeneous cata-
lysis to develop ‘ideal’ catalysts. We focus on the
preparation of catalysts based on nanoparticles
(NPs) and single atoms (SACs) by immobilization
and pyrolysis of homogeneous metal complexes
or metal-organic frameworks on inorganic sup-
ports.l> 3459 These materials provide highly active
and selective as well as stable and reusable cata-
lysts for amination and hydrogenation reactions.
And provide access to essential chemicals.3 4>
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Fig. 1 shows an example of immobilization of Co-
MOF on carbon as well as graphitic encapsulated
Co-NPs and SACs generated in subsequent py-
rolysis under argon. They are excellent catalysts
for reductive amination.®’ This type of catalysts is
also used for hydrogenation of (hetero) arenes®
°l as well as for the utilization of renewable raw
materials.” In addition, we develop molecularly
defined complexes! ® and in situ generated NPs!”!
for organic synthesis.
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Fig. 1. Preparation of graphitic shell-encapsulated Co
nanoparticles supported on carbon by using MOF precursors.
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The research group investigates fundamental as-
pects of late transition metal catalysed processes
based on preparative and mechanistic organo-
metallic chemistry, aiming at an understanding
of structure-activity relationships for optimisation
of catalytic reactions and developing new trans-
formations. We are focusing on various aspects of
activation and transformation of small, partly unre-
active molecules such as H,O, N,, CO,, or H,.

The catalytic formation of bonds between main
group elements was widely investigated in recent
years, mainly due to the potential of amine borane
adducts for hydrogen storage as well as in the
context of development of new functional inorga-
nic materials. However, compared to formation of
isoelectronic C-C bonds, the synthetic potential of
B-N bond formation and B-N compounds in ge-
neral are much less well investigated. Amine bo-
ranes are excellent precursors for the synthesis of
new B-N materials. In our group we are working
on transition metal complex catalysed dehydro-
coupling of amine borane adducts such as ammo-
nia borane and its substituted and functionalised
analogues for the synthesis of new oligomeric and
polymeric B-N materials. Transition metal catalysts
used in this context are based on a variety of
different PCP and PNP pincer ligand motifs, which
are developed in the group and studied in detail
with respect to ligand effects and their coordina-
tion chemistry. 3l
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The research group investigates catalyst activation
and deactivation phenomena as well as its impact
for homogeneously catalysed reactions, aiming at
a transfer of this knowledge for improving existing
and developing new catalytic transformations. In
addition to a method for online registration of gas
consumption and development under isobaric
conditions,! we use stopped-flow UV/vis spectro-
scopy under anaerobic conditions for kinetic analy-
sis of very fast reactions. Furthermore, in situ UV/
Vis spectroscopy is used and improved. Lately, we
have extended our analytical setup with a bench-
top 80 MHz *'P/'H NMR spectrometer (Magritek),
equipped with a flow cell, that will be coupled with
already established spectroscopic techniques.

In the area of fundamental research, we focus on
the organometallic chemistry of rhodium bis(phos-
phine) complexes in homogeneous catalysis. Ex-
amples include the activation of ammonia using
complexes of the type [Rh(PP)(u,-OMe)], (e.g. PP
= DIOP), hydrogenation of prochiral olefins, e.g.

Dr. Hans-Joachim Drexler
hans-joachim.drexler@catalysis.de

using the ammonia complex [Rh(binap)(NH,).],*
as well as studies of catalyst deactivation in pro-
pargylic C-H activation. The latter topic is investi-
gated together with the Breit group (Freiburg) as
part of a DFG project.”!

In cooperation with industrial partners (e.g. Han-
sen & Rosenthal, DSM) we study hydrogenation
reactions as well as systems that can replace toxic
solvents, e.g. in extraction processes. Lately, for the
latter project, transfer of lab process the into the
industrial pilot scale was accomplished.
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The research group ‘Catalysis of Early Transition
Metals’ investigates the fundamentals of cata-
lytic processes occurring at early transition metal
complexes. The focus is on the rich chemistry of
sandwich complexes of titanium, zirconium and
hafnium, so-called metallocenes. This type of
compounds allows us to push the borders of expe-
rimentally accessible structures and stabilise highly
strained unsaturated four-membered ring systems.
The synthesis of a suitable organodilithium syn-
thon enables for the first time the preparation of a
titanacyclobuta-2,3-diene, which formally corres-
ponds to an organometallic analogue of the highly
strained and non-existent cyclobuta-1,2-diene.
These highly reactive molecules can be interpreted
as intermediates in catalytic C-C coupling process-
es. The targeted synthesis and analytical charac-
terisation (NMR, SC-XRD, IR, RAMAN, UV/Vis) of
such sensitive compounds coupled with quantum

mechanical bond theory analyses (DFT, NBO, ELF,
CAS) give insights into the structure-activity relation-
ships of this class of compounds.

Over the past two years, quantum mechanical
bonding theory analyses as well as mechanistic
studies of metallocene catalysed processes have
been established in the group. The derived in-
sights allow for a deeper understanding of the
activation and transformation of small molecules
such as H, and CO, as well as unsaturated mole-
cules such as nitriles R-C=N, isonitriles R-N=C and
alkynes R-C=C-R. These will be used in the future
for the development of new group 4 based bime-
tallic catalyst systems.
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ASYMMETRIC
HYDROGENATION

Dr. Jens Holz
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The asymmetric hydrogenation of olefins, ketones,
imines or other prochiral compounds is an impor-
tant method in the production of biologically active
agents or intermediates in pharmaceuticals, agro-
chemicals and fragrance chemistry.

In addition to the development of new hydroge-
nation catalysts and the search for more effective
reaction pathways in various (industrial) collabora-
tions the research group is also dedicated to the
investigations of carbonylation reactions.

With FIRMENICH SA (Switzerland), novel pincer
compounds for the catalyzed synthesis of flavors
and fragrances have been developed. At the same
time, a project on regioselective carbonylation was
worked on with the same contractual partner and
brought to pilot scale.

The rhodium-based catalysts proved successful in
the selective hydroformylation of cyclic olefins and
dienes towards the desired n-aldehydes (Scheme
7).

Scheme 1. Exemplary representation of the examined
Rh-catalyzed hydroformylation of cyclic olefins

With BASF SE, investigations were carried out to
elucidate the reaction mechanism of the ruthe-
nium-catalyzed deaminating hydrogenation of an
industrially relevant nitrile to the primary alcohol.
In this context, the highly developed methods for
HP-NMR and in-situ FTIR spectroscopy available in
the area made fundamental contributions.

After the synthesis of P-stereogenic xantphos li-
gands and their application in asymmetric reac-
tionst*? have been completed, an implementation
of this P-chirality in SpanPhos/SpiroPhos com-
pounds is currently taking place.

A successful collaboration was realized with a re-
search group at the University of Chile (Santiago
de Chile) in the field of hydrazine-induced reducti-
on of carbonyl compounds.

| 2339 em " CO);

Figure 1. Recorded in-situ FTIR spectrum during a deaminative
hydrogenation
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CATALYSIS FOR
HETEROCYCLES

Prof. Xiao-Feng Wu
xiao-feng.wu@catalysis.de

Heterocycles are ring-shaped compounds that
have at least one heteroatom in addition to car-
bon. There is a very extensive class of compounds,
as they can differ according to the type and num-
ber of heteroatoms, their degree of saturation,
their ring size and with regard to the substituents.
Thus, about 90 % of all natural products are based
on heterocycles. In addition, they find a very wide
application in pharmaceuticals, agrochemicals,
paints and many more.

Due to this diversity and complexity, the synthesis
of heterocycles is one of the most important disci-
plines in organic chemistry.

The research group ‘Catalysis for Heterocycles’ is
dedicated to the introduction of C1 building blocks
via carbonylation reactions.

Our interest is in the development of novel carbo-
nylation reactions for the synthesis of heterocycles
using CO (Scheme 1).1" In this context, flavones,
furanones, benzoxazines, etc. were synthesized as
examples. Palladium complexes were preferably
used as catalysts.

Scheme 1. Carbonylative Synthesis of Heterocycles.

In addition, novel carbonylating transformations
with non-noble metals are investigated in the topic
group.’! In particular, 3d transition metals such as
Fe, Cu, Co, etc. play a significant role.
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NEW HYDROFORMYLATION

CATALYSTS

Dr. Detlef Selent
detlef.selent@catalysis.de

Our work focuses on the n-regioselective, rho-
dium-catalyzed hydroformylation of technically
available internal double bond isomeric olefins.
This includes the synthesis, preferably patent-free,
phosphorus ligands and their testing under indus-
trially relevant conditions. Catalyst stability studies
and in situ spectroscopic studies of mechanistic
details are performed for selected catalysts with
promising properties.

We try to cover as comprehensively as possible
the areas of rhodium and phosphorus chemistry
and physical chemistry relevant to the catalytic re-
action. State-of-the-art management of the pres-
sure experiments with highly effective gas injection
and time-dependent gas consumption recording
is routinely applied. With respect to in situ analysis,
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we build on the methodology we have developed
in recent years for HP infrared and NMR spectro-
scopic measurements. By means of isotope labe-
ling and chemometric analysis of infrared spectra,
detailed information on catalyst structure, reaction
kinetics and mass balance of catalytically relevant
intermediates can be made accessible. For the use
and further development of this know-how, there
are internal cooperations with Dr. C. Kubis and PD
Dr. W. Baumann, as well as with the working group
of Prof. K. Neymeyr from the Institute of Mathe-
matics at the University of Rostock.
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OPTICAL SPECTROSCOPIC &
THERMOANALYTICAL METHODS

Dr. Christoph Kubis
christoph.kubis@catalysis.de

The activities of the research group are focused
on the investigation of mechanistic and kinetic
aspects of homogeneously and heterogeneously
catalyzed reactions under real reaction conditions
using in-situ/operando spectroscopic methods. A
specific aim is to find correlations between struc-
tural properties of the catalyst and its performance
in the catalytic process. For that purpose, a
variety of analytical techniques are used such as
FTIR, UV/Vis, and Raman spectroscopy as well as
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thermal analysis (TG-DSC-MS). The simultaneous
coupling of multiple analytical tools allows for the
comprehensive study of the catalytic reaction from
different viewpoints at the same time. Sophistica-
ted devices such as high-pressure spectroscopic
reaction cells are also developed in our group.
Scientifically we are especially interested in CO,
valorization reactions, alkene oligomerization and
carbonylation reactions. Currently, we work on the
establishment of a Raman-profile reactor cou-
pled with an online-GC system for spatially resol-
ved operando studies. In a new BMBF project it is
planned to develop FTIR cells for the monitoring
of plasma-assisted catalytical CO, transforma-
tions together with the INP Greifswald. In a new
PhD program together with the group ‘Numerical
Analysis’ we are going to explore the benefits of
perturbation experiment designs in combina-
tion with an automated chemometric analyses for
component identification.
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MAGNETIC RESONANCE &

X-RAY METHODS
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The central goal of our research activities is fo-
cused on elucidating structure-reactivity relations-
hips and obtaining mechanistic insight in cataly-
sis to provide a solid basis for a rational design
of highly active, selective, and stable catalysts, and
for improving existing catalytic processes beyond
trial-and-error approaches. This requires under-
standing complex reaction pathways by monito-
ring catalytic reactions under realistic conditions,
normally at elevated pressure and temperature,
with real-time online products analysis. For this
purpose, our group uses preferentially EPR spec-
troscopy, also coupled simultaneously with other
techniques such as RAMAN, ATR-IR, UV/Vis and
synchrotron-based X-ray absorption spectroscopy
to widen the extent of achievable information on
structural changes and active sites under identical
reaction conditions. Currently, we are investigating
different catalytic reactions mostly (but not only)
related to energy and environmental applications
such as preferential CO oxidation, CO, hydrogena-
tion and olefin oligomerization on supported me-
tal and metal oxide catalysts, as well as low-tem-
perature NH,-SCR of NO,. Enabled by the recent
installation of high-end equipment at LIKAT and in
cooperation with the Department of Life, Light and
Matter at the University of Rostock we are pushing
forward our in situ/operando studies towards TEM
and XPS studies under near-ambient pressure.
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BIONSPIRED CATALYSIS
‘DE NOVO-DESIGN' OF TRANSITION

METALLOENZYMES

Prof. Dr. Paul Kamer
1960-2020

A lab for genetic engineering was established to al-
low the custom preparation of proteins containing
the desired properties. By combining the concepts
of biology for selective recognition with those of
transition metal catalysis we develop novel, highly
selective catalysts for important (asymmetric) ca-
talytic C-C bond forming reactions. Furthermore,
the high substrate specificity induced by these
enzymes allows conversion of a single substrate
present in complex mixtures, like those in biologi-
cal systems. We have developed methods to intro-
duce phosphine ligands into proteins to introduce
non-natural transition metal complexes into pro-
teins. By changing the amino acid sequence and
the structure of the catalytic metal complex these
catalysts can be optimized towards efficient and
selective reactions.

Figure 1. cartoon (a) and space filling structure (b) of SCP-2L
used in hydroformylation (c)

We have explored several protein structures such
as Photoactive Yellow Protein and Steroid Carri-
er Protein 2-L. The protein structures have been
selected for their substrate binding properties and
are applied in several C-C and C-X bond forming
reactionst  and catalytic hydrogenation.”!

SCP-2L contains a large apolar molecular tunnel
and this binding-site can be modified with suitable
transition metal complexes. The protein has been
modified by mutagenesis to obtain one unique
cysteine at the desired position. The protein can
be efficiently and selectively modified with phos-
phines and phosphine-metal complexes. These
rhodium phosphine modified SCP-2Ls are efficient
linear-selective catalysts in the hydroformylation of
long-chain alkenes in water
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OLIGOMERISATIONS
RATIONAL DESIGN OF

DIPHOSPHORUS LIGANDS - A
ROUTE TO SUPERIOR CATALYSTS

Dr. Bernd Miiller
bernd.mueller@catalysis.de

The catalytical features of a transition metal com-
plex is determined by its ligands. By modulation of
the ligand both the selectivity and rate of a catalytic
reaction can be steered. Essential core competen-
cies for the improvement and new development of
homogeneous catalysts are the knowledge about
the structure-activity relationship and the ability to
synthesize the designed ligands in the lab. Asym-
metric catalysts based on rhodium and P-chiroge-
nic phosphine ligands were synthesized.l" These
ligands were used as parts of several transition
metal complexes. Ligand effects and kinetics are
key issues in these projects.
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Also for the catalytic selective oligomerisation of
ethylene, innovative ligand design is crucial to
achieve progress.” The synthesis of custom-made
ligands is therefore of key importance.
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CATALYSIS WITH RENEWABLES &
PLATFORM CHEMICALS

Dr. Sergey Tin
sergey.tin@catalysis.de

In view of the increasing scarcity of fossil resour-
ces, research into the conversion of renewable raw
materials into basic and fine chemicals is becom-
ing increasingly important. A major role is played
by the (homogeneous) catalytic conversion of
non-edible plant material such as cellulose, lignin
or lignocellulose into a range of platform chemi-
cals such as ethanol, 5-hydroxymethylfurfural (5-
HMF) or levulinic acid.

However, the production of valuable chemicals
is often accompanied by the formation of un-
desirable byproducts. These platform chemicals
and by-products will be made accessible from
waste streams for various applications in the che-
mical industry.

(1) Methyl levulinate (ML), a side-stream molecu-
le generated during the production of 2,5-furan-
dicarboxylic acid is to be converted into two in-
dustrially valuable molecules, methyl acrylate and
acetic acid, in only two steps. The first step is well
known.[

In the second step, which we developed, we suc-
ceeded in almost complete conversion of the ML
(99 %) with selectivities of 98 % for methyl acrylate
and 97% for acetic acid.”! Both compounds are
easily separable by distillation.®!

(2) Cleavable adhesives: polyurethanes are used to
make adhesive films. Acetals added as additives (5
- 10%) to bio-based polyurethanes were synthesi-
zed in only one step from the platform chemicals
glycerol and 5-HMF. Depending on the content of
the acetals, the cleavability (and thus degradabi-
lity) of the adhesives can be adjusted in an acidic
environment. This enables many applications where
the components are to be recycled at the end
of their life. One example is electronic devices in
which many different and also expensive materials
are bonded together.
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ORGANOCATALYSIS

Prof. Dr. Thomas Werner
thomas.werner@catalysis.de

We are engaged in the development and applica-
tion of sustainable catalytic processes. One aspect
of our work is the development and implementati-
on of phosphorus based organocatalysts and syn-
thetic methods such as halogenations, olefinations
and reductions using P"/PY redox cycling catalysis.
This allows to reduce the amount of phosphorus
needed for important organic transformations.
Moreover, we are interested in the use of earth abun-
dant metals such as Fe, Ca, Mn in catalysis.

Our methodological work is complemented by the
focus on the transformation of renewable resour-
ces. In this regard we are working on the utilization
of CO, as a C1 building, e.g. for the preparation
of bio-based carbonates. Furthermore, we use the
obtained products as synthesis building blocks,
solvents, and monomers e.g. for isocyanate-free
polyurethanes or linkers for hybrid materials. Be-
side CO, other renewable raw materials, such as
fats and their derivatives, as well as sugars and ter-
penes are used.

Another aspect of our research is the evaluation
of recycling concepts for homogenous catalysts,
such as their immobilization onto inorganic sup-
ports using novel immobilization methods, such
as plasma techniques. Our work is supported by
mechanistic investigations (experimental, spec-
troscopic and theoretical), which is carried out in
cooperation with colleagues at LIKAT and the Uni-
versity of Rostock.
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REACTION MECHANISMS

Prof. Dr. Evgenii Kondratenko
evgenii.kondratenko@catalysis.de

Changes in the raw material basis and expanded
legal regulations to reduce energy consumption
and undesired emissions pose the sustainability
challenges for the chemical industry. Against this
background, our research activities concentrate on
the design of heterogeneous catalysts as well as
on the development of reactor concepts for more
efficient processes.

Preparation of catalysts with the desired perfor-
mance obligatory requires the comprehensive
understanding of (i) general relationships between
activity/selectivity and catalyst architecture, pre-
ferably, the structure of active sites and (i) funda-
mentals for purposeful creation of such sites. To
this end, we combine the synthesis of well-defined
bulk and supported materials with advanced me-
chanistic and kinetic studies based on temporal
analysis of products with isotopic tracers, ope-
rando time- and spatially resolved spectroscopic
studies and catalytic evaluation under industrially
relevant conditions.

We study both challenging reactions using alter-
native raw materials and well-established com-
mercial processes. They include natural gas upgra-
ding, e.g. methane oxidation to C,-hydrocarbons
(ethylene and ethane) or oxidative/non-oxidative
dehydrogenation of C,-C, alkanes to the corres-
ponding olefins, carbon dioxide hydrogenation to
fuels, lower olefins or methanol and high-tempe-
rature ammonia conversion into nitric oxide or hy-
drogen cyanide.

Fig.: A photo of setup for high-temperature NH, conversion
into NO or HCN under industrially relevant conditions.
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REACTION ENGINEERING

Dr. David Linke
david.linke@catalysis.de

The group has been working at the interface bet-
ween chemistry, engineering, and data science
with a special focus on the development and im-
provement of catalytic gas-phase processes. The
aim is to support development and scale-up of
new processes of through provision of data and
models. Another direction of work is related to
data management and the extraction of informati-
on and knowledge from data.

As a group interested in innovative data usage, we
have always wished that data would be made avai-
lable in machine readable form including all rele-
vant metadata. Therefore, we significantly invested
in establishing the initiative NFDI4Cat (we coordi-
nated proposal writing).!" NFDI4Cat, which started
in October 2020, will address creation of ma-
chine-interpretable data applying principles that have
been recently summarized under the term FAIR
(Findable, Accessible, Interoperable, Reusable).?
Within LIKAT a local system will be developed that
assists in producing FAIR data.

Another important part of the work are experi-
mental studies. We use parallel reactors for cata-
lyst development and kinetic studies. We explore
reactions related to using alternative raw materials
(e.g. bioethanol) or alternative reaction pathways
(e.9. CO, based fuel production). In the last years,
we cooperated with an industrial partner the
development of a new fixed-bed process for a
commodity chemical. We operated and optimized
our Miniplant to support the process and catalyst
development. Runs up to 4500 hours were per-
formed at a high degree of reliability despite de-
manding process conditions (70 bar).
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RESEARCH GROUPS

HIGH-THROUGHPUT TECHNOLOGIES

Dr. Uwe Rodemerck
uwe.rodemerck@catalysis.de

High-throughput technologies are effective tools
for speeding-up R&D in catalysis since high num-
bers of potentially active catalytic materials can
be automatically synthesized, characterized, and
tested for their catalytic performance. In our re-
search group high-throughput technologies are
developed as well as applied in searching for
new, more effective heterogeneous catalysts for
improved catalytic processes.

Presently, the following high-throughput equip-

ment is used:

+  Effective search strategies for new catalysts (sta-
tistical methods, evolutionary strategy using
genetic algorithms; co-operation with research
group Linke)

+ 2 synthesis robots, automated calcination ap-
paratus (64 parallel reactor, calcination under
different gas atmospheres)

+ Automatic catalytic performance tests in fixed-
bed reactors with 15 or 50 parallel reactors
each (GC analytics, operation up to 750 °C and
20 bar)

» Automated apparatus with 8 reactors for tem-
perature-programmed  experiments  (TPO,
TPR, TPD)

Presently, we develop new automated equipment
with the aim to understand better the chemistry
during synthesis of heterogeneous catalysts. To
this end we combine control and data recording
for liquid dosing pumps, pH meter, temperature
and in situ UV/Vis spectroscopy.
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J. Catal. 2020, 389, 317-327. Study of reaction network of the
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led reactants.
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Linke, U. Rodemerck, Catal Sci. Technol. 2019, 9, 3137-48. The
role of speciation of Ni?* and its interaction with support for
selectivity and stability in conversion of ethylene to propene.
[3] U. Rodemerck, M. Stoyanova, E. V. Kondratenko, D. Lin-
ke, J. Catal. 2017, 352, 256-263. Influence of the kind of VO,

The methods and equipment have been success-
fully applied to the development of catalysts for
different reaction types such as dehydrogenation,
oxidation, condensation, isomerization, methane
reforming, CO,-based Fischer-Tropsch synthesis
and others.

structures in VO /MCM-41 on activity, selectivity and stability
in dehydrogenation of propane and isobutane.

[4] S. Sokolov, J. Radnik, M. Schneider, U. Rodemerck, Int. J.
Hydrogen Energy 2017, 42, 9831-9839. Low-temperature CO,
reforming of methane over Ni supported on ZnAl mixed me-
tal oxides.

[5] M. Stoyanova, M. Schneider, M.-M. Pohl, U. Rodemerck,
Catal. Commun. 2017, 92, 65-69. Direct conversion of ethy-
lene to propene over Niimpregnated by incipient wetness on
silica-alumina.
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MIKRO REACTION
ENGINEERING

Dr. Norbert Steinfeldt
norbert.steinfeldt@catalysis.de

One focus of the group is the development of
photocatalytically active materials. With the help
of these materials and sunlight, fine chemicals can
be synthesized and pollutants dissolved in water
can be effectively eliminated. The photocatalytic
performance of these materials depends on their
composition, morphology, and electronic proper-
ties. Photocatalysts which have been synthesized
include titanium dioxides of various compositions,
carbon nitrides and metal sulfides. The photoca-
talysts are mainly tested in a suspension reactor
under irradiation with light. The aim of these inves-
tigations is to identify active and selective materials
and to derive correlations between material and
photocatalytic properties.

The group is also involved in the development of
continuously operated processes of multiphase
reactions (gas/liquid, gas/liquid/solid) for the syn-
thesis of fine chemicals using microstructured re-
actors. This includes the development of suitable
catalysts. The group has a modular PC-based Ehr-
feld system equipped with a cartridge reactor 240.
This system allows monitoring the catalyst beha-
vior over a long-term period without interrupting
the reaction, allowing both catalyst activation and
deactivation to be studied in a targeted manner.
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PHOTOCATALYTIC CARBON
DIOXIDE REDUCTION

Prof. Dr. Jennifer Strunk
jennifer.strunk@catalysis.de

Studies of the photocatalytic reduction of carbon
dioxide face the challenge that the currently achiev-
able yields are very low, so that sophisticated trace
gas analysis is required for the reliable character-
ization of the product distribution. Furthermore,
the presence of impurities must be ruled out, since
even small amounts, in particular of carbon-con-
taining components, can completely obscure the
actual activity of the catalyst.

The core competence of the research group is, there-
fore, the photocatalytic reaction under conditions
of the highest possible purity and accuracy. This is
achieved by using components suitable for high
vacuum applications. Gas analysis is based on
both gas chromatography and mass spectrome-
try. In 2019, quantitative statements could, thus, be
made about the applicability of titanium dioxide
for photocatalytic energy storage reactions. Plas-
monic systems were also examined. In addition,
the focus was on extending the possible reaction
conditions. While in the previous years work was
carried out exclusively at room temperature and
with heterogeneous catalysts, experiments at up
to 180 °C and with molecular photocatalysts are
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Dr. Tim Peppel
tim.peppel@catalysis.de

now also possible. Moreover, the prerequisites
were established to use reactants other than wa-
ter, e.g., hydrogen or methane, in order to enable
further interesting photocatalytic processes (e.g.
photo-dry reforming).

The research group ‘Structure-function correla-
tions” has been under construction since 2019. The
research focus will be set on identification of active
sites for photocatalytic reactions. Detailed in situ
studies on ‘single-site’ and ‘single-atom’ catalysts
are in progress and will be reported at a later date.
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TECHNOLOGY-ORIENTED

PROCESSES

Dr.-Ing. Udo Armbruster
udo.armbruster@catalysis.de

The research group ‘Technology-Oriented Pro-
cesses’ develops heterogeneous catalysts and
synthesis routes for the material or energetic use
of renewable raw materials and platform chemi-
cals as well as CO,. Such processes often require
high pressure. The long experience of the research
group on high pressure reactions (supercritical
fluids, hydrogenation) is ideally used in this relation.
We aim to design such conversions preferably in
continuous processes and to gain knowledge for
technical applications at an early stage.

The flexible equipment allows catalyst tests under
various reaction conditions, even in larger reactors
and with shaped catalysts (tablets). In addition, it is
possible to characterize solid catalysts in order to
elucidate their mode of action. For this purpose,
the research group operates a sorption laboratory
in which various methods (BET, TPX-MS coupling)
are combined. This expertise is also available to
other topic groups in the institute.

Current key topics (BMWi, BMBF projects) are the
conversion of sugar-derived platform chemicals
such as levulinic acid and the utilization of CO..
Particularly worth mentioning are methanol syn-
thesis, Fischer-Tropsch synthesis and dry reforming
of CO, with methane. Experience from current in-
dustrial collaborations on ammonia and methanol
synthesis and from environmental catalysis (de-
nitrification and desulfurization) can also be used
here.
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LIQUID PHASE OXIDATIONS

Dr. Angela Kockritz
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In the research group, innovative material transfor-
mations are developed, mainly catalytic oxidations
with ,green” oxidants, but also hydrogenations or
isomerisations of renewable raw materials to fine
chemicals. Terpenes and both fatty acid and sugar
derivatives are used as substrates; target products
are, for example, flavours and fragrances or buil-
ding blocks for bio-based polymers. The catalysts
used are predominantly heterogeneous supported
metal catalysts or oxidic catalysts, and extensive
experience exists for their customised synthesis.

The best possible process management is deter-
mined for each reaction. Instead of carrying out

the reactions almost exclusively in stirred tank re-
actors or autoclaves, as has been common in fine
chemistry up to now, it has been demonstrated
that continuous or semi-continuous processes are
often the better choice in terms of yield and selec-
tivity of the desired product. Thus, for the first time,
syntheses in the gas phase could be successfully
used for production of terpenes and diols.

The research group is experienced in many years
of co-operations with various industrial partners,
and the results of joint research have been utilised
in numerous patents and in transfer into industry.
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1-Inch titanium tubular reactor with two-stage heating jacket
in a set-up for continuous reactions in the liquid phase with
analysis of reaction products by an online gas chromatograph.
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MATERIALS

Dr. Sebastian Wohlrab
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The research group ‘Inorganic Functional Materi-
als’ focuses on the development of new materials
for the catalytic refinement of C1 building blocks. A
special focus is on the conception and realization
of porous solids. These are used i) for separations,”
i) for decoupling of classical multicomponent ca-
talystsil or iii) for surface attachment of molecu-
lar catalyst species.® 4 The materials are applied,
for example, in the direct oxidation of methane to
oxygenates, for the aromatization of methane or
for the catalytic removal of methane traces from
exhaust gases. Functionalizations of carbon dioxide
to carbonates, methanol or higher hydrocarbons
are also an integral part of the research work. In
addition to these own topics, the group networks
with other researchers in the institute, so that, for
example, new photocatalysts for water splitting®
or highly efficient catalysts for the production of
nylon precursors could be realized.® In the future,
such collaborations will be strengthened by colla-
borations in the field of ammonia or formic acid
synthesis, where new catalytic materials or even
processes are to be developed. Furthermore, the
planning of catalyst syntheses on a pilot plant scale
is taking place. This is essential for future projects
with direct relevance to scale-up in order to enable
the transfer of laboratory results to applications.
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SMALL MOLECULE
ACTIVATION

Dr. Christian Hering-Junghans
christian.hering-junghans@catalysis.de

Our research group is engaged in the design of no-
vel ligand architectures based on phosphaalkenes.
Phosphaalkenes (PA) possess a P=C double bond
and offer a variety of attachment possibilities for
transition metals (TM) and are predestined to sta-
bilize electron-rich metals. For the formation of the
P=C bond, we use the so-called phospha-Wittig re-
action, in which phospha-Wittig reagents ArPPMe,
react with aldehydes to give the PAs with cleavage
of OPMe,.

In the preparation of M=TerPPMe3, M=TerP(NEL,), is
required, which has been successfully applied as a
ligand in the gold-catalyzed hydroamination of ace-
tylenes.!”

In an attempt to use small aryl groups on phos-
phorus in the phospha-Wittig reaction, a selective
route to aryl-substituted triphosphiranes (ArP), was
found.”! In addition, we were able to present the
analogous arsenic three-membered rings.®!

Isolable phospha-Wittig reagents ArPPMe, can be
used as phosphinide sources and we have shown
that NHC phosphinide adducts are formed with
NHCs.™ NHOs, on the other hand, react (NHO =
N-heterocyclic olefins) under C(sp?)-H activation.
Moreover, the reaction of PTerPnPMe, with (AICp*),
succeeded in the preparation of the first base-free
pnictaalumene with a Pn=Al double bond.”!
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Fig. 1: Overview of the research activities of the Hering-Junghans Group.
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POLYMER CHEMISTRY &

CATALYSIS

Dr. habil. Esteban Mejia
esteban.mejia@catalysis.de

Chemistry, as one of the main players of progress
and (arguably) the culprit of most of its evils, has
been called to tackle these problems, head-on, for
which a ‘complete makeover’ on the way chemists
design their processes and manage their out-
comes was necessary. The paradigm shift came with
the development of the concept of ‘green chem-
istry’ and its twelve principles, having catalysis at
its core.

Guided by Green Chemistry’s principles, the ap-
plication of catalytic technologies towards the de-
velopment of sustainable processes and products
are the main research motivation at the Mejia's

group.

Our main research activities include the develop-
ment of safe polymerization catalysts for consumer
products (silicones), together with novel base-me-
tal systems to produce biodegradable polymers
and the sustainable synthesis of CO,-epoxide co-
polymers.

Furthermore, the development of novel cop-
per-based catalytic systems for the synthesis of
enynes and heterocycles, improving over existing
technologies, refraining from the use of noble me-
tals and pre-functionalized substrates. These sys-
tems include molecular coordination compounds
and artificial metalloenzymes.
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Metal-free catalyst for aerobic oxidation reactions,
including heterogeneous carbocatalysts and per-
sistent radical cations are being developed.

Another focus is the synthesis and application of
heterogeneous catalysts derived from waste rice
husk. An alternative route for the valorization of
agricultural rice bio-waste was established, resul-
ting in high added-value products (the catalysts)
with potential immediate impact in the chemical
industry.
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CATALYTIC

FUNCTIONALIZATIONS

Dr. Jola Pospech
jola.pospech@catalysie.de

The focus of the junior research group is the de-
velopment of photochemical, electrochemical and
transition metal-catalyzed processes for the tar-
geted synthesis of bioactive molecules. In recent
years, the group was engaged in a state-wide
research cluster (PePPP) encompassing research
groups from the Universities of Greifswald and
Rostock to develop a therapeutic platform for the
treatment of a hereditary, monogenetic copper
storage disease.!

In particular, the development and application of
new heterocyclic photoredox catalysts enabled the
synthesis of a significant number of compounds
for individual testing.l 3

Moreover, in a DFG-funded project, the Pospech
group concentrates on the targeted synthesis of
drug metabolites by photoinduced oxygen atom
transfer in the sense of a chemical equivalent to
oxygenase enzymes. In close collaboration with in-
house research teams in the field of spectroscopy
and theoretical chemistry, mechanistic investiga-
tions provide an indispensable basis for the op-
timization of our processes up to translation into
process engineering.
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CATALYTIC
CYCLOADDITIONS

Prof. Dr. Marko Hapke

Johannes Kepler University of Linz
Institute for Catalysis (INCA)
marko.hapke@jku.at

Molecular functionalities with unsaturated groups
such as C-C or C-N double and triple bonds
can undergo both ‘static’ and ‘dynamic’ interac-
tions with transition metals. In the case of ‘dyna-
mic’ interactions between transition metals and
triple bonds of alkynes and nitriles, the transition
metal can act as a catalyst for a variety of inte-
resting and atom-economic reactions, among
which cycloadditions are most prominent. The
systematic construction of molecules with high
functionality and complexity by metal-catalyzed
cycloaddition reactions starting from alkynes and
heteroatom-containing analogues represents an
interesting challenge. In this context, the specific
preparation and characterization of precatalysts
provides the blueprint for the development of new
catalyst systems and facilitates the understanding
of structure-reactivity relationships.” Our focus is
on group 9 and neighbouring metals, especially
cobalt.” The synthesis, characterization and tes-
ting of the partially highly reactive catalysts in cy-
clotrimerizations of new substrates under a variety
of conditions is one of our core competences.
For the reactions, we use microwave technology,
photochemical reactors and increasingly flow chem-
istry (in cooperation with JKU Linz) in addition to
classical conditions.

References:

[1] (a) I. Thiel, M. Hapke, Rev. Inorg. Chem. 2014, 34, 217-245.
The broad diversity of CpCo(l) complexes; (b) M. Hapke, N.
Weding, K. Kral, in Applied Homogeneous Catalysis with Orga-
nometallic Compounds Vol. 1 (Eds.: B. Cornils, W. A. Herrmann,
M. Beller, R. Paciello), Wiley-VCH, Weinheim, 2018, pp. 375-
409. Cyclotrimerization Reactions of Alkynes.

[2] T. Glasel, M. Hapke, in Cobalt in Catalysis and Synthesis
[Eds.: M. Hapke, G. Hilt], Chapter 9, Wiley-VCH, Weinheim,
2020, pp. 287-335. Cobalt-Catalysed [2+2+2] Cycloadditions.
[3] F. Fischer, T. Pientka, H. Jiao, A. Spannenberg, M. Hapke,

General conditions:
1 equiv. L', 1t, 24 h,

no solvent or toluene, @
reduced pressure |
CpCo(CO), Co
Phosphite ligands L! o U

General conditions:
1 equiv. L2 rt, hv, 24 h,

@ toluene, slightly reduced
| pressure
|_2/CO\L1 Olefin ligands L?
| |
MeOZC Co
o/Pr)3 P(OlPr)3 \" P(OPr)3
COgMe
[¢]
3a 3d
|
MeOC o
0 //T:\> "P(OPr) % PIOCH(CFa):ls
& N COsMe
)\ 3e 3f

thl
I il
X - =

" M 3 " £y
Ot o{i]-clelin-ghasphite compeses

Catal. Sci. Technol. 2020, 10, 8005-8014. CpCo(l) precatalysts
for [2 + 2 + 2] cycloaddition reactions: synthesis and reactivity.
[4] I. Thiel, M. Horstmann, P Jungk, S. Keller, F. Fischer, H.-J.
Drexler, D. Heller, M. Hapke, Chem. Eur. J. 2017, 23, 17048-
17057. Insight into the Activation of In Situ Generated Chiral
Rhl Catalysts and Their Application in Cyclotrimerizations.

[5] F. Fischer, M. Hapke, Eur. J. Org. Chem. 2018, 3193-3201.
Air-Stable CpCol-Phosphite-Fumarate Precatalyst in Cycliza-
tion Reactions: Comparing Different Methods of Energy Sup-

ply.



94 BIENNIAL REPORT 2019 | 2020

POLYMER CHEMISTRY &

CATALYSIS

Prof. Dr. Udo Kragl
University of Rostock
Industrial Chemistry
udo.kragl@uni-rostock.de

We are engaged in process development for che-
mo- and biocatalytic processes. This includes the
development of new processes, especially in the
field of downstream processing, e.g. with mem-
brane processes, as well as new catalysts and materials.
Investigations into scale-up and the optimization of
existing processes and procedures with regard to
economic and ecological aspects are also the sub-
ject of the work. In the field of biocatalysis Dr. Jan
von Langermann has habilitated with the concept
of in-situ product removal, Dr. Robert Francke in the
field of electrocatalysis with the concept of mem-
brane separation of polymer-bound mediators. The
research activities at LIKAT are characterized by the
junior research group of Dr. Esteban Mejia, who is
located at the institute and successfully completed
his habilitation in December 2020. The main re-
search areas include silicone-based polymers and
polyether-based functional materials.
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Silicone-based polymers

Silicone polymers, especially polydimethylsiloxane
derivatives, are of great importance as adhesives,
sealants and insulators. Products that vulcanize at
room temperature and mild conditions account for
the largest share of the market. Silicone sealants
show excellent performance under harsh condi-
tions, are UV, ozone and moisture resistant, and can
tolerate high temperatures. In addition, they have
excellent adhesion to surfaces of common building
materials. New functionalized silicones are being
developed for special applications in automotive
construction and electronic devices.

Polyether-based functional materials

Together with an industrial partner, new polymeriz-
ation catalysts and polymers for coatings, sealants
and adhesives are being developed. Related pro-
cess engineering issues are also being addressed
for process optimization. In addition to a narrow
molecular weight distribution as a key quality cri-
terion, other physicochemical properties such as
viscosity are also important target variables for op-
timizing the process parameters.
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Organic Chemistry
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The research group of Prof. Peter Langer focusses
on the synthesis and functionalisation of new he-
terocyclic compounds as well as natural product
derivatives. In this regard, we are connecting in-
novative catalytic reactions with classical organic
synthetic chemistry. Core areas are located in the
development of new synthetic methodologies and
strategies as well as their application in novel cycli-
sation reactions. Research focuses on the synthesis
of biomedicinal and next-generation opto-electron-
ic materials and hence, newly synthesised com-
pounds are comprehensively characterised for
their bioactivity and/or physicochemical proper-
ties.

The selectivity of Palladium catalysed cross-cou-
pling reactions and the development of novel
cyclisation reactions towards several carbazole
derivatives and other heterocycles as well as the
investigation of new domino-reactions were integ-
ral areas of research.

During the last two years, we developed a no-
vel access to several aza-pyrenes, ullazines and
acridines which allow the synthesis of analogous
heterocyclic derivatives and permits the determi-
nation of structure-property-relationships on res-
pective heterocycles in near future.

Another main emphasis of research was the syn-
thesis of functionalised thiadiazoles, chromones
and glycolyzed oxindole derivatives exhibiting
high activity towards several cancer cell-lines.
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VIBRATIONAL SPECTROSCOPY

Prof. Dr. Ralf Ludwig

University of Rostock

Physical & Theoretical Chemistry
ralf.ludwig@uni-rostock.de

The research activities of the Ludwig group at LIKAT
focus on the use of vibrational spectroscopy to study
mechanisms of catalytic reactions. This includes
high pressure in situ IR spectroscopy, development
and application of programs for spectra decompo-
sition as well as quantum chemical calculations of
spectroscopic properties. The focus is on the identi-
fication of catalytically active species and the deter-
mination of the kinetics of complex and cluster for-
mation. Recently, spectroelectrochemistry has been
added as a method that simultaneously provides
information on the structure and charge transfer of
reaction partners.
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Furthermore, we deal with the investigation of clus-
ters, fluids and interfaces and bridge the gap bet-
ween experiment and theory with an appropriate
spectrum of methods. IR, Raman and NMR spec-
troscopy are complemented by quantum chemical
calculations, and classical molecular dynamics simu-
lations. We would also like to apply this spectrum of
methods to the mechanistic understanding of pro-
cesses in catalysis.

Projects in 2019/2020 include studies of photo- and
electrochemical processes in CO, reduction, and
characterization of metal complexes and hydrogen
bonds in ionic and molecular clusters.
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Neutron Diffraction and Molecular Dynamics Simulations.
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‘Data Science’ is an interdisciplinary scientific field
that develops methods for extracting informa-
tion from data. The high complexity of chemical
reaction systems together with data generating
spectroscopic methods represent an ideal field of
application. We develop factor-analytical methods
of chemometrics for high-resolution spectral series
of modern computer-based spectrometers. Such
methods allow to determine the number of pure
components, the pure spectra and the concentra-
tion profiles from high-dimensional spectral data
of chemical reaction systems. Numerical method
development for chemometric factor analysis is
complemented by program implementations. The
work with a focus on homogeneous catalysis is
carried out at LIKAT in cooperation with the groups
of Prof. Bruckner (Borner/Kubis) and Profs. Francke
and Ludwig.

PD Dr. Mathias Sawall
University of Rostock

Institute for Mathematics
mathias.sawall@uni-rostock.de

Factor analytical methods often use a bilinear
relation in the sense of Lambert-Beer’s law and
start with a singular value decomposition of a
matrix of, e.g., IR or UV/Vis measurement data.*!
Routines for curve fitting and modeling comple-
ment this.'"*4 Pure component decompositions
are usually not unique. A correct factorization can
often be obtained from the set of possible facto-
rizations (Area of Feasible Solutions, AFST). One
focus of our work is the identification of ‘relevant’
and thus particularly structure-determining re-
gions in the spectrum series.>*! In the future, these
should be a basis for automated decomposition
routines. For NMR data, the bilinear relationship
is broken. We develop spline-based peak tracking
techniques for time series analyses. Peaks are mo-
deled by Lorenz and Gaussian curves and their
parameters are represented in the time direction
using spline functions. The application to low-field
data opens up new fields of application for bench-
top NMR instruments.

Elution time [min]

Series of chromatograms and pure component information.
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MATERIAL DESIGN

Prof. Dr. Axel Schulz

University of Rostock

Inorganic & elemental organic chemistry
axel.schulz@uni-rostock.de

We are involved in the design and application of
new materials mainly based on main group element
compounds,™ such as silicones for 3D printing or
new pnictogen materials (C/N, E/N materials, E =
group 15 element) for molecular switches. In addi-
tion, we are investigating syntheses in unusual reac-
tion media (e.g. ionic liquids, SO,, and pure HCN).

In the context of research on new pnictogen mate-
rials, new molecular switches based on cyclic biradi-
cal compounds have been developed.!” Molecular
switches are molecules that can be reversibly switched
between at least two stable states with different

physical and chemical properties, which predestines
them for use as chemical sensors or molecular ma-
chines. The five-membered cyclic biradicals based
on group 15 elements proved to be efficient and
robust photochemical switches that can be activa-
ted by red light (Figure). The fully reversible process
was investigated both experimentally (in situ NMR
techniques, femtosecond spectroscopy) and by so-
phisticated ab initio techniques. Such materials offer
the possibility to start and stop the stoichiometric
and catalytic activation of small molecules by irra-
diation.!
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ANALYTICAL
SERVICES

PD Dr. Wolfgang Baumann
wolfgang.baumann@catalysis.de

Analytical Services provides all analytical work
that is indispensable for successful chemical in-
vestigation to the research groups within LIKAT.
In close cooperation with our clients we develop
the necessary methods and care for their adap-
tion to special requirements. All analytical methods
are supervised by experienced scientists. Close
cooperation with the University of Rostock is an
important feature, for some of the expensive ana-
lytical instruments are operated jointly, and staff is
exchanged between the institutions.

Since the research groups of LIKAT deal with rather
different topics, the scope of analytical problems,
techniques, and tools is broad; we have to meet
the requirements of synthetic laboratories perfor-
ming molecular synthesis as well as of those doing
solid-state and surface chemistry. We are trying to
keep pace with technical progress (and sometimes
have to use creative and unconventional approach-
es). Within the period covered by this report,
several instruments (for gas chromatography or
X-ray fluorescence analysis) have been replaced
by up-to-date devices. In surface and solids’ ana-
lytics, we now have access to new possibilities:

The University of Rostock and LIKAT jointly ma-
naged to get a grant for a high-end electron
microscope (funding by DFG within the frame of
‘GroBgerateprogramm’ — Major Research Instru-
mentation). This microscope has now been suc-
cessfully installed and started operation in the ‘In-
terdisziplinare Fakultét’ (Interdisciplinary Faculty of
the University). From funds of the European Union,
a ‘Near Ambient Pressure’” photoelectron spectro-
meter (NAP-XPS) was purchased for LIKAT. This
device will allow the inspection of catalyst surfaces
under conditions closer to realistic situations than
it was possible before, viz. pressure up to 25 mbar
and temperature to 1000 °C.

Common feature of both instruments is that they
are not restricted to inspection of samples in a
high vacuum, as it is standard practice. Catalysts

may become observed under a gas atmosphere,
where reactions take place, ‘at work’.

The Analytical Services Department furthermore
has a perceptible impact on the publication activity
of LIKAT. From time to time, we publish own results,
but most of the scientific output results from inten-
sive collaboration with researchers from all LIKAT's
departments. Some methods are made available
as a service to external customers, among them
the University, but also other institutions and com-
panies, provided there are free capacities.

Spectroscopic in situ studies (on reacting systems)
to elucidate the catalyst mode of action are carried
out in close cooperation with the respective re-
search groups.

Inthe research department ‘Catalytic in situ Studies’
further techniques are used, new measurement
methods are developed and method couplings
are realized, which are specifically used in catalysis
research for the elucidation of structure-activity re-
lationships and of reaction mechanisms.

Some large-scale equipment is operated jointly
with the Institute of Chemistry of the University of
Rostock in order to make optimal use of it.

in situ methods

are extremely valuable for catalysis research, as they
allow to observe reacting systems directly, i. e. with-
out sampling. Sampling in combination with exter-
nal (time-relayed) analytics is normally not suitable
to describe the real state of a reaction appropriate-
ly. For this reason, both the Research Department
‘Catalytic in situ Studies’ and the Analytical Services
deal with this topic intensively.
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ANALYTICS - METHODS AND EXPERTISE

ELEMENT ANALYTICS (AAS, ICP-OES,
RFA, COMBUSTION ANALYSIS,

CHROMATOGRAPHY (GC AND HPLC) TITRATION AND PHOTOMETRY
Chromatographic methods allow the separation INCLUDING DIGESTION METHODS)
and analysis of mixtures of substances, such as Both organic and inorganic materials can
those produced in chemical reactions, and iden- be analyzed for their elemental composition.
tification of the individual components, which Solids are brought into solution for this

can also be quantified. Many years of experience purpose, if necessary, by melting or acid

are available, especially in the field of analysis of digestion, the latter with microwave support.

chiral compounds (enantiomer analysis).
Analytical methods are being developed
for novel separation problems.

MASS SPRECTROMETRY, PARTLY WITH CHROMATOGRAPHY COUPLING

(GC-MS AND LC-MS)

Mass spectrometry (MS) is a method that can be used for the structural elucidation of organic and inorganic
compounds, for trace analysis, for the determination of atomic masses and isotope abundances, for the
determination of ionization, formation and dissociation energies, for the determination of the elemental
composition of organic compounds, and much more.

In the analytical service department, mass spectrometers are operated in coupling with chromatography
instruments (‘hyphenated techniques’, GC-MS and LC-MS) and ‘stand-alone’ (with direct inlet).

HIGH-RESOLUTION NUCLEAR

MAGNETIC RESONANCE SPECTROSCOPY (NMR)
High-resolution nuclear magnetic resonance (NMR) spectroscopy of
liquids and solutions is one of the most important methods for
structure elucidation in synthetic chemistry. In addition to this
qualitative aspect, nuclear magnetic resonance offers a wide range
of possibilities for quantitative determinations and the study of
molecular dynamics.

In the field of nuclear magnetic resonance there is a close cooperation
with the Institute of Chemistry at the University of Rostock.
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PHOTOELECTRON SPECTROSCOPY

(ESCA, XPS)

Photoelectron spectroscopy (XPS - X-ray
Photoelectron Spectroscopy) has been one of the

CAPILLARY ELECTROPHORESIS (CE) standard methods of surface analysis for decades
Capillary electrophoresis is a separation and is based on the photoelectric effect. Energetic
method based on the migration of radiation knocks electrons out of the atoms on the
charged particles through a (liquid) surface. Their energy is characteristic of the atoms
medium in an electric field. Charge, shape and their bonding state at or near the sample surface.
and effective size of the ions as well as In recent years, the method has been developed
solvent and strength of the electric field from pure application under ultra-high vacuum

are crucial for the migration speed and conditions to near ambient pressures.

separation. The CE manages with very
small volumes of only 10 nanoliters.

X-RAY DIFFRACTION ON POWDERS AND SINGLE CRYSTALS (XRD)

The diffraction of X-rays at the crystal lattice of single crystals enables the elucidation of crystal
structures. In addition to information about the constitution and conformation, statements about the
three-dimensional packing in the solid state are also possible.

A main focus is the investigation of catalysts under working conditions, e.g. at elevated temperature
and in the presence of different reactive gases (non-ambient, in situ). The characterization possibilities
of a sample are constantly being developed. One possibility is method coupling (in-operando).

OPTICAL SPECTROSCOPIC METHODS
(IR, UV/VIS AND CD/ORD)

These methods work with electromagnetic
waves whose propagation essentially follows

ANALYTICAL ELECTRON MICROSCOPY the laws of classical optics. Spectroscopic use
(CS-CORRECTED STEM) WITH EELS AND EDX is made primarily of the infrared (thermal
Electron microscopy can be used to visualize structures radiation), visible and near ultraviolet

of samples in the nanometer and subnanometer range. wavelength ranges.

The electron beam can be focused to a very small
circular diameter, allowing atomic resolution imaging
in scanning transmission mode (STEM). Energy
dispersive X-ray spectroscopy (EDXS) enables the
high-resolution determination of elemental
composition (spatially resolved chemical analysis).
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‘DREAM REACTION' - LIKAT/EVONIK
ACHIEVES BREAKTHROUGH

Together with partners from Evonik, LIKAT achie-
ved a breakthrough in the production of adipates.
Adipates are produced on an annual scale of mil-
lions of tons. They serve as starting materials for
products such as plasticizers, perfumes, lubricants,
active pharmaceutical ingredients and, above all,
nylon. For 60 years now, attempts have been made
to produce adipates directly from 1,3-butadiene in
a single step by means of double carbonylation.
The partners have now succeeded in doing just
that in the laboratory, laying the foundation for a
more environmentally friendly and cost-effective
large-scale synthesis route. Due to the particular
importance of this innovation, the renowned jour-
nal SCIENCE published the results. A joint press re-
lease by the partners, issued by LIKAT, appeared in
daily newspapers across Germany, and NDR pro-
duced a three-minute television report that was
broadcast on Nordmagazin.
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The difficulty lies in the complexity of the dicarbo-
nylation reaction. Normally, it tends to form nu-
merous by-products (Figure 1). Several challenges
arise from the simultaneous introduction of two
CO groups in this catalytic process:

o the parallel promotion of two different
carbonylation reactions on one diene
substrate (which no other research group
had previously achieved);

o the selective formation of the linear dicar-
bonylation product, although the isomeri-
zation of the initially formed monocarbony-
lated intermediate to the terminal olefin
is thermodynamically very unfavorable;

o suppression of other side reactions such as
telomerization, hydroalkoxylation and (co)
polymerization.

Isomerization

Desired process,

Monocarbonylation ¢ !
Dicarbonylation

Fig. 1: Complex network of reactions involved in the synthesis of adipate diesters from 1,3-butadiene,

carbon monoxide and alcohol.
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In the development of a suitable catalyst, palladi-
um complexes with base-modified derivatives of
the 1,2-bis[(di-tert-butylphosphino)methyl]ben-
zene ligand (L1, dtbpx) used for the bulk production
of methyl methacrylate were chosen. Initial optimi-
zation studies with this ligand showed low activity
but good selectivity (Table 1). The incorporation of
suitable basic groups leads to a significant increa-
se in activity. However, as the direct comparison
between L1 and the dual base-modified L4 shows,
this is at the expense of selectivity. The solution was
to combine both structural elements. The specially
developed ligand L5 (HeMaRaphos) combines the
excellent selectivity of L1 and the high reactivity of
L4.

Complementary studies on the performance and
optimization of the catalyst system now enable
the direct twofold carbonylation of 1,3-butadiene
to adipate diesters with high catalytic productivity
(Turnover Number TON > 60,000), large yields (up

to 95%) and outstanding selectivity (> 97 %). The
catalyst system can also be transferred to other
dienes, thus paving the way for a revolutionary
synthetic route for many fine chemical products.

References:
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Table 1. Comparison of the different phosphine ligands in terms
of reactivity and selectivity.

(@ >80% O 4080% @ <ao% b

107



108 BIENNIAL REPORT 2019 | 2020

RADICAL IN THE BLACK BOX

LIKAT Chemists Reveal the Business Secret of a Catalyst

Chemists at the Leibniz Institute for Catalysis in
Rostock were able to observe the molecular func-
tioning of the catalyst in a redox reaction and
identify important intermediate steps. For this pur-
pose, they coupled, for the first time worldwide,
four highly modern measuring methods that work
in different wavelength ranges: with infrared, UV
and X-ray radiation as well as with microwaves in
the magnetic field. In this way, they uncovered the
complete catalytic mechanism for the selective
oxidation of benzyl alcohol to benzaldehyde. As
a basic chemical, benzaldehyde, which smells in-
tensely of bitter almond, is used mainly for perfumes
and cosmetics.

Like so often in chemistry, this reaction takes place
in a black box. Starting materials, catalyst and sol-
vent are placed in a reaction vessel where they re-
act to form the desired product, benzaldehyde. So
far it is clear: The presence of the catalyst makes
this process possible or at least accelerates it. But
which of its components activate the starting ma-
terials, in which order, which reactive intermediates
are formed and how they influence the reaction -
all this remains in the dark.
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‘Green’ Oxidizing Agent

However, this information is essential for a targeted
catalyst design. For oxidation to benzaldehyde, the
industry usually uses oxidants such as chromate or
hypochlorite, which are problematic for the en-
vironment and costly to dispose of. For this reason,
researchers around the world are experimenting in
the laboratory with oxygen, O,, as a more elegant
oxidant. Unfortunately, they are getting only inad-
equate results in terms of yield. The aim is there-
fore to improve the catalyst, for which it is best to
observe it closely at work, so to speak.

This is the specialty of Prof. Dr. Angelika Bruckner,
head of the research department ‘Catalytic in situ
Studies’” and her group leader Dr. Jabor Rabeah.
They excite samples with radiation of different
energy and wavelength. Specific absorptions of
all species involved allow conclusions to be drawn
about their properties, such as oxidation states or
binding situations, and thus also about their func-
tion and role in the chemical process.

Fig. 1: View
into the EPR
spectro-
scope in the
research de-
partment of
Prof. Angelika
Brickner.
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Highly Complex and Simultaneous

At the heart of the redox reaction under investiga-
tion is a copper complex stabilized by an organic
ligand, to a certain extent the armor of the cata-
lyst. The catalyst also includes an auxiliary agent,
in this case a radical called Tempo, a term derived
from the acronym of its chemical structure: Tetra-
methylpiperidinyloxyl.

The catalyst thus consists of three components,
plus the starting material and the oxidizing agent
O,. Such a ‘complex system’, as Brckner and Ra-
beah say, is best approached using several dif-
ferent methods. The hurdle here was that these
measurements had to be made in the same reac-
tion vessel, in the same experiment, i.e. simulta-
neously. Angelika Brickner: ‘Only in this way can
we guarantee identical experimental conditions.
Carrying out the analyses individually and in se-
quence always involves certain differences in the
reaction conditions, which would make it difficult
to compare the results’.

For the parallel measurements, the researchers ini-
tially chose infrared and somewhat more energetic
UV rays as well as electron paramagnetic reso-
nance (EPR) spectroscopy, which detects unpaired
electrons. For example, the role of the excipient
Tempo, which has such an unpaired electron -
which makes it highly reactive on the one hand
and introduces the term ‘radical’ on the other -
had to be clarified.

Cooperation with SoLEiL, Paris

In fact, the chemists could see during their first
measurements that Tempo interferes with the re-
action. But in what way? When the reaction starts,
some of the copper particles change their valence
from Cu-I to Cu-ll. Until now, experts have mostly
assumed that the Cu-Il species forms a compound
during the reaction in the form of a so-called di-
mer and that Tempo is primarily responsible for
oxidation of Cu-I to Cu-lIl.

To clarify these assumptions, the Rostock chemists
needed a more precise view of the copper com-
ponents using a high-energy X-ray beam. For this
purpose, they cooperated with the Soleil synchro-
tron in Paris. First, they acquired a compact EPR
spectrometer, which they completed by cleverly
modifying the measuring cell with an IR and a UV
probe. They also adapted it constructively for the
experimental setup at the synchrotron.

Armed with four such ultra-sharp vision aids, the
LIKAT researchers at SOLEIL in Paris were for the
first time able to observe one and the same pro-
cess simultaneously from several perspectives.
‘And we were finally able to resolve on what has

been controversially discussed in the scientific lite-
rature so far’, says Dr. Rabeah.

Fig. 2: Laurent Barthe at the Synchrotron SoLeiL; the entire
experimental setup was modified so that it could be intro-
duced into the X-ray beam at the synchrotron in Saint-Aubin
(France).

Model Reaction for Future Analyses

They discovered that Tempo does not oxidize itself
at all, as previously assumed. Instead, it activates
the oxidizing agent oxygen. In addition, they were
able to detect the much-discussed dimer. How-
ever, they found that it splits back into monomers
during the reaction. Prof Brickner: ‘But this has
no influence whatsoever on the reactivity of the
system. Consequently, this dimer is not important
for the reaction.’

With these findings, experts can now further de-
velop and, above all, optimize the oxidation of
benzyl alcohol using oxygen. In the long term, this
work will lead to replacing the industrial process
with an environmentally friendly one. And, as Jabor
Rabeah emphasizes, the new coupling technology
can also be used for mechanistic analyses of other
reactions — right down to metabolic processes in
living organisms.
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CASCADE FROM METHANOL

TO HYDROGEN

MEeTHA-CycLE Decouples Wind Power from Electricity Demand

For the first time, different sectors were successfully
coupled to store hydrogen in methanol: hydrogen
generation (electrolysis using renewable energies),
hydrogen storage (CO, from biogas plants and
the green hydrogen are catalytically converted to
methanol and released again) and the generation
of heat and electricity from hydrogen. The pilot
plant has been successfully tested - the follow-up
project for upscaling is being planned.
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methanol into hydrogen, were directly linked to
each other and in this way ‘decouple the emer-
gence of regenerative energy from its consump-
tion in terms of time’.

It allows companies and municipalities to supply
themselves with ‘green’ electricity independent-
ly of wind power generation. As it is well known,
electrical energy from wind power is not always
generated when it is most needed.
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Fig. 1: Sector coupling in the Metha-Cycle project: An interdisciplinary consortium combines for the first time
electricity generation from renewable energies, electrolysis, catalytic binding of hydrogen in methanol and
subsequent release and conversion of the hydrogen into electricity in fuel cells.

Researchers led by Dr. Henrik Junge, group leader
‘Catalysis for Energy Technologies’ and Prof. Mat-
thias Beller can produce hydrogen from methanol
under mild conditions. Yield and purity are suffi-
cient for use in fuel cells.

They optimized their own process, which they had
published in NATURE at the time. The catalytic re-
action is at the heart of the MeETHACYCLE project,
a research project funded by the German Federal
Ministry of Economics with 1.8 million euros for the
storage and use of renewable energies. For the
first time, wind power, electrolysis and CO,-based
methanol synthesis, as well as the reconversion of

This is where the METHACYCLE concept comes in:
electricity from renewable energies such as wind
and sun is used to generate hydrogen electrolyti-
cally from water. This is converted with carbon di-
oxide (CO,) into methanol, which acts as a storage
medium for hydrogen. ‘Methanol, unlike hydrogen,
is easy to handle and can be transported over long
distances’, says Henrik Junge. If required, methanol
is converted back into hydrogen and used directly
afterwards in a fuel cell to generate electricity.

Since the catalytic release of hydrogen from met-
hanol usually requires high pressure and tempera-
tures of several hundred degrees Celsius, a general
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Fig. 2: Cascade reaction - The catalysed release of hydrogen from an aqueous methanol solution takes place in several steps

and passes through various intermediates.

application in the context of energy concepts has
not been very attractive so far.

Back in 2013, the group led by Henrik Junge and
Matthias Beller described in NATURE magazine
how a ruthenium catalyst can be used to generate
hydrogen and CO, from an aqueous methanol
solution under mild conditions below one hundred
degrees Celsius. However, a constant supply of hy-
drogen is needed to keep a fuel cell running. The
chemical process must provide sufficient hydrogen
per time unit in a certain purity.

‘Mechanistic’ Analyses

The mode of operation of the corresponding
ruthenium catalyst in the methanol solution was
again intensively investigated under mechanistic
aspects. It was shown that the release of hydrogen
from methanol takes place in three cascade-like
steps. After each of the first two steps, a portion
of hydrogen and another intermediate are already
formed. First, an equivalent of hydrogen and form-
aldehyde is formed. This is further reacted in the
presence of the catalyst, producing another equi-
valent of hydrogen.

In addition, formic acid is produced in the second
step of the cascade. The release of hydrogen from
formic acid has been intensively studied at LIKAT
for several decades — 20 years ago, it was even
possible to obtain hydrogen from formic acid at
room temperature. More surprising was the reali-
zation that the third step, the release of hydrogen
from formic acid, proved to be the slowest and

‘slowed down the entire system’. Hydrogen pro-
duction comes to a halt, and the system becomes
unusable for fuel cell firing.

The solution was a switch to a bicatalytic system.
By adding a second, only slightly modified rutheni-
um catalyst, it was also possible to accelerate the
rate-determining last step so that a continuous hy-
drogen stream can be generated.

In addition, there was a synergetic effect of the
system. The combination of both catalysts achieves
a better yield than the sum of their individual per-
formances.

This result was integrated into a continuous pro-
cess in the test plant in the MeTHACYCLE research
consortium, which was ultimately able to demon-
strate the functional capability of the concept in
this way.
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THERE IS SOMETHING IN THE AIR

‘Carbon Mining’: How Chemists at LIKAT

Extract Carbon from the Air

For the first time, it has been possible to enrich
CO, from the air at a catalytic material under nor-
mal pressure conditions and moderate tempera-
tures and to induce a reaction right there. The reac-
tion with methanol produces dimethyl carbonate,
an ester of carbonic acid that is being discussed as
a fuel, among other things, and can replace toxic
chemicals in industry.

The research activities led by Dr. Sebastian Wohl-
rab, head of the department ‘Heterogeneous Ca-
talytic Processes’, paves the way for two major goals
in chemistry: firstly, to ‘harvest’ carbon dioxide di-
rectly from the air and thus reduce the proportion
of this greenhouse gas in the atmosphere. The
other is to provide carbon for basic chemical pro-
cesses. The second is to provide carbon for basic
chemical processes through ‘carbon mining’ when
fossil carbon carriers - oil, natural gas and coal -
are no longer available in sufficient quantities.

Essential Element

Carbon is an essential element, both for the bi-
osphere — in the form of proteins, fats and car-
bohydrates — and for industrial production. How-
ever, with a share in the earth’s crust of 0.027
percent, carbon is one of the scarce resources.
Access to carbon must be ensured even after fossil
raw material sources dry up.

Alternative processes based on renewable raw
materials such as wood or agricultural waste are
promising.

Vision and Illusion

‘However, it is a great illusion to assume that the
global economy will be able to cover its carbon
needs from renewable raw materials alone’, says
Sebastian Wohlrab, citing representative statistics.'
According to these, global plant growth binds
56,400 million metric tons of elemental carbon

per year. And only 14 percent of this, i.e. just under
7,900 million metric tons/year, is achieved through
plant cultivation, i.e. the food basis of the earth’s
population. This means that only this amount
would be available for the sustainable extraction
of raw materials - if the rainforest were not to be
completely destroyed.

Almost the same amount of carbon, nearly 7,000
million tons/year, is currently processed into pro-
ducts by the petrochemical industry worldwide.
‘So if we want to replace oil and gas with green
chemistry without depriving humanity of its food
base, the global economy would have to be ca-
pable of extreme measures’, says Dr. Wohlrab: Ei-
ther dramatically curb carbon consumption, i.e.
the production of goods. Or to double the amount
of land used to grow crops, which would be eco-
logically devastating. ‘This highlights how urgently
we need to develop other sources of carbon’. One
source of that is CO, in the atmosphere.

However, the CO, content in the air is far too low
at 400 ppm for a chemical reaction with effective
results. Previous processes for the conversion of
carbon dioxide, such as urea synthesis, use highly
concentrated CO, streams. The esterification of
CO, has also so far only worked under high pres-
sure in the laboratory.

In fact, Sebastian Wohlrab’s field succeeded in
2017 in forming esters at atmospheric pressure —
with highly concentrated carbon dioxide.

The scientists successfully mastered the challenge
of using CO, in extremely low concentrations even
from normal room air: Air at atmospheric pressure
is passed over a catalytically active material until it
is saturated with CO,,

[1] a) C.B. Field, M. J. Behrenfeld, J. T. Randerson, P Falkowski, Science 1998, 287, 237-240. b) BP Statistical Review of World Energy,

2019, 68th edition. ¢) FAOSTAT data on land use, 2015.
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Fig. 1: ‘CO, -harvesting’ from the air: The carbon dioxide from the air is enriched on a suitable catalyst and the inert gas is
activated. In this way, it can be directly reacted with alcohols to form new products. (Picture: LIKAT)

The catalyst, a powdery mixed oxide, contains
basic centers where the acidic CO, accumulates.
The CO,-free exhaust air is discharged. Methanol
is then added to the saturated catalyst material,
whereupon it reacts with the catalytically activated
CO, at a moderate 90 degrees Celsius to form di-
methyl carbonate.

The more than three-and-a-half-hour CO, enrich-
ment and conversion with methanol is still far too
long for a technical process. However, the product
yield is already trend-setting: Three out of four of
the adsorbed CO, molecules are successfully con-
verted.

The researchers around Wohlrab were able to
show that the principle works. They could extract
carbon from the air and use a climate gas as a raw
material. The task now is to further optimize these
results. But other reactions with atmospheric CO,
will also become possible with this principle.
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CONSTRUCTION OF THE
'ZERO CARBON’ TRANSFER

TECHNICAL CENTER

In October 2020, construction work began on the
transfer technical center ,ZeroCarbon-Catalysis”
at LIKAT. In the future, findings from basic re-
search can be brought to practical maturity under
the own roof. With the technical center, LIKAT is
expanding its unique selling point: Already, several
new laboratory processes, i.e. chemical reactions
on a 1to 100 g scale, are transferred from LIKAT to
industry every year, where they are implemented
on a pilot scale (kg scale). Successful pilots may
lead to new industrial production facilities on a ton
scale (1—10,000 1).

Small and medium-sized enterprises (SMEs) and
non-chemistry-specific user industries usually do
not have the technical and financial resources for
such scale-ups. Therefore, the pilot plant with pi-
loting directly at LIKAT offers the potential to bring
more processes from the laboratory to the appli-
cation than before.

‘Zero Carbon’ - is the title of the new pilot plant,
which is being funded with 10 million euros, half
from federal and half from state funds. In the pilot
plant, carbon is to be made usable for the chemi-
cal industry in a climate-neutral way.

Large quantities of hydrogen are required for the
chemical use of renewable raw materials, but since
plants (oils and cellulose, for example) contain a
lot of oxygen compared to fossil raw materials, this
must be removed for further processing by adding
hydrogen. Carbon, an essential element for the
production of medicines, fuels, paint and cleaning
agents, textile fibers, plastics, fertilizers, mostly
comes from fossil raw materials.

There are many examples to prove that there
are alternatives: Synthesis gas, a mixture of hy-
drogen and carbon monoxide, is conventionally
produced by coal gasification or from crude oil
distillates. It could just as easily be produced by
reacting methane with carbon dioxide - both of
which are produced in biogas plants. The use of

biomass analogous to coal gasification would also
be a sustainable option. The sustainably produced
synthesis gas could then be efficiently converted
to methanol or converted to long-chain hydrocar-
bons, for example for the production of kerosene.

This ‘green chemistry’ requires completely new
processes and technologies, for which LIKAT is wor-
king on suitable catalysts. Each reaction step within
these processes requires a tailor-made catalyst. In
the laboratory, the research work is mostly carried
out on a very small scale of a few milligrams. Sca-
ling up the process to the ton scale in industry with
thousands of tubular reactors and reactor columns
up to 20 meters high is a huge step. It is precisely
this that the new pilot plant, which will already be
operating in the kilogram range, is designed to fa-
cilitate. Once a process has proven its practicality
in the pilot plants, it has already made it 90 percent
of the way to the finished industrial product.

In the future, the Transfer Technicum should lead
many more ideas than before from basic research
to practical maturity.

e

The Transfer Technical Center under construction.
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RESEARCH DATA TREASURES
BECOME AVAILABLE

The BMBF Funds Digitization at LIKAT and the
Universities in Rostock and Greifswald (NFDI4Cat)

In June 2020, the Joint Science Conference (GWK) of
the federal and state governments decided which
disciplines will be funded within the framework of
the ‘National Research Data Infrastructure’ (NFDI)
project starting in the fall. In this first of three bid-
ding rounds, the Leibniz Institute for Catalysis (LI-
KAT) in Rostock and the Universities of Rostock and
Greifswald will benefit as a significant part of the
catalysis-related sciences.

The new project promotes digitization in key scien-
tific areas with the aim of networking important
research data from the participating partners and
making it more widely available. The current co-
rona crisis clearly demonstrates how essential this
is. In this way, researchers can, for example, learn
more effectively from the experiences, but also the
mistakes, of colleagues from other institutions and
thus make better use of their expertise. Instead of
putting research data in a drawer at the end of a
project, as has been the case in the past, research
data will now be pooled, networked and used nation-
ally and, where appropriate, internationally.

This will create a comprehensive ‘knowledge re-
pository and data treasure trove’ that can also
be easily and clearly found and accessed by third
parties. The BMBF is funding the development of
this national infrastructure for research data with
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up to 90 million euros. In order to approach this
large-scale project, which is initially planned for
a decade, in a structured manner, associations of
suitable disciplines applied in so-called consortia.
In addition to eight other consortia, the NFDI4Cat
network, which brings together universities and
research institutes in the catalysis-related sciences
across Germany, will also receive funding and be-
gan its activities on October 1, 2020. In addition
to LIKAT, as Europe’s leading research institute for
applied catalysis, the universities in Rostock and
Greifswald will be supported as part of NFD/4Cat
with approximately 2 million euros for the next 5
years.

Christoph Wulf and Dr. David Linke of the Leibniz
Institute for Catalysis, who co-designed the re-
search proposal, say: ‘Digitizing our research data
helps us, not least, to move more efficiently from
basic research to (industrial) applications’.
Catalysis is considered a key technology in curbing
pressing problems such as climate change or the
scarcity of fossil resources. To return CO, and plas-
tics to production or to establish hydrogen tech-
nologies for the storage of renewable energies, it
requires close networking of various catalysis disci-
plines and process engineering.
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READY FOR ROUTINE OPERATION

An X-ray photoelectron spectrometer called NAP-XPS

analyzes the life cycle of catalysts at LIKAT.

They accelerate chemical processes without consu-
ming themselves, is commonly said about cata-
lysts. And yet their effect can diminish over time.
What happens on their surface at the atomic level
is being investigated by a state-of-the-art device
in Rostock: the new X-ray photoelectron spectro-
meter (XPS) at the Leibniz Institute for Catalysis. It
bombards atoms on the surface of a sample with
X-rays and dislodges electrons. ‘From the ener-
gy required to do this, we can tell the character
and state of the atom they came from’, explains
Dr. Stephan Bartling. He led the procurement of
the NAP-XPS and prepared the device for routine
operation.

New Possibilities for High-End Analytics
Conventional X-ray photoelectron spectrometers
only work in an ultrahigh vacuum of 10 millibars,
which is one millionth of normal atmospheric pres-
sure. This is the only way to precisely determine
the energy of the photoelectrons released by the
X-ray beam, because they must not collide with
other particles in the air on their way.

LIKAT has also been conducting research with such
an XPS in a high vacuum. But that is not the usual
reaction environment for catalysts. ‘For certain
measurements, you simply need realistic analysis
conditions’, says Prof. Dr. Angelika Brickner, head
of department ‘Catalytic in situ-studies’. Analyses
in the measuring chamber of the new instrument
are carried out in the presence of (reactive) gases,
hence the name NAP: Near Ambient Pressure. In
the future, this high-tech instrument will make it
possible to analyze and optimize the function of
catalysts in situ, i.e. under conditions close to the
reaction.

1.1 Million Euros from EFRE Funds

Catalysis, as Angelika Bruckner explains, is ‘in the
broadest sense a surface phenomenon’. A gas or
liquid mixture flows along a porous, often metallic
catalyst, for example. This surface contact alone
ensures the desired reaction. The atoms on the

surface of the catalyst play a role in this process
and can sometimes lose their activity in the pro-
cess, for example through irreversible changes in
their oxidation state or through deposits.

Stephan Bartling: ‘By studying photoelectrons of
the outer atomic layers of a material with the NAP-
XPS, we can precisely see what happens to the
atoms on the catalyst surface during a reaction’.
In a sense, the measurements can be used to map
the life cycle of a catalyst.

While most NAP-XP spectrometers are installed at
synchrotron sources and have limited availabili-
ty, the new generation of these instruments can
also be used in normal laboratory operation. In
northern Germany, the NAP-XPS at LIKAT is the
only laboratory instrument; nationwide, there are
just under a dozen of these instruments available,
and there are perhaps 60 machines in laboratory
use worldwide. The Rostock acquisition received
1.1 million euros from the European Regional De-
velopment Fund (EFRE), which is primarily inten-
ded to expand interdisciplinary cooperation be-
tween science and business.

Oxidation of CO in Fuel Cells

One of the first requests for analysis concerned an
area that is becoming increasingly popular both
regionally and internationally: hydrogen techno-
logy, or more precisely, the service life and effi-
ciency of fuel cells. Angelika Brickner explains the
problem: hydrogen, the actual fuel for these cells,
always contains traces of carbon monoxide, CO,
due to the technology. But CO is poison for this
technology; it damages the precious metal elec-
trodes. ‘As chemists, we remove the CO by oxidi-
zing it to CO,. To do that, we use oxygen. And the
hurdle is to prevent the oxygen from oxidizing the
hydrogen at the same time’. That's what the fuel
cell needs as fuel, after all.

To solve the problem, laboratories around the
world are experimenting with different catalysts. At
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LIKAT, one of the catalysts is a copper-containing
catalyst based on cerium oxide, a rare-earth me-
tal oxide known for its strong oxidizing power. Put
simply, in this case the ceria donates the oxygen
for the oxidation of CO, reducing it itself and ma-
king it inactive. To prevent this, it must at the same
time recapture gaseous oxygen before it can tam-
per with the hydrogen.

This means the surface atoms of a good catalyst
(in this case cerium) must change their oxidation
state quickly and reversibly. ‘With our new device’,
says Dr. Bartling, ‘we were able to observe very
nicely how this ,redox swing’ works at different
temperatures and gas compositions’.

References:
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Further papers for publication of the new findings, including
in Nature Chemistry, are in progress.
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Dr. Stephan Bartling prepares the new NAP-XPS for a measurement.



118 BIENNIAL REPORT 2019 1 2020

LIKAT IN NUMBERS

in Mio. € @
201912020 gg
&,

Budget (V)
Basic Funding 2019 1 2020
Scientists

External Funding

PhD Students

thereof

Industrial Funding
thereof Public Funding

Construction Investment Science Supporting Staff

®

Bachelor
Master
Doctorates

Habilitations

20191 2020

Patents

201912020

Publications

thereof OA

thereof IP > 5

Books

Book Chapters




EQUALITY

EQUAL OPPORTUNITIES &
GENDER EQUALITY AT LIKAT

LIKAT explicitly acknowledges its responsibility to
actively promote equal opportunities and gender
equality and has anchored this in its statutes in
20712. Equality in this context means not only en-
abling equal opportunities for the genders, but
moreover bringing about balanced gender pro-
portions through binding measures.

LIKAT's Equal Opportunity Officer and her depu-
ty have been elected every four years since 2006.
Measures for a good work-life balance, such as the
company agreement on flexitime or dual-career
measures, are essential lived components of wor-
king life at the institute. In the Corona pandemic
with its school and daycare closures, particularly
young parents were challenged in 2019 and 2020.
With its research work, the institute is involved in
important projects and committed to its partners.
LIKAT is therefore maintaining its laboratory ope-
rations as far as possible, naturally in compliance
with the necessary health protection measures.
From the beginning, the Executive Board granted
all employees the greatest possible flexibility in
addition to the company-agreed flexitime, so that
they can fulfill their family care obligations. Where
desired and possible, employees work on a mobile
basis.

LIKAT also set up a so-called come-back fund to
help employees reconcile work and family life. It
was set up specifically to provide security for em-
ployees in temporary employment during preg-
nancy, parental leave or nursing leave and is now

a fixed component of the institute’s budget. The
fund offers employees planning security and binds
them more closely to the institute than before.

Currently, about one third of all employees at
LIKAT are women. Since 2019, the administrative
management has been filled by a female commer-
cial director, who forms a dual leadership together
with the scientific director of the institute as part of
the executive board. The board is now 60% wo-
men, a proportion that LIKAT aims to preserve. In
contrast, women are significantly underrepresent-
ed in the management of the research depart-
ments and research groups. We want to change
this in the long term, e.qg. by actively recruiting new
female staff.

The success of gender equality work at LIKAT is
constantly monitored. At least once a year, we
publish gender-specific statistics. In the regular
evaluations by the Leibniz association, the status
of our gender equality measures, among other
things, is a major factor in determining whether
we remain in the association and thus whether we
receive further funding. LIKAT also regularly un-
dergoes an external audit by the TEQ certificate.
In 2020, we were awarded the certificate for the
fourth time in a row.

RO RBRARER
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COMMITTEES, ORGANS, SERVICES &
REPRESENTATIONS

The Leibniz Institute for Catalysis (LIKAT Rostock) is a member of the Leibniz Association and has the legal
form of a registered association (e.V). It is an ,An-Institut” of the University of Rostock, which means that
LIKAT is connected to the university, but organizationally and legally independent of it. The bodies of LIKAT
are the General Meeting, the Board of Curators, and the Scientific Advisory Board. Funding is shared equal-
ly between the federal government and the state. In terms of the specialist subject matter, at host-state
level the responsibility lies with the Ministry for Education, Science and Culture; at national level it lies with
the Federal Ministry for Education and Research (BMBF).

GENERAL MEETING BOARD OF CURATORS
Prof Ralf Ludwig, Chair, Univ. of Rostock Woldemar Venohr, Chair, BM MV Prof. Robert Franke, Vorsitz, Evonik Ind. AG
Prof Norbert Stoll, Vice Chair, Liane Horst, Vice Chair, BMBF Prof. Regina Palkovits, Vice Chair,
University of Rostock Prof Wolfgang Schareck, Representation ~ RWTH Aachen

Prof Ulrich Bathmann, /OW Rostock of the University of Rostock Prof. Rudiger Beckhaus,

Prof Uwe Bornscheuer, Prof. Barbara Albert, TU Darmstadt Carl-von-Ossietzky-University of Oldenburg

SCIENTIFIC ADVISORY BOARD:

University of Greifswald Prof. Michael Droscher
Prof. Karlheinz Drauz, KhD Solutions
Dr. Thomas Heidemann, BASF

Prof. Manfred Hennecke

Liane Horst, BMBF

Prof Klaus Peseke Dr. Hans Jurgen Wernicke
Prof. Wolfgang Schareck,

University of Rostock

Prof. Reinhard Schomacker, TU Berlin

Woldemar Venohr, BM MV

Prof. Manfred Hennecke
Dr. Ulrich Ksthardt,
Evonik Industries AG

BOARD:

Dr. Norbert Richter, Symrise AG

Prof. Holger Braunschweig,
Julius-Maximilians-University of Wirzburg
Prof. Richard Fischer, TU Mtinchen

Prof. Ivana Fleischer, University of Tubingen
Prof. Frank Glorius, Westfdlische
Wilhelms-University of Munster

Prof. Hansjorg Gritzmacher, ETH Zdrich
Dr. Johann Klein, PolyU GmbH

Prof. Elias Klemm, University of Stuttgart
Prof. Johannes Lercher, TU Minchen

Prof. Martin Muhler, Ruhr-Univ. of Bochum

Prof. Matthias Beller, Scientific Director - Dr. Barbara Heller, Commercial Director - Prof. Angelika Bruckner, Deputy Director -

Prof. Jennifer Strunk - Prof. Johannes G. de Vries

TOPIC SPEAKERS:

Topic 01 Prof. Prof. Angelika Brtckner & PD Wolfgang Baumann
Topic 02 Prof. Evgenii Kondratenko & Prof. Haijun Jiao

Topic 03 Dr. David Linke & Dr. Udo Armbruster

Topic 04 Prof. Johannes G. de Vries & Dr. Thomas Werner

Topic 05 Prof. Jennifer Strunk & Dr. Henrik Junge

Topic 06 Dr. Sebastian Wohlrab & Dr. Bernd Mdller

Topic 07 PD Dr. Torsten Beweries & Dr. Christian Hering-Junghans

UNI IN LEIBNIZ — ASSOCIATED

UNIVERSITY RESEARCH GROUPS:

Prof. Marko Hapke, Johannes Kepler University of Linz (Austria)
Prof. Udo Kragl, University of Rostock

Prof. Prof. Peter Langer, University of Rostock

Prof. Ralf Ludwig, University of Rostock

Prof. Klaus Neymeyr, University of Rostock

Prof. Axel Schulz, University of Rostock

EMPLOYEE REPRESENTATION:

DEPARTMENT HEADS:
Prof Matthias Beller

PD Dr. Torsten Beweries
Prof Armin Borner

Prof. Prof. Angelika Bruckner
Prof. Paul Kamer

Dr. David Linke

Prof. Jennifer Strunk

Prof Johannes G. de Vries
Dr. Sebastian Wohlrab

HEADS OF SERVICES &

STAFF UNIT:

PD Dr. Wolfgang Baumann, Analytics
Dr. Barbara Heller, Administration
Andreas Schupp, Technical Services
Dr. Sandra Hinze, Staff Unit

Dr. Jens Holz, Labour Council - Dr. Thomas Schareina, Data Protection Officer - Anja Kammer, Equal Opportunity Officer -

PD Dr. Wolfgang Baumann, Ombudsperson - Anja Simmula, Representative for Severely Disabled Persons - Lea Graefe,

Ricarda Duhren, Felix Unglaube, PhD & PostDoc Representatives
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DEGREES
2019

Habilitations
Sawall, Mathias (Neymeyr)
Doctorates

Adomeit, Sven (Brtckner), Al Barakat Almasalma, Ah-
mad (Kragl), Anke, Felix (Beweries), Cibura, Niklas (ex-
tern) (Strunk), Dietrich, Annika (Kragl), Dilla, Martin
(extern) (Strunk), EI Ouahabi, Fatima (de Vries), Farrar
Tobar, Ronald Alvaro (de Vries), Flader, Anika (Langer),
Garbe, Marcel (Beller), Ha, Quan (Kragl), Hancker, Séren
(Beller), Hertrich, Max (Beller), Janke, Julia (Langer), Ja-
nke, Sophie (Langer), Konrath, Robert (extern) (Kamer),
Kortewille, Bianca (extern) (Strunk), Kreft, Steffi (Beller),
Murugesan, Kathiravan (Beller), Ohlendorf, Lars (Lan-
ger), Oubaassine, Saadia (extern) (Wohlrab), Petrosyan,
Andranik (NG Pospech), Prymak, luliia (Wohlrab), Rum-
pel, Katharina (Borner), Sang, Rui (Beller), Scharnagl,
Florian (Beller), Schroder, Henning (Neymeyr), See-
burg, Dominik (Wohlrab), Sivasankaran, Ramesh Poon-
chi (Bruckner), Steinlechner, Christoph (Beller), Taufer,
Amely (Borner), Wei, Zhihong (Beller), Wozniak, Bartosz
(de Vries), Yin, Zhiping (Borner), Zhang, Shaoke (Beller),
Zhang, Yaoyuan (extern) (Linke), Zhou, Wei (Beller)

Master

Hunemaorder, Paul (Kragl), Jannsen, Nora (extern) (Be-
weries), Khsara, Bahaa Eddin (Briickner), Lindenau,
Kevin (Beweries), Moritz, Jan-Ole (Kamer), Schmidt,
Christoph (Wohlrab), Schall, Christopher (NG Pospech),
Zander, Edgar (Schulz)

Bachelor
Lambrecht, Sina (Strunk), Leidecker, Benedict (Borner),

Romischke, Johanna (de Vries), Wellnitz, Tim (NG He-
ring-Junghans),

2020

Habilitations
Mejia, Esteban (Kragl)
Doctorates

Agapova, Anastasiya (Beller), Behrens, Stephan (Bor-
ner), Brunzel, Tom (Wohlrab), Chen, Bo (Borner),
Grauke, Reni (Bruckner), Han, Shanlei (extern) (Linke),
Hasche, Patrick (Beweries), Hu, Yuya (de Vries), Keller,
Sonja (Bruckner), KloB, Svenja (Bérner), Leischner, Tho-
mas (Beller), Leval, Alexander (Beller), Longwitz, Lars
(de Vries), Papa, Veronica (Beller), Piehl, Patrick (Beller),
Salazar, Abel (Kragl), Schneekonig, Jacob (Beller), Schu-
mann, André (NG Hering-Junghans), Senthamarai, Thi-
rusangumurugan (Beller), Stadler, Bernhard (de Vries),
Wang, Hai (Bérner), Xu, Jianxing (Borner), Yang, Ji (Bel-
ler), Zhao, Dan (extern) (Linke)

Master

Kell, Lukas (de Vries), Mayer, Thea (NG Pospech), Ne-
itzel, Gordon (Beller), Schafhausen, Niklas (Kragl), Sie-
wert, Jan-Erik (NG Hering-Junghans), Singer, Christian
(Strunk), Zahednia, Mathab (Bruckner)

Bachelor
Brandt, Sina (de Vries), Fokken, Wilko (Kragl), Knuth,

Cornelius Leonardt (Kragl), Rippke, Mirko (Beweries),
Schlapp, Janina (Kragl), Seifert, Jenny (Beller),
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PUBLICATIONS 2019

[1 S. Abbas, K. Ayub, M. Sohail, S. Ali,
R. Ludwig, M. A. Nadeem, S. Muham-
mad, J Mol Struct. 2019, 17175, 439-
444, Synthesis, X-ray crystal structure
and spin polarized DFT study of high
spin Mn based metal-organic frame-
work.

[2] M. Abbaspour, M. Namayandeh
Jorabchi, H. Akbarzadeh, S. Salemi, R.
Ebrahimi, J. Comput. Chem. 2019, 40,
2179-2190, Molecular dynamics simu-
lation of anticancer drug delivery from
carbon nanotube using metal nanowi-
res.

[3] M. Abbaspour, Z. Valizadeh, M. N.
Jorabchi, J. Mol Lig. 2019, 274, 434-
446, Nucleation, coalescence, thermal
evolution, and statistical probability of
formation of Au/Ir/Pd nanoalloys in
gas-phase condensation process.

[4] R. Abe, Catherine M. Aitchison,
V. Andrei, M. Beller, D. Cheung, C. E.
Creissen, V. A. de la Pefia O'Shea, J.
R. Durrant, M. Graetzel, L. Hammar-
stroem, S. Haussener, S--I. In, E. Kala-
maras, A. Kudo, M. F. Kuehnel, P P Kun-
tury, Y.-H. Lai, C.-Y. Lee, M. Maneiro, E.
E. Moore, H. C. Nguyen, A. R. Paris, C.
Pornrungroj, J. N. H. Reek, E. Reisner, M.
Schreck, W. A. Smith, H. S. Soo, R. S.
Sprick, A. Venugopal, Q. Wang, D. Wie-
lend, M. A. Zwijnenburg, Faraday Dis-
cuss. 2019, 215, 345-363, Demonstrator
devices for artificial photosynthesis: ge-
neral discussion.

[5] R. Abe, M. Bajada, M. Beller, A. B.
Bocarsly, Julea N. Butt, F. Cassiola, W.
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A. Lage, C.-Y. Lee, M. Maneiro, S. D.
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H. Reek, E. Reisner, S. Roy, C. Schne-
dermann, R. Shankar, S. I. Shylin, W. A.
Smith, H. S. Soo, A. Wagner, D. Wielend,

Faraday Discuss. 2019, 215, 422-438,
Beyond artificial photosynthesis: gene-
ral discussion.

[6] A. Agapova, E. Alberico, A. Kammer,
H. Junge, M. Beller, ChemCatChem
2019, 77, 1910-1914, Catalytic Dehydro-
genation of Formic Acid with Rutheni-
um-PNP-Pincer Complexes: Compa-
ring N-Methylated and NH-Ligands.

[7] A. Agapova, H. Junge, M. Beller,
Chem. Eur. J. 2019, 25, 9345-9349, De-
veloping Bicatalytic Cascade Reactions:
Ruthenium-catalyzed Hydrogen Gene-
ration From Methanol.

[8] C. M. Aitchison, V. Andrei, D.
Anton-Garcia, U.-P Apfel, V. Badiani,
M. Beller, A. B. Bocarsly, S. Bonnet, P
Brueggeller, C. A. Caputo, F. Cassiola, S.
T Clausing, A. I. Cooper, C. E. Creissen,
V. A. de la Pefia O’'Shea, W. Domcke,
J.R. Durrant, M. Gratzel, L. Hammar-
strom, A. Hankin, M. C. Hatzell, F. Kara-
das, B. Konig, M. F. Kuehnel, S. Lamai-
son, C.-Y. Lin, M. Maneiro, S. D. Minteer,
A. R. Paris, E. Pastor, C. Pornrungroj, J.
N. H. Reek, E. Reisner, S. Roy, C. Sahm,
R. Shankar, W. J. Shaw, S. I. Shylin, W. A.
Smith, K. Sokol, H. S. Soo, R. S. Sprick,
W. Viertl, A. Vogel, A. Wagner, D. Wa-
kerley, Q Wang, D. Wielend, M. A. Zwi-
jnenburg, Faraday Discuss. 2019, 2175,
242-281, Synthetic approaches to artifi-
cial photosynthesis: general discussion.

[9] E. Alberico, S. Moeller, M. Horst-
mann, H.-J. Drexler, D. Heller, Catalysts
2019, 9, 582, Activation, Deactivation
and Reversibility Phenomena in Homo-
geneous Catalysis: A Showcase Based
on the Chemistry of Rhodium/Phosphi-
ne Catalysts.

[10] E. Alberico, L. K. Vogt, N. Rockstroh,
H. Junge, in Non-Noble Metal Catalysis:
Molecular Approaches and Reactions
(Eds.: R. J. M. Klein Gebbink, M.-E. Mo-

ret), Wiley-VCH Verlag GmbH & Co.
KGaA, 2019, pp. 453-488.

[11 C. D. Alcivar Ledn, L. A. Ramos
Guerrero, P M. Bonilla Valladares, G. A.
Echeverria, O. E. Piro, S. E. Ulic, J. L.
Jios, P Langer, Monatsh. Chem. 2019,
150, 1929-1940, Synthesis and structural
study of 2-(haloalkyl)-3-methylchro-
mones.

[12] A. S. Al-Fatesh, J. K. Abu-Dahrieh,
H. Atia, U. Armbruster, A. A. lbrahim,
W. U. Khan, A. E. Abasaeed, A. H. Fa-
keeha, Int. J. Hydrog. Energy 2019, 44,
21546-21558, Effect of pre-treatment
and calcination temperature on ALO,-
ZrO, supported Ni-Co catalysts for dry
reforming of methane.

[13] A. S. Al-Fatesh, H. Atia, J. K. Abu-
Dahrieh, A. A. lbrahim, R. Eckelt, U.
Armbruster, A. E. Abasaeed, A. H. Fa-
keeha, Int. J. Hydrog. Energy 2019, 44,
20770-20781, Hydrogen production
from CH, dry reforming over Sc pro-
moted Ni / MCM-41.

[14] A. S. Al-Fatesh, a. Hanan, A. A
lbrahim, A. H. Fakeeha, S. K. Singh, N.
K. Labhsetwar, H. Shaikh, S. O. Qasim,
Renew. Energy 2019, 740, 658-667, CO,
reforming of CH,: Effect of Gd as pro-
moter for Ni supported over MCM-41
as catalyst.

[15] A. A. Almasalma, E. Mejia, in He-
terocycles via Cross Dehydrogenative
Coupling:  Synthesis and Functionali-
zation (Eds.: A. Srivastava, C. K. Jana),
Springer Singapore, Singapore, 2019,
pp. 329-356.

[16] J. N. Andexer, U. Beifuss, F. Beuerle,
M. Brasholz, R. Breinbauer, M. Ernst, T.
A. M. Gulder, S. Kath-Schorr, M. Kor-
des, M. Lehmann, T. Lindel, S. Ludeke,
B. Luy, M. Mantel, C. Muck-Lichtenfeld,
C. Muhle-Goll, A. Narine, J. Niemeyer,
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Werz, C. Winter, Nachr. Chem. 2019,
67, 46-78, Trendbericht Organische
Chemie.
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fers, A. Villinger, Inorg. Chem. 2019, 58,
5305-5313, Heavy Neutral and Anionic
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[18] P Arndt, M. Reil3, A. Spannenberg,
C. Schtnemann, F. ReiR3, T. Beweries,
Dalton Trans. 2019, 48, 16525-16533,
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C—C coupling reaction of zirconocenes
mediated by C-N bond cleavage in
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on of iminoacyl complexes.
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Schulz, H. Schnoeckel, Angew. Chem.
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Halide versus Magnesium Metal: Diffe-
rences in Reaction Energy and Reacti-
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Y. Han, X. Zhang, Int. J. Hydrog. Ener-
gy 2019, 44, 21397-21405, In-situ so-
lid-phase fabrication of Ag/AgX (X=Cl,
Br, 1)/g-C,N, composites for enhanced
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NMR  spectroscopy measurements as
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tions of APl and excipients in drug for-
mulations.

[25] J-N. Beller, M. Beller, Faraday Di-
scuss. 2019, 215, 9-14, Spiers Memorial
Lecture Artificial photosynthesis: An in-
troduction.

[26] M. Beller, Chem. Rev. 2019, 779,
2089-2089, Introduction: First Row Me-
tals and Catalysis.

[27] M. Beller, F. Shi, S. S. Stahl, Chem-
SusChem 2019, 12, 2834-2834, Preface
to Special Issue of ChemSusChem: Sus-
tainable Organic Synthesis.

[28] T. Beweries, F. Rei3, J. Rothe, A.
Schulz, A. Villinger, Eur. J. Inorg. Chem.
2019, 2079, 1993-1998, Triazenido
Complexes of Titanocene(lll).

[29] K. Blaesing, J. Bresien, R. Labbow,
D. Michalik, A. Schulz, M. Thomas, A.
Villinger, Angew. Chem. Int. Ed. 2019,
58, 6540-6544, Borane Adducts of Hy-
drazoic Acid and Organic Azides: Inter-
mediates for the Formation of Amino-
boranes.

[30] G. Boeck, T. Peppel, in Die medizi-
nische Fakultat der Universitat Rostock
- 600 Jahre im Dienst der Menschen
(1419-2019) (Eds.: K. Haack, E. C. Reisin-
ger), Béhlau Verlag, 2019, pp. 244-261.

[31] G. Boeck, T. Peppel, in Kaleidoskop
der Mathematik und Naturwissenschat-
ten : 600 Jahre Universitét Rostock (Eds.:
G. Boeck, R. Damerius, S. Dittmer, S.
Fulda, R. Mahnke, R. Nareyka, A. StraB3-
burg), Universitat Rostock, Mathema-
tisch-Naturwissenschaftliche  Fakultat,
Rostock, 2019, p. 150.

[32] A. Boerner, Chemie Verbindun-
gen furs Leben, wbg Theiss, Darmstadt,
2019.

[33] J. Bresien, L. Eickhoff, A. Schulz, T.
Suhrbier, A. Villinger, Chem. Eur. J. 2019,
25,16311-16319, A Systematic Survey of
the Reactivity of Chlorinated N,P,, NP,
and P, Ring Systems.

[34] ). Bresien, J. M. Goicoechea, A.
Hinz, M. T. Scharnhoelz, A. Schulz,
T. Suhrbier, A. Villinger, Dalton Trans.
2019, 48, 10753-10753, Correction: In-
creasing steric demand through fle-
xible bulk — primary phosphanes with
2,6-bis(benzhydryl)phenyl backbones.

[35] J. Bresien, J. M. Goicoechea, A.
Hinz, M. T. Scharnholz, A. Schulz, T.
Suhrbier, A. Villinger, Dalton Trans.
2019, 48, 3786-3794, Increasing steric
demand through flexible bulk — pri-
mary phosphanes with 2,6-bis(benzhy-
dryl)phenyl backbones.

[36] J. Bresien, T. Kroeger-Badge, S.
Lochbrunner, D. Michalik, H. Mueller,
A. Schulz, E. Zander, Chem. Sci. 2019,
10, 3486-3493, A chemical reaction
controlled by light-activated molecular
switches based on hetero-cyclopen-
tanediyls.

[37] J. Bresien, A. Schulz, L. S. Szych,
A. Villinger, R. Wustrack, Dalton Trans.
2019, 48, 1103-11111, [E(u-NBbp)], (E =
P As) — group 15 biradicals synthesized
from acyclic precursors.

[38] J. Bresien, A. Schulz, M. Thomas,
A. Villinger, Eur. J. Inorg. Chem. 2019,
2019, 1279-1287, A Bismuth—Arene
o-Complex — On the Edge of Menshut-
kin-Type Complexes.

[39] T. Brunzel, J. Heppekausen, J. Pan-
ten, A. Koeckritz, RSC Advances 2019,
9, 27865-27873, Selective Wacker type
oxidation of a macrocyclic diene to the
corresponding monounsaturated keto-
ne used as fragrance.

[40] S. Budweg, K. Junge, M. Beller,
Chem. Commun. 2019, 55, 14143-
14146, Transfer-dehydrogenation  of
secondary alcohols catalyzed by man-



ganese NNN-pincer complexes.

[41] S. Budweg, Z. Wei, H. Jiao, K. Jun-
ge, M. Beller, ChemSusChem 2019, 12,
2988-2993, Iron-PNP-Pincer-Cataly-
zed Transfer Dehydrogenation of Se-
condary Alcohols.

[42] H. Buettner, C. Kohrt, C. Wulf, B.
Schaeffner, K. Groenke, Y. Hu, D. Kru-
se, T. Werner, ChemSusChem 2019, 12,
2701-2707, Life Cycle Assessment for
the Organocatalytic Synthesis of Gly-
cerol Carbonate Methacrylate.

[43] J. R. Cabrero-Antonino, R. Adam,
M. Beller, Angew. Chem. Int. Ed. 2019,
58, 12820-12838, Catalytic Reductive
N-Alkylations Using CO, and Carboxylic
Acid Derivatives: Recent Progress and
Developments.

[44] B. Chen, X.-F. Wu, Org. Lett. 2019,
21, 2899-2902, Rhodium-Catalyzed Car-
bonylative Synthesis of Benzosilinones.

[45] B. Chen, X.-F. Wu, Synlett 2019,
30, 1592-1596, Palladium-Catalyzed Car-
bonylative Synthesis of Benzogermino-
nes.

[46] B. Chen, X.-F. Wu, Adv. Synth.
Catal. 2019, 361, 3441-3445, Palladi-
um-Catalyzed Carbonylative Synthesis
of Benzosilinones from (2-lodophenyl)
Hydrosilanes and Terminal Alkynes.

[47] B. Chen, X.-F. Wu, Org. Lett. 2019,
21, 7624-7629, Palladium-Catalyzed
Carbonylative Coupling of Aryl lodides
with Alkenylaluminum Reagents.

[48] S. Chen, W. Lu, H. Shen, S. Xu, X.
Chen, T. Xu, Y. Wang, Y. Chen, Y. Gu, C.
Wang, X.-F. Wu, M. Beller, W. Chen,
Appl. Catal, B 2019, 254, 500-509, The
development of new pigments: Color-
ful g-C,N,-based catalysts for nicotine
removal.

[49] X. Cui, X. Dai, A.-E. Surkus, K. Jun-
ge, C. Kreyenschulte, G. Agostini, N.
Rockstroh, M. Beller, Chinese J Catal
2019, 40, 1679-1685, Zinc single atoms
on N-doped carbon: An efficient and
stable catalyst for CO, fixation and con-
version.

126 BIENNIAL REPORT 2019 | 2020

[50] X. Cui, W. Li, P Ryabchuk, K. Junge,
M. Beller, Nat. Catal. 2019, 2, 277-277,
Publisher Correction: Bridging homo-
geneous and heterogeneous catalysis
by heterogeneous single-metal-site
catalysts.

[51] C. F. Czauderna, A. M. Z. Slawin, D.
B. Cordes, J. I. van der Viugt, P. C. J.
Kamer, Tetrahedron 2019, 75, 47-56,
P-stereogenic wide bite angle diphos-
phine ligands.

[52] X. Dai, S. Adomeit, J. Rabeah, C.
Kreyenschulte, A. Brueckner, H. Wang,
F. Shi, Angew. Chem. Int. Ed. 2019, 58,
5251-5255, Sustainable Co-Synthesis
of Glycolic Acid, Formamides and For-
mates from 1,3-Dihydroxyacetone by a
Cu/ALO, Catalyst with a Single Active
Sites.

[53] M. de Oliveira, D. Seeburg, J. WeiB,
S. Wohlrab, G. Buntkowsky, U. Ben-
trup, T. Gutmann, Catal. Sci. Technol.
2019, 9, 6180-6190, Structural charac-
terization of vanadium environments in
MCM-41 molecular sieve catalysts by
solid state °'V NMR.

[54] W. Desens, H. Jiao, P Langer, D.
Michalik, J Mol. Struct. 2019, 1796,
215-221, NMR spectroscopic and the-
oretical studies on the isomerism of
1,5-benzodiazepin-2-one derivatives
containing a perfluorinated side chain.

[55] O. Devos, H. Schroeder, M. Sliwa,
J. P Placial, K. Neymeyr, R. Métivier, C.
Ruckebusch, Anal Chim. Acta 2019,
1053, 32-42, Photochemical multiva-
riate curve resolution models for the
investigation of photochromic systems
under continuous irradiation.

[56] N. Diehl, D. Michalik, G. C. Zucca-
rello, U. Karsten, J. Exp. Mar. Biol. Ecol
2019, 570, 23-30, Stress metabolite
pattern in the eulittoral red alga Pyro-
pia plicata (Bangiales) in New Zealand
— mycosporine-like amino acids and
heterosides.

[57] M. Dilla, A. Jakubowski, S. Ristig, J.
Strunk, R. Schloegl, Phys. Chem. Chem.
Phys. 2019, 21, 15949-15957, The fate of
O, in photocatalytic CO, reduction on

TiO, under conditions of highest purity.

[58] M. Dilla, N. G. Moustakas, A. E.
Becerikli, T. Peppel, A. Springer, R.
Schlégl, 3. Strunk, S. Ristig, Phys.
Chem. Chem. Phys. 2019, 21, 13144-
13150, Judging the feasibility of TiO,
as photocatalyst for chemical energy
conversion by quantitative reactivity
determinants.

[59] H. H. Do, S. Ullah, A. Villinger, J.
Lecka, J. Sévigny, P Ehlers, J. Igbal, P.
Langer, Beilstein J. Org. Chem. 2019,
15, 2830-2839, Palladium-catalyzed
synthesis and nucleotide pyrophospha-
tase inhibition of benzo[4,5]furo[3,2-b]
indoles.

[60] N. Dropka, M. Holena, S. Eckle-
be, C. Frank-Rotsch, J. Winkler, J. Cryst.
Growth 2019, 521, 9-14, Fast forecasting
of VGF crystal growth process by dyna-
mic neural networks.

[61] S. A. Ejaz, M. Miliutina, P Langer,
A. Saeed, J. Igbal, Med Chem 2019,
75, 883-891, Anti-proliferative Effects
of Chromones: Potent Derivatives Af-
fecting Cell Growth and Apoptosis
in Breast, Bone-marrow and Cervical
Cancer Cells.

[62] A. R. Fahami, T. Guenter, D. E.
Doronkin, M. Casapu, D. Zengel, T. H.
Vuong, M. Simon, F. Breher, A. V. Ku-
cherov, A. Brueckner, J. D. Grunwaldt,
React. Chem. Eng 2019, 4, 1000-1018,
The dynamic nature of Cu sites in Cu-
SSZ-13 and the origin of the seagull
NO, conversion profile during NH,-SCR

[63] M. J. G. Fait, A. Ricci, M. Holena,
J. Rabeah, M. M. Pohl, D. Linke, E. V.
Kondratenko, Catal. Sci. Technol. 2019,
9, 5111-5121, Understanding trends in
methane oxidation to formaldehyde:
statistical analysis of literature data and
based hereon experiments.

[64] A. H. Fakeeha, Y. Arafat, A. A. lbra-
him, H. Shaikh, H. Atia, A. E. Abasaeed,
U. Armbruster, A. S. Al-Fatesh, Proces-
ses 2019, 7, 141, Highly Selective Syn-
gas/H, Production via Partial Oxidation
of CH, Using (Ni, Co and Ni-Co)/ZrO,~
ALO, Catalysts: Influence of Calcination



PUBLICATIONS 2019

Temperature.

[65] R. A. Farrar-Tobar, S. Tin, J. G. de
Vries, in Organometallics for Green Ca-
talysis (Eds.: P H. Dixneuf, J.-F. Soulé),
Springer  International  Publishing,
Cham, 2019, pp. 193-224.

[66] R. A. Farrar-Tobar, B. Wozniak, A.
Savini, S. Hinze, S. Tin, J. G. de Vries,
Angew. Chem. Int. Ed. 2019, 58, 1129-
1133, Base-Free Iron Catalyzed Transfer
Hydrogenation of Esters Using EtOH as
Hydrogen Source.

[67] F Ferretti F K. Scharnagl, A.
DallAnese, R. Jackstell, S. Dastgir, M.
Beller, Catal Sci. Technol 2019, 9,
3548-3553, Additive-free cobalt-cata-
lysed hydrogenation of carbonates to
methanol and alcohols.

[68] A. Flader, L. Ohlendorf P Ehlers,
E. Ammon, A. Villinger, P. Langer, AdVv.
Synth. Catal. 2019, 367, 2981-2991, Bran-
sted Acid Mediated Synthesis and Pro-
perties of Dibenzoacridine Derivatives.

[69] D. Formenti, F. Ferretti, F. K. Schar-
nagl, M. Beller, Chem. Rev. 2019, 119,
2611-2680, Reduction of Nitro Com-
pounds Using 3d-Non-Noble Metal
Catalysts.

[70] L.-Y. Fu, J. Ying, X. Qi, J.-B. Peng,
X.-F. Wu, J. Org. Chem. 2019, 84, 1421-
1429, Palladium-Catalyzed Carbonyla-
tive Synthesis of Isoindolinones from
Benzylamines with TFBen as the CO
Source.

[71] L.-Y. Fu, J. Ying, X.-F. Wu, J. Org.
Chem. 2019, 84, 12648-12655, Co-
balt-Catalyzed Carbonylative Synthesis
of Phthalimides from N-(Pyridin-2-yl-
methyl)benzamides with TFBen as the
CO Source.

[72] M. Garbe, Z. Wei, B. Tannert, A.
Spannenberg, H. Jiao, S. Bachmann, M.
Scalone, K. Junge, M. Beller, Adv. Syn-
th. Catal. 2019, 367, 1913-1920, Enan-
tioselective Hydrogenation of Ketones
using Different Metal Complexes with a
Chiral PNP Pincer Ligand.

[73] H-Q Geng, J-B. Peng, X.-F. Wu,

Org. Lett. 2019, 21, 8215-8218, Palladi-
um-Catalyzed Oxidative Carbonylative
Coupling of Arylallenes, Arylboronic
Acids, and Nitroarenes.

[74] S. Ghosh, T. N. Nguyen, T. T. Thi,
E. Mejia, Eur. Polym. J. 2019, 712, 45-
50, Re-evaluation of the ring-opening
polymerization of e-caprolactone ca-
talyzed by dialkylmagnesium reagents.

[75] R. Giereth, I. Reim, W. Frey, H. Jun-
ge, S. Tschierlei, M. Karnahl, Sustain.
Energy Fuels 2019, 3, 692-700, Re-
markably long-lived excited states of
copper photosensitizers containing an
extended Tt-system based on an an-
thracene moiety.

[76] A. Grandane, L. Longwitz, C. Roolf,
A. Spannenberg, H. Murua Escobar, C.
Hering-Junghans, E. Suna, T. Werner,
J. Org. Chem. 2019, 84, 1320-1329, In-
tramolecular Base-Free Catalytic Wittig
Reaction: Synthesis of Benzoxepinones.

[77] B. Guo, J. G. de Vries, E. Otten,
Chem. Sci. 2019, 70, 10647-10652, Hy-
dration of nitriles using a metal-ligand
cooperative ruthenium pincer catalyst.

[78] C.-H. Guo, D. Yang, X. Liu, X.
Zhang, H. Jiao, J Mol Model 2019, 25,
1-11, Exploring the mechanism of alke-
ne hydrogenation catalyzed by defined
iron complex from DFT computation.

[79] Q L. M. Ha, U. Armbruster, C.
Kreyenschulte, H. Atia, H. Lund, H. T.
Vuong, S. Wohlrab, Catal. Today 2019,
334, 203-214, Stabilization of low nickel
content catalysts with lanthanum and
by citric acid assisted preparation to
suppress deactivation in dry reforming
of methane.

[80] D. Han, F. Anke, M. Trose, T. Be-
weries, Coord. Chem. Rev. 2019, 380,
260-286, Recent advances in transition
metal catalysed dehydropolymerisation
of amine boranes and phosphine bo-
ranes.

[81] C. T. Handoko, N. G. Moustakas,
T. Peppel, A. Springer, F. E. Oropeza,
A. Huda, M. D. Bustan, B. Yudono, F.
Gulo, J. Strunk, Catalysts 2019, 9, 323,

Characterization and Effect of Ag(0) vs.
Ag(l) Species and Their Localized Plas-
mon Resonance on Photochemically
Inactive TiO..

[82] J. Harloff, D. Michalik, S. Nier, A.
Schulz, P Stoer, A. Vilinger, Angew.
Chem. 2019, 737, 5506-5511, Cyanido-
silikate — Synthese und Struktur.

[83] J. Harloff, A. Schulz, P Stoer, A.
Villinger, Z. Anorg. Allg. Chem. 2019,
645, 835-839, Pseudo Halide Chemis-
try in lonic Liquids with Decomposable
Anions.

[84] P Hasche, A. Spannenberg, T.
Beweries, Organometallics 2019, 38,
4508-4515, Study of the Reactivity of
the [(PE'CE°P)NI(Il)] (E', E2 = O, S) Pin-
cer System with Acetonitrile and Base:
Formation of Cyanomethyl and Ami-
docrotononitrile Complexes  versus
Ligand Decomposition by P-S Bond
Activation.

[85] Z. Hassan, P. Langer, Synlett 2019,
30, 665-673, Synthesis of Chlorinated
Arenes and Hetarenes by One-Pot Cy-
clizations of 1,3-Bis-silyl Enol Ethers.

[86] R. Hauptmann, A. Petrosyan, F.
Fennel, M. A. Argueello Cordero, A.-
E. Surkus, J. Pospech, Chem. Eur. J.
2019, 25, 4325-4329, Pyrimidopteridi-
ne N-Oxide Organic Photoredox Cata-
lysts: Characterization, Application and
Non-Covalent Interaction in Solid State.

[87] C. Hering-Junghans, C. Sindlinger,
Nachr. Chem. 2019, 67, 46-64, Trend-
bericht Anorganische Chemie: Haupt-
gruppenelemente.

[88] M. F. Hertrich, M. Beller, in Orga-
nometallics for Green Catalysis. Topics
in Organometallic Chemistry, Vol. 63
(Eds.: P H. Dixneuf, J.-F. Soule), Springer
GmbH, 2019, pp. 1-16.

[89] M. F Hertrich, F. K. Scharnagl, A.
Pews-Davtyan, C. R. Kreyenschulte, H.
Lund, S. Bartling, R. Jackstell, M. Bel-
ler, Chem. Eur. J. 2019, 25, 5534-5538,
Supported Cobalt Nanoparticles for
Hydroformylation Reactions.

127



[90] D. Heyl, C. Kreyenschulte, V. A.
Kondratenko, U. Bentrup, E. V. Kond-
ratenko, A. Brueckner, ChemSusChem
2019, 72, 651-660, Alcohol Synthesis
from CO,, H,, and Olefins over Alka-
li-Promoted Au Catalysts — A Catalytic
and In situ FTIR Spectroscopic Study.

[91] M. Hoehne, B. R. Aluri, A. Span-
nenberg, B. H. Mueller, N. Peulecke, U.
Rosenthal, /UCrData 2019, 4, x181803,
Dichlorido[1,1-(diphenylphosphino)hy-
drazide]palladium(ll) dichloromethane
monosolvate.

[92] S. Hu, Z. Yang, Z. Chen, X.-F.
Wu, Adv. Synth. Catal. 2019, 367,
4949-4954, Metal-Free Synthesis of
5-Trifluoromethyl-1,2,4-Triazoles  from
lodine-Mediated Annulation of Triflu-
oroacetimidoyl Chlorides and Hydra-
zones.

[93] Y. Hu, J. Steinbauer, V. Stefanow, A.
Spannenberg, T. Werner, ACS Sustain-
able Chem. Eng. 2019, 7, 13257-13269,
Polyethers as Complexing Agents in
Calcium-Catalyzed Cyclic Carbonate
Synthesis.

[94] T. Q. Hung, D. T. Hieu, D. Van Tinh,
H. N. Do, T. A. Nguyen Tien, D. Van Do,
L. T Son, N. H. Tran, N. Van Tuyen, V.
M. Tan, P Ehlers, T. T. Dang, P. Langer,
Tetrahedron 2019, 75, 130569, Efficient
access to - and y-carbolines from a
common starting material by sequenti-
al site-selective Pd-catalyzed C-C, C-N
coupling reactions.

[95] H. Huy Do, S. A. Ejaz, R. Molenda,
L. Ohlendorf, A. Villinger, S. U. Khan,
J. Lecka, J. Sévigny, J. Igbal, P Ehlers,
P. Langer, ChemistrySelect 2019, 4,
2545-2550, Benzo[b]carbazolediones
Synthesis and Inhibitory Effects on
Nucleotide Pyrophosphatases/Phos-
phodiesterases.

[96] M. F. Ibad, A. Schulz, A. Villinger,
Organometallics 2019, 38, 1445-1458,
Facile Route to Silver Triarene Borate
Salts, [Ag(arene),][B(C,F,),]: Thermody-
namics, Structure, and Bonding.

[97] A. Iftikhar, F. Abiodun, S. Baraa, K.
J.J. Bankeu, H. Hidayat, P Langer, Trop.

128 BIENNIAL REPORT 2019 | 2020

J. Nat. Prod. Res. 2019, 3, 95-98, Isolati-
on of Phytochemical Constituents from
Hunteria umbellata K. Schum.

[98] H. T. Imam, A. G. Jarvis, V. Celor-
rio, I. Baig, C. C. R. Allen, A. C. Marr, P.
C. J. Kamer, Catal. Sci. Technol. 2019,
9, 6428-6437, Catalytic and biophysical
investigation of rhodium hydroformyla-
se.

[99] B. Jafari, S. Jalil, S. Zaib, . Igbal, S.
Safarov, M. Khalikova, M. Isobaey, A.
Munshi, Q Rahman, M. Ospanov, N.
Yelibayeva, N. Kelzhanova, Z. A. Abi-
lov, M. Z. Turmukhanova, S. N. Kalu-
gin, P Ehlers, P. Langer, Chemistry-
Select 2019, 4, 11071-11076, Synthesis
of 2-Aryl-12H-benzothiazolo([2,3-b]
quinazolin-12-ones and Their Activity
Against Monoamine Oxidases.

[100] B. Jafari, S. Jalil, S. Zaib, S. Safa-
rov, M. Khalikova, D. Khalikov, M. Ospa-
nov, N. Yelibayeva, S. Zhumagalieva,
Z. A. Abilov, M. Z. Turmukhanova, S.
N. Kalugin, G. A. Salman, P Ehlers, A.
Hameed, J. Igbal, P. Langer, Chemistry-
Select 2019, 4, 13760-13767, Synthesis
of 2-Alkynyl- and2-Amino-12H-benzo-
thiazolo[2,3-b]quinazolin-12-ones and
Their Inhibitory Potential against Mo-
noamine Oxidase A and B.

[101] B. Jafari, S. Jalil, S. Zaib, S. Safa-
rov, M. Khalikova, M. Ospanov, N. Ye-
libayeva, Z. A. Abilov, M. Z. Turmukha-
nova, S. N. Kalugin, P Ehlers, J. Igbal,
P. Langer, ChemistrySelect 2019, 4,
7284-7291, Synthesis and Inhibitory
Activity towards Monoamine Oxidase
A and B of 8-Functionalized 3-Fluo-
ro-2-methyl-benzo[4,5]thiazolo[3,2-a]
pyrimidin-4-ones.

[102] B. Jafari, S. Safarov, M. Khalikova,
P Ehlers, P. Langer, Synlett 2019, 30,
1791-1794, Synthesis of 1,3,4-Thiadiazo-
lo[2',3":2,3]imidazo[4,5-b]indoles.

[103] J. Janke, P Ehlers, A. Villinger, P.
Langer, Eur. J. Org. Chem. 2019, 2019,
7255-7263, Regioselective Synthesis of
Thieno(3,2-b]quinolones by Acylation/
Two-Fold Buchwald-Hartwig Reactions.

[104] J. Janke, A. Villinger, P Ehlers, P.

Langer, Synlett 2019, 30, 817-820, Syn-
thesis of Acridones by Palladium-Cata-
lyzed Buchwald—Hartwig Amination.

[105] S. Janke, S. Boldt, K. Ghazargan,
P Ehlers, A. Villinger, P. Langer, Eur.
J. Org. Chem. 2019, 2019, 6177-6197,
Synthesis of Benzoacridines and Benz-
ophenanthridines by Regioselective
Pd-Catalyzed Cross-Coupling Reac-
tions Followed by Acid-Mediated Cy-
cloisomerizations.

[106] H. Jiao, W. Bauer, J Mol Model
2019, 25, 196, Solid state NMR and
computational studies on cyclopenta-
dienyl lithium.

[107] M. Joksch, A. Spannenberg, T.
Beweries, Acta Cryst. £ 2019, 75, 1011-
1014, Intermolecular hydrogen bonding
in isostructural pincer complexes [OH-
("' POCOP )MCI] (M = Pd and Pt).

[108] S. Jopp, P Ehlers, E. Frank, E.
Mernyak, G. Schneider, J. Wolfling, A.
Villinger, P. Langer, Synlett 2019, 30,
600-604, Site-Selective Synthesis of
3,17-Diaryl-1,3,5,16-estratetraenes.

[109] S. Jopp, R. Molenda, E. R. D. Seiler,
M. F. Maitz, A. Villinger, P Ehlers, P. Lan-
ger, ChemistrySelect 2019, 4, 13802-
13805, Total Synthesis of Dabigatran
Revisited; Synthesis of Amidine-Tosyla-
ted Dabigatran.

[110] K. S. Joya, M. A. Ehsan, N.-U.-A.
Babar, M. Sohail, Z. H. Yamani, J. Mater.
Chem. A 2019, 7, 9137-9144, Nanoscale
palladium as a new benchmark elec-
trocatalyst for water oxidation at low
overpotential.

[111] K. Junge, V. Papa, M. Beller, Chem.
Eur. J. 2019, 25, 122-143, Cobalt-Pincer
Complexes in Catalysis.

[112] S. K. Kaiser, R. Lin, S. Mitchell, E.
Fako, F. Krumeich, R. Hauert, O. V. Sa-
fonova, V. A. Kondratenko, E. V. Kond-
ratenko, S. M. Collins, P A. Midgley, N.
Lopez, J. Pérez-Ramirez, Chem. Sci.
2019, 70, 359-369, Controlling the spe-
ciation and reactivity of carbon-sup-
ported gold nanostructures for cataly-
sed acetylene hydrochlorination.



PUBLICATIONS 2019

[113] S. Kaskel, M. Beller, G. Erker, Q.
Xu, Coord. Chem. Rev. 2019, 389, 189,
Coordination chemistry in Germany.

[114] S. Kaur-Ghumaan, P Hasche,
A. Spannenberg, T. Beweries, Dalton
Trans. 2019, 48, 16322-16329, Nickel(ii)
PE'CE?P pincer complexes (E = O, S) for
electrocatalytic proton reduction.

[115] K. Keerthi Krishnan, S. M. Ujwaldev,
S. Saranya, G. Anilkumar, M. Beller,
Adv. Synth. Catal. 2019, 361, 382-404,
Recent Advances and Perspectives in
the Synthesis of Heterocycles via Zinc
Catalysis.

[116] S. A. Khan, A. Adhikari, K. Ayub,
A. Faroog, S. Mahar, M. N. Qures-
hi, A. Rauf S. B. Khan, R. Ludwig, T.
Mahmood, Spectrochim. Acta A 2019,
217, 113-121, Isolation, characterization
and DFT studies of epoxy ring cont-
aining new withanolides from Withania
coagulans Dunal.

[117] A. E. Khudozhitkov, J. Neumann, T.
Niemann, D. Zaitsau, P Stange, D. Pa-
schek, A. G. Stepanoy, D. I. Kolokolov,
R. Ludwig, Angew. Chem. Int. Ed. 2019,
58, 17863-17871, Hydrogen Bonding
Between lons of Like Charge in lonic
Liquids Characterized by NMR Deute-
ron Quadrupole Coupling Constants—
Comparison with Salt Bridges and Mo-
lecular Systems.

[118] A. E. Khudozhitkoy, V. Overbeck,
P Stange, A. Strate, D. Zaitsau, A. Ap-
pelhagen, D. Michalik, A. G. Stepanoy,
D. I. Kolokolov, D. Paschek, R. Ludwig,
Phys. Chem. Chem. Phys. 2019, 27,
25597-25605, Simultaneous determi-
nation of deuteron quadrupole cou-
pling constants and rotational correla-
tion times: the model case of hydrogen
bonded ionic liquids.

[119] M. Kiamehr, L. Mohammadkhani,
M. R. Khodabakhshi, B. Jafari, P. Lan-
ger, Synlett 2019, 30, 1782-1786, Syn-
thesis of Tetrahydropyrazolo[4',3":5,6]
pyranol[3,4-clquinolones by Domino
Knoevenagel/Hetero Diels—-Alder Re-
actions.

[120] S. KloB, D. Selent, A. Spannen-

berg, R. Franke, A. Boerner, M. Sharif,
Catalysts 2019, 9, 1036, Effects of Sub-
stitution Pattern in Phosphite Ligands
Used in Rhodium-Catalyzed Hydro-
formylation on Reactivity and Hydroly-
sis Stability.

[121] R. Knitsch, D. Han, F. Anke, L. Ibing,
H. Jiao, M. R. Hansen, T. Beweries,
Organometallics 2019, 38, 2714-2723,
Fe(ll) Hydride Complexes for the Ho-
mogeneous Dehydrocoupling of Hyd-
razine Borane: Catalytic Mechanism via
DFT Calculations and Detailed Spec-
troscopic Characterization.

[122] R. Konrath, F. J. L. Heutz, N.
Steinfeldt, N. Rockstroh, P. C. J. Kamer,
Chem. Sci. 2019, 70, 8195-8201, Facile
synthesis of supported Ru-Triphos ca-
talysts for continuous flow application
in selective nitrile reduction.

[123] R. Konrath, A. Spannenberg, P. C.
J. Kamer, Chem. Eur. J. 2019, 25, 15341-
15350, Preparation of a Series of Sup-
ported Nonsymmetrical PNP-Pincer
Ligands and the Application in Ester
Hydrogenation.

[124] E. F. Krake, W. Baumann, Che-
mistrySelect 2019, 4, 13479-13484,
Unprecedented Formation of 2-Chlo-
ro-5-(2-chlorobenzyl)-4,5,6,7-tetrahy-
drothieno[3,2-c]pyridine 5-oxide via
Oxidation-Chlorination Reaction Using
Oxone: A Combination of Synthesis
and 1D-2DNMR Studies.

[125] E. Kraleva, H. Atia, React. Kinet.
Mech. Catal. 2019, 126, 103-117, Keg-
gin-type heteropolyacids supported on
sol-gel oxides as catalysts for the dehy-
dration of glycerol to acrolein.

[126] E. Kraleva, C. P Rodrigues, M.-M.
Pohl, H. Ehrich, F. B. Noronha, Catal. Sci.
Technol. 2019, 9, 634-645, Syngas pro-
duction by partial oxidation of ethanol
on PtNi/SiO,—-CeO, catalysts.

[127] S. Kreft, ). Radnik, J. Rabeah, G.
Agostini, M.-M. Pohl, E. Gericke, A.
Hoell, M. Beller, H. Junge, S. Wohl-
rab, Int. J Hydrog. Energy 2019, 44,
28409-28420, Dye activation of hetero-
geneous Copper(ll)-Species for visible

light driven hydrogen generation.

[128] S. Kreft, R. Schoch, J. Schneide-
wind, J. Rabeah, E. V. Kondratenko,
V. A. Kondratenko, H. Junge, M. Bauer,
S. Wohlrab, M. Beller, Chem 2019, 5,
1818-1833, Improving Selectivity and
Activity of CO, Reduction Photocata-
lysts with Oxygen.

[129] S. Kreft, M. Sonneck, H. Junge, A.
Papcke, A. Kammer, C. Kreyenschulte,
S. Lochbrunner, S. Wohlrab, M. Beller,
Int. J. Hydrog. Energy 2019, 44, 31892-
31901, Light-driven proton reduction
with in situ supported copper nano-
particles.

[130] A. Kulik, K. Neubauer, R. Eckelt,
S. Bartling, J. Panten, A. Koeckritz,
ChemistryOpen 2019, 8, 1066-1075,
Heterogeneously Catalysed Oxidative
Dehydrogenation of Menthol in a Fi-
xed-Bed Reactor in the Gas Phase.

[131] B. Kunkel, D. Seeburg, T. Peppel,
M. Stier, S. Wohlrab, Appl. Sci. 2019,
9, 2798, Combination of Chemo- and
Biocatalysis: Conversion of Biomethane
to Methanol and Formic Acid.

[132] M. Lai, X. Qi, X.-F. Wu, Eur. J. Org.
Chem. 2019, 2019, 3776-3778, Palladi-
um-Catalyzed Carbonylative Synthesis
of Benzyl Benzoates Employing Benzyl
Formates as Both CO Surrogates and
Benzyl Alcohol Sources.

[133] E. Lanfranchi, M. Trajkovi¢, K.
Barta, J. G. de Vries, D. B. Janssen,
ChemBioChem 2019, 20, 118-125, Ex-
ploring the Selective Demethylation of
Aryl Methyl Ethers with a Pseudomo-
nas Rieske Monooxygenase.

[134] M. Lang, M. Klahn, J. Strunk, Ca-
tal Lett. 2019, 749, 2291-2306, Pho-
tophysical and Catalytic Properties of
Silica Supported Early Transition Metal
Oxides Relevant for Photocatalytic Ap-
plications.

[135] S. Lange, D. Formenti, H. Lund,
C. Kreyenschulte, G. Agostini, S. Bart-
ling, S. Bachmann, M. Scalone, K. Jun-
ge, M. Beller, ACS Sustainable Chem.
Eng. 2019, 7, 17107-17113, Additive-Free

129



Nickel-Catalyzed Debenzylation Reac-
tions via Hydrogenative C-O and C-N
Bond Cleavage.

[136] Z. Le, J. Ying, X.-F. Wu, Org.
Chem. Front. 2019, 6, 3158-3161, More
than a CO source: palladium-catalyzed
carbonylative synthesis of butenolides
from propargy! alcohols and TFBen.

[137] B. N. Leidecker, C. Kubis, A. Span-
nenberg, R. Franke, A. Boerner, IUCrData
2019, 4, x191636, 6,6'-[(3,3'-Di-tert-butyl-
5,5'-dimethoxy-1,1'-biphenyl-2,2'-diyl)
bis(oxy)]bis(dibenzo[d,f][1,3,2]dioxa-
phosphepine) benzene monosolvate.

[138] T. Leischner, L. Artls Suarez, A.
Spannenberg, K. Junge, A. Nova, M.
Beller, Chem. Sci. 2019, 70, 10566-
10576, Highly selective hydrogenation
of amides catalysed by a molybdenum
pincer complex: scope and mechanism.

[139] D. K. Leonard, W. Li, K. Junge, M.
Beller, ACS Catal. 2019, 9, 11125-11129,
Improved Bimetallic Cobalt-Mangane-
se Catalysts for Selective Oxidative Cle-
avage of Morpholine Derivatives.

[140] H. Levy Vahav, A. Pogoreltsey, VY.
Tulchinsky, N. Fridman, A. Boerner, M.
Gandelman, Organometallics 2019,
38, 2494-2501, Synthesis and Charac-
teristics of Iridium Complexes Bearing
N-Heterocyclic Nitrenium Cationic Li-
gands.

[141] C-L. L, X. Jiang, L.-Q. Lu, W.-
J. Xiao, X.-F. Wu, Org. Lett. 2019, 27,
6919-6923, Cobalt(ll)-Catalyzed  Al-
koxycarbonylation of Aliphatic Amines
via C-N Bond Activation.

[142] T Li, X. Wen, Y.-W. Li, H. Jiao, Surf.
Sci. 2019, 689, 121456, Mechanistic in-
sight into CO activation, methanation
and C-C bond formation from cover-
age dependent CO hydrogenation on
Fe(110).

[143] T. Li, X. Wen, Y.-W. Li, H. Jiao, J
Phys. Chem. C 2019, 123, 25657-25667,
Surface Carbon Hydrogenation on Pre-
covered Fe(110) with Spectator-Cover-
age-Dependent Chain Initiation and
Propagation.

130 BIENNIAL REPORT 2019 | 2020

[144] W. Li, J. Artz, C. Broicher, K. Jun-
ge, H. Hartmann, A. Besmehn, R. Pal-
kovits, M. Beller, Catal. Sci. Technol.
2019, 9, 157-162, Superior activity and
selectivity of heterogenized cobalt ca-
talysts for hydrogenation of nitroare-
nes.

[145] W. Li, X. Cui, K. Junge, A.-E. Sur-
kus, C. Kreyenschulte, S. Bartling, M.
Beller, ACS Catal. 2019, 9, 4302-4307,
General and Chemoselective Copper
Oxide Catalysts for Hydrogenation Re-
actions.

[146] W. Li, W. Liu, D. K. Leonard, J. Ra-
beah, K. Junge, A. Brueckner, M. Beller,
Angew. Chem. Int. Ed. 2019, 58, 10693-
10697, Practical Catalytic Cleavage of
C(sp*)-C(sp?) Bonds in Amines.

[147] C. Liu, L. Zhu, P Ren, X. Wen, Y.-
W. Li, H. Jiao, J. Phys. Chem. C 2019,
123, 6487-6495, High-Coverage CO
Adsorption and Dissociation on Ir(111),
Ir(100), and Ir(110) from Computations.

[148] D. Liu, D. Seeburg, S. Kreft, R. Bin-
dig, I. Hartmann, D. Schneider, D. Enke,
S. Wohlrab, Catalysts 2019, 9, 26, Rice
Husk Derived Porous Silica as Support
for Pd and CeO, for Low Temperature
Catalytic Methane Combustion.

[149] J. Liu, A. Xu, Y. Meng, Y. He, P Ren,
W.-P Guo, Q Peng, Y. Yang, H. Jiao, Y. Li,
X.-D. Wen, Comput. Mater. Sci. 2019,
164, 99-107, From predicting to corre-
lating the bonding properties of iron
sulfide phases.

[150] J. Liu, J. Yang, W. Baumann, R.
Jackstell, M. Beller, Angew. Chem. Int.
Ed. 2019, 58, 10378-10378, Inside Co-
ver: Stereoselective Synthesis of Highly
Substituted  Conjugated Dienes via
Pd-Catalyzed Carbonylation of 1,3-Diy-
nes (Angew. Chem. Int. Ed. 31/2019).

[157] J. Liu, J. Yang, W. Baumann, R. Ja-
ckstell, M. Beller, Angew. Chem. Int. Ed.
2019, 58, 10683-10687, Stereoselective
Synthesis of Highly Substituted Conju-
gated Dienes via Pd-Catalyzed Carbo-
nylation of 1,3-Diynes.

[152] J. Liu, J. Yang, F. Ferretti, R. Jack-

stell, M. Beller, Angew. Chem. Int. Ed.
2019, 58, 4690-4694, Pd-Catalyzed
Selective Carbonylation of gem-Difluo-
roalkenes: A Practical Synthesis of Dif-
luoromethylated Esters.

[153] J. Liu, T Yang, A. Xu, R. L. Martin, V.
Yang, H. Jiao, Y. Li, X.-D. Wen, J. Alloys
Compd. 2019, 808, 151707, Predication
of screened hybrid functional on transi-
tion metal monoxides: From Mott insu-
lator to charge transfer insulator.

[154] W. Liu, W. Li, A. Spannenberg, K.
Junge, M. Beller, Nat. Catal. 2019, 2,
523-528, Iron-catalysed regioselective
hydrogenation of terminal epoxides to
alcohols under mild conditions.

[155] X. Liu, J. G. de Vries, T. Werner,
Green Chem. 2019, 21, 5248-5255, Trans-
fer hydrogenation of cyclic carbonates
and polycarbonate to methanol and
diols by iron pincer catalysts.

[156] L. Longwitz, S. Jopp, T. Werner, J.
Org. Chem. 2019, 84, 7863-7870, Or-
ganocatalytic Chlorination of Alcohols
by P(Il/P(V) Redox Cycling.

[157] L. Longwitz, A. Spannenberg,
T. Werner, ACS Catal 2019, 9, 9237-
9244, Phosphetane Oxides as Redox
Cycling Catalysts in the Catalytic Wittig
Reaction at Room Temperature.

[158] L. Longwitz, T. Werner, Pure Appl.
Chem. 2019, 97, 95-102, Recent advan-
ces in catalytic Wittig-type reactions
based on P(Ill)/P(V) redox cycling.

[159] L. Longwitz, T. Werner, Science
2019, 365, 866, The Mitsunobu reacti-
on, reimagined.

[160] J. Lukas, J. Pospech, C. Opper-
mann, C. Hund, K. lwanov, S. Pantoom,
J. Petters, M. Frech, S. Seemann, F-G.
Thiel, J-M. Modenbach, R. Bolsmann,
L. d. F. Chama, F. Kraatz, F. El-Hage, M.
Gronbach, A. Klein, R. Mueller, S. Sal-
loch, F.-U. Weiss, P Simon, P Wagh, A.
Klemenz, E. Krueger, J. Mayerle, M. Del-
cea, U. Kragl, M. Beller, A. Rolfs, M. M.
Lerch, M. Sendler, Adv. Med. Sci. 2019,
64, 315-323, Role of Endoplasmic Reti-
culum Stress and Protein Misfolding in



PUBLICATIONS 2019

Disorders of the Liver and Pancreas.

[161] A. Mannu, G. Vlahopoulou, C. Ku-
bis, H.-J. Drexler, J. Organomet. Chem.
2019, 885, 59-64, Synthesis and charac-
terization of [Rh(PP)(PP)]X complexes
(PP = DPPE or DPPP X = Cl- or BF,.).
Phosphine exchange and reactivity in
transfer hydrogenation conditions.

[162] A. Mannu, G. Vlahopoulou, P
Urgeghe, M. Ferro, A. Del Caro, A. Ta-
ras, S. Garroni, J. P Rourke, R. Cabizza,
G. L. Petretto, Resources 2019, 8, 108,
Variation of the Chemical Composition
of Waste Cooking Oils upon Bentonite
Filtration.

[163] A. Marckwordt, F. El Quahabi, H.
Amani, S. Tin, V. N. Kalevaru, P C. J. Ka-
mer, S. Wohlrab, J. G. de Vries, Angew.
Chem. Int. Ed. 2019, 58, 3486-3490,
Nylon Intermediates from Bio-Based
Levulinic Acid.

[164] T. Meyer, Z. Yin, X.-F. Wu, Tetra-
hedron Lett. 2019, 60, 864-867, Man-
ganese-catalyzed ring-opening carbo-
nylation of cyclobutanol derivatives.

[165] M. Miliutina, Y. Ivon, E. Y. Slobo-
dyanyuk, S. A. Ejaz, J. Igbal, A. Villin-
ger, V. O. laroshenko, P. Langer, Chem
Heterocycl Compd 2019, 55, 465-468,
Synthesis of chromenol[2,3-c]pyr-
rol-9(2H)-ones by domino reactions of
amino acids with ynones.

[166] S. Moeller, H.-J. Drexler, D. Heller,
Acta Cryst. C 2019, 75, 1434-1438, Two
precatalysts for application in propar-
gylic CH activation.

[167] S. Moeller, C. Kubis, H.-). Drexler,
E. Alberico, D. Heller, J. Organomet.
Chem. 2019, 904, 121002, Investiga-
tions into the mechanism of the in situ
formation of neutral dinuclear rhodium
complexes.

[168] A. Mudhafar Mohammed, M. Se-
bek, C. Kreyenschulte, H. Lund, J. Rabe-
ah, P Langer, J. Strunk, N. Steinfeldt, J.
Sol-Gel Sci. Technol. 2019, 97, 539-557,
Effect of metal ion addition on struc-
tural characteristics and photocatalytic
activity of ordered mesoporous titania.

[169] K. Murugesan, A. S. Alshammari,
M. Sohail, M. Beller, R. V. Jagadeesh,
J. Catal. 2019, 370, 372-377, Monodis-
perse nickel-nanoparticles for stereo-
and chemoselective hydrogenation of
alkynes to alkenes.

[170] K. Murugesan, A. S. Alshammari,
M. Sohail, R. V. Jagadeesh, ACS Sus-
tainable Chem. Eng. 2019, 7, 14756-
14764, Levulinic Acid Derived Reusable
Cobalt-Nanoparticles-Catalyzed Sus-
tainable Synthesis of y-Valerolactone.

[171] K. Murugesan, M. Beller, R. V. Ja-
gadeesh, Angew. Chem. Int. Ed. 2019,
58, 5064-5068, Reusable Nickel Nano-
particles-Catalyzed Reductive Amina-
tion for Selective Synthesis of Primary
Amines.

[172] K. Murugesan, C. B. Bheeter, P
R. Linnebank, A. Spannenberg, J. N.
H. Reek, R. V. Jagadeesh, M. Beller,
ChemSusChem 2019, 12, 3363-3369,
Nickel-Catalyzed Stereodivergent Syn-
thesis of £- and Z-Alkenes by Hydroge-
nation of Alkynes.

[173] K. Murugesan, T. Senthamarai, A.
S. Alshammari, R. M. Altamimi, C. Krey-
enschulte, M.-M. Pohl, H. Lund, R. V.
Jagadeesh, M. Beller, ACS Catal. 2019,
9, 8581-8597, Cobalt-Nanoparticles Ca-
talyzed Efficient and Selective Hydroge-
nation of Aromatic Hydrocarbons.

[174] K. Murugesan, Z. Wei, V. G.
Chandrashekhar, H. Neumann, A.
Spannenberg, H. Jiao, M. Beller, R. V.
Jagadeesh, Nat. Commun. 2019, 10,
1-9, Homogeneous cobalt-catalyzed
reductive amination for synthesis of
functionalized primary amines.

[175] M. N. Nguyen, U. Kragl, D. Michalik,
R. Ludwig, D. Hollmann, ChemSusChem
2019, 72, 3458-3462, The Effect of Ad-
ditives on the Viscosity and Dissolution
of Cellulose in Tetrabutylphosphonium
Hydroxide.

[176] T. Niemann, H. Li, G. G. Warr, R.
Ludwig, R. Atkin, Nat. J. Phys. Chem.
Lett. 2019, 70, 7368-7373, Influence of
Hydrogen Bonding between lons of
Like Charge on the lonic Liquid Interfa-

cial Structure at a Mica Surface.

[177]1 T. Niemann, J. Neumann, P Stange,
S. Gartner, T. G. A. Youngs, D. Paschek,
G. G. Warr, R. Atkin, R. Ludwig, Angew.
Chem. Int. Ed. 2019, 58, 12887-12892,
The Double-Faced Nature of Hydrogen
Bonding in Hydroxy-Functionalized lo-
nic Liquids Shown by Neutron Diffrac-
tion and Molecular Dynamics Simula-
tions.

[178] T. Niemann, P Stange, A. Strate,
R. Ludwig, Phys. Chem. Chem. Phys.
2019, 27, 8215-8220, When hydrogen
bonding overcomes Coulomb repulsi-
on: from kinetic to thermodynamic sta-
bility of cationic dimers.

[179] T. Niemann, A. Strate, R. Ludwig,
H. J. Zeng, F. S. Menges, M. A. John-
son, Phys. Chem. Chem. Phys. 2019, 21,
18092-18098, Cooperatively enhanced
hydrogen bonds in ionic liquids: clo-
sing the loop with molecular mimics of
hydroxy-functionalized cations.

[180] E. Oberem, A. F. Roesel, A. Ro-
sas-Hernandez, T. Kull, S. Fischer, A.
Spannenberg, H. Junge, M. Beller, R.
Ludwig, M. Roemelt, R. Francke, Or-
ganometallics 2019, 38, 1236-1247, Me-
chanistic Insights into the Electrochemi-
cal Reduction of CO, Catalyzed by Iron
Cyclopentadienone Complexes.

[181 K. Oldenburg, H. Hartmann, J.
Lermé, M.-M. Pohl, K.-H. Meiwes-Broer,
I. Barke, S. Speller, J. Phys. Chem. C
2019, 723, 1379-1388, Virtual Plasmonic
Dimers for Ultrasensitive Inspection of
Cluster=Surface Coupling.

[182] T. Otroshchenko, O. Bulavchen-
ko, H. V. Thanh, J. Rabeah, U. Bentrup,
A. Matvienko, U. Rodemerck, B. Paul, R.
Kraehnert, D. Linke, E. V. Kondratenko,
Appl. Catal., A 2019, 585, 117189, Con-
trolling activity and selectivity of bare
ZrO, in non-oxidative propane dehy-
drogenation.

[183] T. Otroshchenko, O. Reinsdorf,
D. Linke, E. V. Kondratenko, Catal Sci.
Technol. 2019, 9, 5660-5667, A chemi-
cal titration method for quantification
of carbenes in Mo- or W-containing

131



catalysts for metathesis of ethylene with
2-butenes: verification and application
potential.

[184] S. Oubaassine, A. Koeckritz, R.
Eckelt, A. Martin, M. A. Ali, L. El Fir-
doussi, J. Chem. 2019, 9268567, Cata-
lytic B-bromohydroxylation of natural
terpenes: useful intermediates for the
synthesis of terpenic epoxides.

[185] P. Pachfule, A. Acharjya, J. Roeser,
R. P Sivasankaran, M.-Y. Ye, A. Brueck-
ner, J. Schmidt, A. Thomas, Chem. Sci.
2019, 70, 8316-8322, Donor—acceptor
covalent organic frameworks for visible
light induced free radical polymerizati-
on.

[186] V. Papa, A. Spannenberg, M.
Beller, K. Junge, /UCrData 2019, 4,
x191231, Bis(quinolinium) tetrabromido-
manganate(ll).

[187] P Parnicka, T. Grzyb, A. Mikolajc-
zyk, K. Wang, E. Kowalska, N. Steinfeldt,
M. Klein, P Mazierski, A. Zaleska-Me-
dynska, J. Nadolna, J. Colloid Interface
Sci. 2019, 549, 212-224, Experimental
and theoretical investigations of the in-
fluence of carbon on a Ho?*-TiO, pho-
tocatalyst with Vis response.

[188] J.-B. Peng, H.-Q Geng, F-P Wy,
D. Li, X.-F. Wu, J. Catal. 2019, 375, 519-
523, Selectivity controllable divergent
synthesis of a,fB-unsaturated amides
and maleimides from alkynes and
nitroarenes via palladium-catalyzed
carbonylation.

[189] J.-B. Peng, H.-Q Geng, X.-F. Wu,
Chem 2019, 5, 526-552, The Chemistry
of CO: Carbonylation.

[190] J-B. Peng, D. Li, H.-Q Geng, X.-
F. Wu, Org. Lett. 2019, 21, 4878-4881,
Palladium-Catalyzed Amide Synthesis
via Aminocarbonylation of Arylboronic
Acids with Nitroarenes.

[191] J.-B. Peng, L.-C. Wang, X.-F. Wu,
Tetrahedron Lett. 2019, 60, 150991, Pal-
ladium-catalyzed carbonylative/decar-
boxylative cross-coupling of a-bro-
mo-ketones with allylic alcohols to
y,6-unsaturated ketones.

132 BIENNIAL REPORT 2019 1 2020

[192] J.-B. Peng, W.-F. Wang, X.-F. Wu,
Org. Biomol. Chem. 2019, 77, 5882-
5885, Palladium-catalyzed carbonyla-
tive synthesis of substituted cyclopen-
tenones from aryl iodides and internal
alkynes.

[193] J-B. Peng, F-P Wu, D. Li, H.-Q
Geng, X. Qi, J. Ying, X.-F. Wu, ACS Ca-
tal. 2019, 9, 2977-2983, Palladium-Ca-
talyzed Regioselective Carbonylative
Coupling/Amination of Aryl lodides
with Unactivated Alkenes: Efficient Syn-
thesis of S-Aminoketones.

[194] J.-B. Peng, F.-P. Wu, A. Spannen-
berg, X.-F. Wu, Chem. Eur. J. 2019, 25,
8696-8700, Palladium-Catalyzed Tun-
able Carbonylative Synthesis of Enones
and Benzofulvenes.

[195] J-B. Peng, F-P Wu, X.-F. Wu,
Chem. Rev. 2019, 719, 2090-2127, First-
Row Transition-Metal-Catalyzed Car-
bonylative Transformations of Carbon
Electrophiles.

[196] T. Peppel, in Kaleidoskop der Ma-
thematik und Naturwissenschaften :
600 Jahre Universitat Rostock (Eds.: G.
Boeck, R. Damerius, S. Dittmer, S. Fulda,
R. Mahnke, R. Nareyka, A. Straburg),
Universitat Rostock, Mathematisch-Na-
turwissenschaftliche Fakultat, Rostock,
2019, pp. 232-233.

[197] T. Peppel, in Kaleidoskop der Ma-
thematik und Naturwissenschaften :
600 Jahre Universitit Rostock (Eds.: G.
Boeck, R. Damerius, S. Dittmer, S. Fulda,
R. Mahnke, R. Nareyka, A. Straburg),
Universitat Rostock, Mathematisch-Na-
turwissenschaftliche Fakultat, Rostock,
2019, pp. 176-177.

[198] T. Peppel, in Kaleidoskop der Ma-
thematik und Naturwissenschaften :
600 Jahre Universitat Rostock (Eds.: G.
Boeck, R. Damerius, S. Dittmer, S. Fulda,
R. Mahnke, R. Nareyka, A. Straburg),
Universitat Rostock, Mathematisch-Na-
turwissenschaftliche Fakultat, Rostock,
2019, pp. 170-171.

[199] T. Peppel, in Kaleidoskop der Ma-
thematik und Naturwissenschaften :
600 Jahre Universitit Rostock (Eds.: G.

Boeck, R. Damerius, S. Dittmer, S. Fulda,
R. Mahnke, R. Nareyka, A. Straburg),
Universitat Rostock, Mathematisch-Na-
turwissenschaftliche Fakultat, Rostock,
2019, pp. 160-161.

[200] T. Peppel, S. M. L. Detert, C. Vo-
gel, M. Koeckerling, /UCrData 2019,
Ahead of Print, Crystal structure of a
salt with a protonated sugar cation and
a cobalt(ll) complex anion: (GIcN-H, K)
[Co(NCS),J-2H,0.

[201] T. Peppel, M. Geppert-Rybczyns-
ka, C. Neise, U. Kragl, M. Koeckerling,
Materials 2019, 12, 3764, Low-Melting
Manganese (Il)-Based lonic Liquids:
Syntheses, Structures, Properties and
Influence of Trace Impuirities.

[202] T. Peppel, M. Koeckerling,
IUCrData 2019, 4, x191659, Po-
ly[1-ethyl-3-methylimidazolium
[tri-u-isothiocyanato-manganate(ll)]].

[203] N. Peulecke, D. G. Yakhvaroy,
J. W. Heinicke, Eur. J. Inorg. Chem.
2019, 2079, 1507-1518, Chemistry of
o-Phosphanyl a-Amino Acids.

[204] A. Pews-Davtyan, F. K. Scharnagl,
M. F Hertrich, C. Kreyenschulte, S.
Bartling, H. Lund, R. Jackstell, M. Bel-
ler, Green Chem. 2019, 27, 5104-5112,
Biomolecule-derived supported cobalt
nanoparticles for hydrogenation of in-
dustrial olefins, natural oils and more in
water.

[205] P Puylaert, A. DellAcqua, F. El
Ouahabi, A. Spannenberg, T. Roisnel, L.
Lefort, S. Hinze, S. Tin, J. G. de Vries,
Catal. Sci. Technol. 2019, 9, 61-64,
Phosphine-free cobalt catalyst precur-
sors for the selective hydrogenation of
olefins.

[206] X. Qi, M. Lai, X.-F. Wu, Org.
Chem. Front. 2019, 6, 3397-3400, Car-
bonylative transformation of benzyl
formates into alkyl 2-arylacetates in or-
ganic carbonates.

[207] X. Qi, M. Lai, M.-J. Zhu, J.-B. Peng,
J.Ying, X.-F. Wu, ChemCatChem 2019,
11, 5252-5255, 1-Arylvinyl formats: A
New CO Source and Ketone Source in



PUBLICATIONS 2019

Carbonylative Synthesis of Chalcone
Derivatives.

[208] X. Qi, R. Zhou, J.-B. Peng, J. Ying,
X.-F.Wu, Eur. J. Org. Chem. 2019, 2019,
5161-5164, Selenium-Catalyzed Carbo-
nylative Synthesis of 2-Benzimidazolo-
nes from 2-Nitroanilines with TFBen as
the CO Source.

[209] Q. Qin, Y. Zhao, M. Schmallegger,
T Heil, J. Schmidt, R. Walczak, G. Ge-
scheidt-Demner, H. Jiao, M. Oschatz,
Angew. Chem. Int. Ed. 2019, 58, 13101-
13106, Enhanced Electrocatalytic N, Re-
duction via Partial Anion Substitution in
Titanium Oxide—Carbon Composites.

[210] F. ReiB, M. ReiB, J. Bresien, A.
Spannenberg, H. Jiao, W. Baumann, P
Arndt, T. Beweries, Chem. Sci. 2019, 70,
5319-5325, 1-Titanacyclobuta-2,3-die-
ne — an elusive four-membered cyclic
allene.

[211] R. P Rivera, P Ehlers, L. Ohlendorf,
M. B. Ponce, E. T. Rodriguez, P. Langer,
Tetrahedron 2019, 75, 130559, Synthe-
sis of non-symmetrical alkynylpyridi-
nes by chemoselective Sonogashira
cross-coupling reactions.

[212] C. Roolf, J-N. Saleweski, A. Stein,
A. Richter, C. Maletzki, A. Sekora, H.
M. Escobar, X.-F. Wu, M. Beller, C. He-
ring-Junghans, Biomol Ther 2019, 27,
492-501, Novel Isoquinolinamine and
Isoindoloquinazolinone  Compounds
Exhibit Antiproliferative Activity in Acu-
te Lymphoblastic Leukemia Cells.

[213] U. Rosenthal, Eur. J. Inorg. Chem.
2019, 2079, 895-919, Recent Synthetic
and Catalytic Applications of Group 4
Metallocene Bis(trimethylsilyl)acetylene
Complexes.

[214] U. Rosenthal, ChemistryOpen
2019, 8, 1036-1047, Advantages of
Group 4 Metallocene Bis(trimethylsilyl)
acetylene Complexes as Metallocene
Sources Towards Other Synthetically
used Systems.

[215] U. Rosenthal, Eur. J. Inorg. Chem.
2019, 2079, 3456-3461, A Ghost Trap-
ped: Realization of the 1-Titanacyclo-

buta-2,3-diene as the First Four-Mem-
bered Group 4 Metallacycloallene.

[216] P Ryabchuk, A. Agapova, C. Krey-
enschulte, H. Lund, H. Junge, K. Junge,
M. Beller, Chem. Commun. 2019, 55,
4969-4972, Heterogeneous nickel-ca-
talysed reversible, acceptorless dehy-
drogenation of N-heterocycles for hy-
drogen storage.

[217] P Ryabchuk, K. Stier, K. Junge, M.
P. Checinski, M. Beller, .. Am. Chem.
Soc. 2019, 747, 16923-16929, Molecu-
larly Defined Manganese Catalyst for
Low-Temperature Hydrogenation of
Carbon Monoxide to Methanol.

[218] A. S. Saghyan, A. F. Mkrtchyan, Z.
Z. Mardiyan, L. A. Hayriyan, A. J. Karap-
etyan, Y. N. Belokon, P Ehlers, P. Langer,
ChemistrySelect 2019, 4, 13806-13809,
Synthesis of Enantiomerically Enriched
Alkynylaryl-Substituted o-Amino Acids
through Sonogashira Reactions.

[219] B. Saima, N. Khan, Y. S. S. Al-
Faiyz, R. Ludwig, W. Rehman, M. Ha-
bib-ur-Rehman, N. S. Sheikh, K. Ayub,
J. Mol Graph. Model. 2019, 88, 261-
272, Photo-tunable linear and nonline-
ar optical response of cyclophanedie-
ne-dihydropyrene photoswitches.

[220] A. Salazar, P Huenemoerder, J.
Rabeah, A. Quade, R. V. Jagadeesh,
E. Mejia, ACS Sustainable Chem. Eng.
2019, Synergetic Bimetallic Oxidative
Esterification of 5-Hydroxymethylfurfu-
ral under Mild Conditions.

[221] R. Sang, P Kucmierczyk, R. Du-
ehren, R. Razzag, K. Dong, J. Liu, R.
Franke, R. Jackstell, M. Beller, Angew.
Chem. Int. Ed. 2019, 58, 14365-14373,
Synthesis of Carboxylic Acids by Palla-
dium-Catalyzed Hydroxycarbonylation.

[222] M. Sawall, C. Kubis, H. Schroeder,
D. Meinhardt, D. Selent, R. Franke, A.
Braecher, A. Boerner, K. Neymeyr, J.
Chemom. 2019, 0, e3159, Multivariate
curve resolution methods and the de-
sign of experiments.

[223] M. Scharfe, G. Zichittella, V. A.
Kondratenko, E. V. Kondratenko, N.

Lopez, J. Pérez-Ramirez, J Catal
2019, 377, 233-244, Mechanistic origin
of the diverging selectivity patterns in
catalyzed ethane and ethene oxychlo-
rination.

[224] F. K. Scharnagl, M. F. Hertrich,
G. Neitzel, R. Jackstell, M. Beller, Adv.
Synth. Catal. 2019, 361, 374-379, Ho-
mogeneous Catalytic Hydrogenation of
CO, to Methanol — Improvements with
Tailored Ligands.

[225] J. T. Schille, I. Nolte, E.-M. Packei-
ser, L. Wiesner, J. I. Hein, F. Weiner, X.-F.
Wu, M. Beller, C. Hering-Junghans, H.
Murua Escobar, Int. J Mol. Sci. 2019,
20, 5567, Isoquinolinamine FX-9 Exhi-
bits Anti-Mitotic Activity in Human and
Canine Prostate Carcinoma Cell Lines.

[226] R. Schmack, A. Friedrich, E. V.
Kondratenko, J. Polte, A. Werwatz, R.
Kraehnert, Nat. Commun. 2019, 710,
441, A meta-analysis of catalytic litera-
ture data reveals property-performan-
ce correlations for the OCM reaction.

[227] M. Schmidt, S. Schreiber, L. Franz,
H. Langhoff, A. Farhang, M. Horstmann,
H.-J. Drexler, D. Heller, M. Schwarze,
Ind. Eng. Chem. Res. 2019, 58, 2445-
2453, Hydrogenation of Itaconic Acid
in Micellar Solutions: Catalyst Recycling
with Cloud Point Extraction?

[228] J. Schneekoenig, K. Junge, M.
Beller, Synlett 2019, 30, 503-507, Man-
ganese Catalyzed Asymmetric Transfer
Hydrogenation of Ketones Using Chiral
Oxamide Ligands.

[229] J. Schneekoenig, B. Tannert, H.
Hornke, M. Beller, K. Junge, Catal
Sci. Technol. 2019, 9, 1779-1783, Cobalt
pincer complexes for catalytic reducti-
on of nitriles to primary amines.

[230] H. Schroeder, C. Ruckebusch, O.
Devos, R. Métivier, M. Sawall, D. Mein-
hardt, K. Neymeyr, Chemom. Intell.
Lab. Syst. 2019, 189, 88-95, Analysis of
the ambiguity in the determination of
quantum yields from spectral data on a
photoinduced isomerization.

[231] A. Schulz, M. Thomas, A. Villinger,

133



Dalton Trans. 2019, 48, 125-132, Tetra-
zastannoles versus distannadiazanes —
a question of the tin(ii) source.

[232] A. Schumann, F. Rei, H. Jiao, J.
Rabeah, J.-E. Siewert, I. Krummenacher,
H. Braunschweig, C. Hering-Jung-
hans, Chem. Sci. 2019, 70, 7859-7867,
A selective route to aryl-triphosphira-
nes and their titanocene-induced frag-
mentation.

[233] D. Seeburg, U. Bentrup, B. Kunkel,
T T Ha Vu, T T H. Dang, S. Wohlrab,
Microporous Mesoporous Mater. 2019,
288, 109581, Influence of hydrothermal
ageing time on the performance of in
situ prepared VMCM-41 catalysts in the
selective oxidation of methane to for-
maldehyde.

[234] D. Selent, A. Spannenberg, C.
Kubis, A. Boerner, Acta Cryst. C 2019,
75,398-401, A dinuclear phosphite rho-
dium(l) complex obtained by syngas
treatment of a Rh/hydroxy phosphonite
olefin hydroformylation precatalyst.

[235] M. Sharif, R. Razzag, R. Jack-
stell, A. Spannenberg, /UCrData 2019,
4, x191369, 4-Amino-5-{[cyclohexyl(-
methyl)amino]methyllisophthalonitrile.

[236] M. Sharif, R. Razzag, R. Jack-
stell, A. Spannenberg, /{UCrData 2019,
4, x191326, 3-Bromopyridine-2-carbo-
nitrile.

[237] Y. Shi, P C. J. Kamer, D. J. Co-
le-Hamilton, Green Chem. 2019, 21,
1043-1053, Synthesis of pharmaceutical
drugs from cardanol derived from cas-
hew nut shell liquid.

[238] R. P Sivasankaran, N. Rockstroh,
C. R. Kreyenschulte, S. Bartling, H.
Lund, A. Acharjya, H. Junge, A. Thomas,
A. Brueckner, Catalysts 2019, 9, 695,
Influence of MoS, on Activity and Stabi-
lity of Carbon Nitride in Photocatalytic
Hydrogen Production.

[239] A. V.-H. Soares, S. S. Kale, U. Arm-
bruster, . B. Passos, S. B. Umbarkar, M. K.
Dongare, A. Martin, Int. J. Chem. Kinet.
2019, 57, 634-640, Glycerol acetylation
considering competing dimerization.

134 BIENNIAL REPORT 2019 | 2020

[240] S. Sokolov, D. Seeburg, S. Wohl-
rab, M. Friedel, J. Nitzsche, E. V. Kond-
ratenko, Ind. Eng. Chem. Res. 2019, 58,
2454-2459, An Approach Using Oxida-
tive Coupling of Methane for Conver-
ting Biogas and Acid Natural Gas into
High-Calorific Fuels.

[241] R. Sole, M. Bortoluzzi, A. Span-
nenberg, S. Tin, V. Beghetto, J. G. de
Vries, Dalton Trans. 2019, 48, 13580-
13588, Synthesis, characterization and
catalytic activity of novel ruthenium
complexes bearing NNN click based
ligands.

[242] M. Y. Soltan, U. Sumarni, C. Assaf,
P Langer, U. Reidel, J. Eberle, Int. J. Mol.
Sci. 2019, 20, 1158, Key Role of Reacti-
ve Oxygen Species (ROS) in Indirubin
Derivative-Induced Cell Death in Cuta-
neous T-Cell Lymphoma Cells.

[243] B. Spiegelberg, A. DellAcqua, T.
Xia, A. Spannenberg, S. Tin, S. Hinze,
J. G. de Vries, Chem. Eur. J. 2019, 25,
7820-7825, Additive-Free Isomerizati-
on of Allylic Alcohols to Ketones with a
Cobalt PNP Pincer Catalyst.

[244] B. M. Stadler, S. Hinze, S. Tin, J.
G. de Vries, ChemSusChem 2019, 12,
4082-4087, Hydrogenation of Polyes-
ters to Polyether Polyols.

[245] B. M. Stadler, C. Wulf T. Werner,
S. Tin, J. G. de Vries, ACS Catal. 2019,
9, 8012-8067, Catalytic Approaches to
Monomers for Polymers Based on Re-
newables.

[246] C. Steinlechner, A. F. Roesel, E.
Oberem, A. Paepcke, N. Rockstroh, F.
Gloaguen, S. Lochbrunner, R. Ludwig,
A. Spannenberg, H. Junge, R. Francke,
M. Beller, ACS Catal. 2019, 2091-2100,
Selective Earth-Abundant System for
CO, Reduction: Comparing Photo- and
Electrocatalytic Processes.

[247] C. Steinlechner, A. Spannen-
berg, H. Junge, M. Beller, /{UCrData
2019, 4, x190283, Tetracarbonyl[4,4-di-
methyl-2-(pyridin-2-yl)-2-oxazo-
line-fkappal’N,NTmolybdenum(0).

[248] M. Stoyanova, U. Bentrup, H.

Atia, E. V. Kondratenko, D. Linke, U.
Rodemerck, Catal. Sci. Technol. 2019,
9, 3137-3148, The role of speciation of
Ni?* and its interaction with the support
for selectivity and stability in the con-
version of ethylene to propene.

[249] A. Taeufer, A. Koeckritz, S. Quint,
A. Spannenberg, IUCrData 2019, 4,
x191018, 8,13-Diisopropyl-10,11-di-
methyl-bis([1,3]dioxolo[4,5":6,7]naph-
tho)[1,2-d;2,1-f1[1,3]1dioxepine.

[250] N. T Thao, L. T. K. Huyen, A.
Koeckritz, Catal. Lett. 2019, 749, 3370-
3383, Catalytic Role of Pd(ll) lons in
Mg—Al Hydrotalcites for the Oxidation
of Styrene.

[251] S. P Verevkin, V. N. Emel'yanenko,
D. H. Zaitsau, A. O. Surov, V. Andrush-
ko, A. A. Pimerzin, J. Chem. Thermodyn.
2019, 732, 439-450, Pheny! substituted
ureas: Evaluation of thermochemical
data with complementary experimental
and computational methods.

[252] P. N. X. Vo, P D. Phan, P T. Ngo,
N. Le-Phuc, T V. Tran, T. N. Luong,
A. Wotzka, D. Seeburg, S. Wohlrab,
Microporous Mesoporous Mater. 2019,
279, 142-152, Memory effect in DDR
zeolite powder and membrane synthe-
Sis.

[253] X. H. Vu, U. Armbruster, Adv. Ma-
ter. Sci. Eng. 2019, 3198421, Designing
hierarchical ZSM-5 materials for impro-
ved production of LPG olefins in the
catalytic cracking of triglycerides.

[254] X. H. Vu, T T. Truong, U. Arm-
bruster, J Porous Mater. 2019, 26,
175-184, Enhanced cracking of bulky
hydrocarbons over hierarchical ZSM-,
materials: a comparative study.

[255] F. Wang, T. Li, H. Jiao, Surf. Sci.
2019, 689, 121466, Nitridation of the
metallic Mo,C(001) surface from NH,
dissociative adsorption—A DFT study.

[256] H. Wang, X.-F. Wu, Org. Lett.
2019, 27, 5264-5268, Palladium-Cataly-
zed Carbonylative Dearomatization of
Indoles.



PUBLICATIONS 2019

[257] H. Wang, J. Ying, H.-J. A, X.-
F. Wu, Eur. J. Org. Chem. 2019, 2019,
1553-1556, Convenient Carbonylati-
ve Synthesis of Selenium-Substituted
Vinyl lodides: (E)-5-(lodomethyle-
ne)-1,3-selenazolidin-2-ones.

[258] L. Wang, H. Neumann, M. Beller,
Angew. Chem. Int. Ed. 2019, 58, 5417-
5421, Palladium-Catalyzed Methylation
of Nitroarenes with Methanol.

[259] Q. Wang, C.-H. Guo, X. Zhang,
M. Zhu, H. Jiao, H.-S. Wu, Eur. J. Org.
Chem. 2019, 2019, 3929-3936, Mecha-
nisms and Activity of 1-Phenylethanol
Dehydrogenation Catalyzed by Bifun-
ctional NHC-Irlll Complex.

[260] W.-F. Wang, J.-B. Peng, X. Qj,
J. Ying, X.-F. Wu, Chem. Eur. J. 2019,
25, 3521-3524, A Convenient Palladi-
um-Catalyzed Carbonylative Synthesis
of (£)-3-Benzylidenechroman-4-ones.

[267] I. C. Watson, A. Schumann, H. Yu,
E. C. Davy, R. McDonald, M. J. Fergu-
son, C. Hering-Junghans, E. Rivard,
Chem. Eur. J 2019, 25 9678-9690,
N-Heterocyclic Olefin-Ligated Palladi-
um(ll) Complexes as Pre-Catalysts for
Buchwald—Hartwig Aminations.

[262] Z. Wei, H. Jiao, in Adv. Inorg.
Chem., Vol. 73 (Eds.: R. van Eldik, R.
Puchta), Academic Press, 2019, pp.
323-384.

[263] B. Wozniak, S. Tin, J. G.de
Vries, Chem. Sci. 2019, 70, 6024-6034,
Bio-based building blocks from 5-hy-
droxymethylfurfural via 1-hydroxyhexa-
ne-2,5-dione as intermediate.

[264] F-P Wu, D. Li, J-B. Peng, X.-F.
Wu, Org. Lett. 2019, 27, 5699-5703,
Carbonylative Transformation of Allyla-
renes with CO Surrogates: Tunable Syn-
thesis of 4-Arylbutanoic Acids, 2-Aryl-
butanoic Acids, and 4-Arylbutanals.

[265] L. Wu, V. T. Annibale, H. Jiao, A.
Brookfield, D. Collison, I. Manners, Nat.
Commun. 2019, 70, 2786, Homo- and
heterodehydrocoupling of phosphines
mediated by alkali metal catalysts.

[266] T. Xia, B. Spiegelberg, Z. Wei, H.
Jiao, S. Tin, S. Hinze, J. G. de Vries, Ca-
tal. Sci. Technol 2019, 9, 6327-6334,
Manganese PNP-pincer catalyzed iso-
merization of allylic/homo-allylic al-
cohols to ketones — activity, selectivity,
efficiency.

[267] J. Xiao, Q. Han, H. Cao, J. Rabe-
ah, J. Yang, Z. Guo, L. Zhovu, Y. Xie, A.
Brueckner, ACS Catal. 2019, 9, 8852-
8861, Number of Reactive Charge Car-
riers — A Hidden Linker between Band
Structure and Catalytic Performance in
Photocatalysts.

[268] J.-X. Xu, X.-F. Wu, J. Org. Chem.
2019, Cobalt-Catalyzed Alkoxycarbo-
nylation of Epoxides to B-Hydroxyes-
ters.

[269] T. Xu, W. Lu, X.-F. Wu, W. Chen,
J. Catal. 2019, 378, 63-67, Solar-driven
conversion of arylboronic acids to phe-
nols using metal-free heterogeneous
photocatalysts.

[270] J. Yang, J. Liu, H. Neumann, R.
Franke, R. Jackstell, M. Beller, Science
(Washington, DC, United States) 2019,
366, 1514-1517, Direct synthesis of adi-
pic acid esters via palladium-catalyzed
carbonylation of 1,3-dienes.

[271 ). Yin, Y. He, X. Liu, X. Zhou, C.-F.
Huo, W. Guo, Q. Peng, Y. Yang, H. Jiao,
Y-W. Li, X.-D. Wen, J. Catal. 2019, 372,
217-225, Visiting CH, formation and
C, + C, couplings to tune CH, selectivity
on Fe surfaces.

[272] Z.Yin, ). Rabeah, A. Brueckner, X.-
F. Wu, Org. Lett. 2019, 1766-1769, Vi-
nylboron Self-Promoted Carbonylative
Coupling with Cyclobutanone Oxime
Esters.

[273] Z. Yin, Y. Zhang, S. Zhang, X.-F.
Wou, J. Catal 2019, 377, 507-510, Cop-
per-catalyzed intra- and intermolecular
carbonylative transformation of remote
C(sp*)H bonds in N-fluoro-sulfonami-
des.

[274] Z. Yin, Y. Zhang, S. Zhang, X.-F.
Wu, Adv. Synth. Catal. 2019, 367, 5478-
5482, Copper-Catalyzed Alkynylation

of C(sp*)—H Bonds in N-Fluoro-sulfo-
namides.

[275] Z. Yin, Z. Zhang, J.-F. Soulé, P H.
Dixneuf, X.-F. Wu, J Catal. 2019, 372,
272-276, lron-catalyzed carbonylative
alkyl-acylation of heteroarenes.

[276] Z. Yin, Z. Zhang, Y. Zhang, P H.
Dixneuf, X.-F. Wu, Chem. Commun.
2019, 55, 4655-4658, Carbonylation of
tertiary carbon radicals: synthesis of
lactams.

[277] ). Ying, L.-Y. Fu, G. Zhong, X.-F.
Wu, Org. Lett. 2019, 271, 5694-5698,
Cobalt-Catalyzed Direct Carbonylative
Synthesis of Free (NH)-Benzolcd]indol-
2(1H)-ones from Naphthylamides.

[278] J. Ying, Q Gao, X.-F. Wu, J. Org.
Chem. 2019, 84, 14297-14305, Site-
Selective  Carbonylative Synthesis of
Structurally Diverse Lactams from He-
terocyclic Amines with TFBen as the CO
Source.

[279] Z.-). Yu, W.-Y. Lou, H. Junge, A.
Papcke, H. Chen, L.-M. Xia, B. Xu, M.-
M. Wang, X.-J. Wang, Q-A. Wu, B.-Y.
Lou, S. Lochbrunner, M. Beller, S.-P.
Luo, Catal. Commun. 2019, 779, 11-15,
Thermally activated delayed fluore-
scence (TADF) dyes as efficient organic
photosensitizers for photocatalytic wa-
ter reduction.

[280] Y. Yuan, X.-F. Wu, Eur. J Org.
Chem. 2019, 2019, 2172-2175, Palladi-
um-Catalyzed Carbonylative Synthesis
of N-Heterocycles from 1-Chloro-2-flu-
orobenzenes.

[281] Y. Yuan, X.-F. Wu, Org. Lett. 2019,
21, 5310-5314, Direct Access to 1,1-Di-
carbonyl Sulfoxonium Ylides from Aryl
Halides or Triflates: Palladium-Cataly-
zed Carbonylation.

[282] Y. Yuan, X.-F. Wu, Synlett 2019,
30, 1820-1824, Synthesis of Esters from
Stable and Convenient Sulfoxonium
Precursors under Catalyst- and Additi-
ve-Free Conditions.

[283] S. V. Zade, M. Sawall, K. Neymeyr,
H. Abdollahi, Chemom. Intell Lab.

135



Syst. 2019, 7190, 22-32, Introducing the
monotonicity constraint as an effective
chemistry-based condition in self-mo-
deling curve resolution.

[284] D. H. Zaitsau, V. N. Emel'yanen-
ko, P Stange, S. P. Verevkin, R. Lud-
wig, Angew. Chem. Int. Ed. 2019, 58,
8589-8592, Dissecting the Vaporization
Enthalpies of lonic Liquids by Exclusi-
vely Experimental Methods: Coulomb
Interaction, Hydrogen Bonding, and
Dispersion Forces.

[285] D. H. Zaitsau, J. Neumann, T. Nie-
mann, A. Strate, D. Paschek, S. P. Ver-
evkin, R. Ludwig, Phys. Chem. Chem.
Phys. 2019, 27, 20308-20314, Isolating
the role of hydrogen bonding in hy-
droxyl-functionalized ionic liquids by
means of vaporization enthalpies, inf-
rared spectroscopy and molecular dy-
namics simulations.

[286] N. Zhang, C. Liy, J. Ma, R. Li, H.
Jiao, Phys. Chem. Chem. Phys. 2019,
21,18758-18768, Determining the
structures, acidity and adsorption pro-
perties of Al substituted HZSM-5.

[287] P Zhang, Y.-J. Guo, J. Chen, Y.-R.
Zhao, J. Chang, H. Junge, M. Beller, Y.
Li, Nat. Catal. 2019, 2, 828-828, Author
Correction: Streamlined hydrogen pro-
duction from biomass.

[288] S. Zhang, H. Neumann, M. Beller,
Org. Lett. 2019, 27, 3528-3532, Pd-Ca-
talyzed Carbonylation of Vinyl Triflates
To Afford o,fS-Unsaturated Aldehydes,
Esters, and Amides under Mild Condi-
tions.

[289] S. Zhang, H. Neumann, M. Beller,
Chem. Commun. 2019, 55, 5938-5941,
Pd-catalyzed synthesis of o,S-unsa-
turated ketones by carbonylation of
vinyl triflates and nonaflates.

[290] S. Zhang, N. Rotta-Loria, F. We-
niger, J. Rabeah, H. Neumann, C. Tae-
schler, M. Beller, Chem. Commun.
2019, 55, 6723-6726, A general and
practical Ni-catalyzed C-H perfluoro-
alkylation of (hetero)arenes.

[291] Y. Zhang, S. Xia, L. Mikesell, N.

136 BIENNIAL REPORT 2019 | 2020

Whisman, M. Fang, T. E. Steenwinkel, K.
Chen, R. L. Luck, T. Werner, H. Liu, ACS
Appl. Bio Mater. 2019, 2, 4986-4997,
Near-Infrared Hybrid Rhodol Dyes
with Spiropyran Switches for Sensitive
Ratiometric Sensing of pH Changes in
Mitochondria and Drosophila melano-
gaster First-Instar Larvae.

[292] Y. Zhang, Z. Yin, H. Wang, X.-F.
Wu, Org. Lett. 2019, 21, 3242-3246,
Pd/C-Catalyzed Carbonylative Synthe-
sis of 2-Aminobenzoxazinones from
2-lodoaryl Azides and Amines.

[293] Y. Zhang, Z. Yin, X.-F. Wu, Adv.
Synth. Catal. 2019, 361, 3223-3227,
Iron-Catalyzed Synthesis of Dihydron-
aphthalenones from Aromatic Oxime
Esters.

[294] Y. Zhang, Y. Zhao, T. Otroshchen-
ko, S. Han, H. Lund, U. Rodemerck, D.
Linke, H. Jiao, G. Jiang, E. V. Kondra-
tenko, J. Catal 2019, 371, 313-324, The
effect of phase composition and crys-
tallite size on activity and selectivity of
ZrO, in non-oxidative propane dehy-
drogenation.

[295] D. Zhao, Y. Li, S. Han, Y. Zhang,
G. Jiang, Y. Wang, K. Guo, Z. Zhao, C.
Xu, R. Li, C. Yu, J. Zhang, B. Ge, E. V.
Kondratenko, iScience 2019, 13, 269-
276, ZnO Nanoparticles Encapsulated
in Nitrogen-Doped Carbon Material
and Silicalite-1 Composites for Efficient
Propane Dehydrogenation.

[296] P Zhao, Z. Cao, X. Liu, P Ren,
D.-B. Cao, H. Xiang, H. Jiao, Y. Yang, Y.-
W. Li, X.-D. Wen, ACS Catal. 2019, 9,
2768-2776, Morphology and Reactivity
Evolution of HCP and FCC Ru Nano-
particles under CO Atmosphere.

[297] P Zhao, Y. He, D.-B. Cao, H. Xiang,
H. Jiao, Y. Yang, Y.-W. Li, X.-D. Wen, J.
Phys. Chem. C 2019, 123, 6508-6515,
CO Self-Promoting Hydrogenation on
CO-Saturated Ru(0001): A New Theo-
retical Insight into How H, Participates
in CO Activation.

[298] Y. Zhiping, W. Zechao, W. Xi-
ao-Feng, Chinese J. Org. Chem. 2019,
39, 573-590, Transition-Metal-Cataly-

zed Carbonylative Synthesis and Fun-
ctionalization of Heterocycles.

[299] V. Zhivkova, F. Kiecker, P Langer,
J. Eberle, Mol. Carcinog. 2019, 58, 258-
269, Crucial role of reactive oxygen
species (ROS) for the proapoptotic ef-
fects of indirubin derivative DKP-073 in
melanoma cells.

[300] V. V. Zhivonitko, J. Bresien, A.
Schulz, I. V. Koptyug, Phys. Chem.
Chem. Phys. 2019, 21, 5890-5893, Pa-
rahydrogen-induced polarization with a
metal-free P—P biradicaloid.

[301] C. Zhou, Y. Liy, J. Ying, X. Qi, J.-
B. Peng, X.-F. Wu, Asian J. Org. Chem.
2019, 8, 238-241, Cobalt-Catalyzed
Carbonylative Cyclization of Allyl Pro-
pargyl Ethers with Benzene-1,3,5-triyl
Triformate as the CO Source.

[302] R. Zhou, X. Qi, X.-F. Wu, ACS
Comb. Sci. 2019, 21, 573-577, Seleni-
um-Catalyzed Carbonylative Synthesis
of 3,4-Dihydroquinazolin-2(1H)-one
Derivatives with TFBen as the CO Sour-
ce.

[303] W. Zhou, Z. Wei, A. Spannenberg,
H. Jiao, K. Junge, H. Junge, M. Beller,
Chem. Eur. J. 2019, 25, 8459-8464, Co-
balt-Catalyzed Aqueous Dehydrogena-
tion of Formic Acid.

[304] L. Zhu, C. Liu, X. Wen, Y.-W. Lj,
H. Jiao, Catal Sci. Technol 2019, 9,
199-212, Molecular or dissociative ad-
sorption of water on clean and oxygen
pre-covered Ni(117) surfaces.

[305] L. Zhu, C. Liy, X. Wen, Y.-W. Li, H.
Jiao, Catal. Sci. Technol. 2019, 9, 4725-
4743, Coverage dependent structure
and energy of water dissociative ad-
sorption on clean and O-pre-covered
Ni (100) and Ni(110).

[306] D. S. Zijlstra, A. de Santi, B. Olden-
burger, J. de Vries, K. Barta, P. J. Deuss,
J. Vis. Exp. 2019, e58575, Extraction of
lignin with high f-O-4 content by mild
ethanol extraction and its effect on the
depolymerization yield.



PUBLICATIONS 2020

PUBLICATIONS 2020

[11 A. M. Abdel-Mageed, K. Wiese, M.
Parlinska-Wojtan, J. Rabeah, A. Brueck-
ner, R. J. Behm, Appl Catal, B 2020,
270, 118846, Encapsulation of Ru nano-
particles: Modifying the reactivity to-
ward CO and CO, methanation on
highly active Ru/TiO2 catalysts.

[2]1 H.-). Ai, R. Franke, X.-F. Wu, Mol.
Catal. 2020, 493, 111043, Pd/C-Cataly-
zed methoxycarbonylation of aryl chlo-
rides.

[3] H.-J. Ai, H. Wang, C.-L. Li, X.-F. Wu,
ACS Catal. 2020, 70, 5147-5152, Rhodi-
um-Catalyzed Carbonylative Coupling
of Alkyl Halides with Phenols under Low
CO Pressure.

[4] H.-). Ai, Y. Zhang, F. Zhao, X.-F. Wu,
Org. Lett. 2020, 22, 6050-6054, Rhodi-
um-Catalyzed Carbonylative Synthesis
of Aryl Salicylates from Unactivated
Phenols.

[5] A. A. Almasalma, E. Mejia, Synthesis
2020, 52, 529-536, Allylic C—H Alky-
nylation via Copper-Photocatalyzed
Cross-Dehydrogenative Coupling.

[6] A. A. Aimasalma, E. Mejia, Synthesis
2020, 52, 2613-2622, Recent Advances
on Copper-Catalyzed C-C Bond For-
mation via C—H Functionalization.

[71 A. A. Almasalma, E. Mejfa, in Cop-
per Catalysis in Organic Synthesis (Eds.:
G. Anilkumar, S. Saranya), Wiley-VCH
Verlag GmbH & Co. KGaA, 2020, pp.
349-366.

[8] A. S. Alshammari, K. Natte, N. V. Ka-
levaru, A. Bagabas, R. V. Jagadeesh,
J. Catal. 2020, 382, 141-149, Scalable
preparation of stable and reusable si-
lica supported palladium nanoparticles
as catalysts for N-alkylation of amines
with alcohols.

[9] E. Ammon, L. Ohlendorf, A. Villinger,

P Ehlers, P. Langer, Eur. J. Org. Chem.
2020, 2020, 5867-5875, Synthesis and
Properties of Dibenzola,flacridines.

[10] J. N. Andexer, U. Beifuss, F. Beu-
erle, M. Brasholz, R. Breinbauer, M.
Ernst, J. Greb, T. Gulder, W. Huttel, S.
Kath-Schorr, M. Kordes, M. Lehmann,
T Lindel, B. Luy, C. Muck-Lichtenfeld, C.
Muhle, A. Narine, J. Niemeyer, J. Para-
dies, R. Pfau, J. Pietruszka, N. Schasch-
ke, M. Senge, B. F. Straub, T. Werner, D.
B. Werz, C. Winter, Nachr. Chem. 2020,
68, 42-72, Organische Chemie.

[11] M. J. Andrews, P M. D. A. Ewing, M.
C. Henry, M. Reeves, P C. J. Kamer, B. H.
Mueller, R. D. Mclntosh, S. M. Mansell,
Organometallics 2020, 39, 1751-1761,
Neutral Ni(ll) Catalysts Based on Ma-
ple-Lactone Derived [N,O] Ligands for
the Polymerization of Ethylene.

[12] E Anke, S. Boye, A. Spannenberg,
A. Lederer, D. Heller, T. Beweries, Chem.
Eur. J. 2020, 26, 7889-7899, Dehydro-
polymerisation of Methylamine Borane
and an N-Substituted Primary Amine
Borane Using a PNP Fe Catalyst.

[13] Z. Aydin, V. A. Kondratenko, H.
Lund, S. Bartling, C. R. Kreyenschulte,
D. Linke, E. V. Kondratenko, ACS Catal.
2020, 70, 8751-8764, Revisiting Activi-
ty- and Selectivity-Enhancing Effects
of Water in the Oxidative Coupling of
Methane over MnO -Na,WO,/SiO, and
Proving for Other Materials.

[14] H. Beer, K. Blaesing, J. Bresien, L.
Chojetzki, A. Schulz, P Stoer, A. Vil-
linger, Dalton Trans. 2020, 49, 13655-
13662, Trapping of Bransted acids with
a phosphorus-centered biradicaloid
— synthesis of hydrogen pseudohalide
addition products.

[15] H. Beer, J. Bresien, D. Michalik,
A.-K. Roelke, A. Schulz, A. Villinger,
R. Wustrack, /. Org. Chem. 2020, 85,

14435-14445, Heterocyclopentanediyls
vs Heterocyclopentadienes: A Question
of Silyl Group Migration.

[16] H. Beer, J. Bresien, D. Michalik, A.
Schulz, A. Villinger, Dalton Trans. 2020,
49, 13986-13992, Reversible switching
between housane and cyclopentane-
diyl isomers: an isonitrile-catalysed
thermal reverse reaction.

[17] M. Beller, K. Junge, in Cobalt Ca-
talysis in Oranic Synthesis - Methods
and Reactions (Eds.: H. Marko, G. Hilt),
Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, Germany, 2020, pp. 25-61.

[18] A. Bellmann, C. Rautenberg, U.
Bentrup, A. Brueckner, Catalysts 2020,
10, 123, Determining the Location of
Co? in Zeolites by UV-Vis Diffuse Re-
flection Spectroscopy: A Critical View.

[19] T. Beweries, H. Helten, in Encyclope-
dia of Inorganic and Bioinorganic Che-
mistry, 2020, pp. 1-25.

[20] K. Blaesing, J. Harloff, A. Schulz,
A. Stoffers, P Stoer, A. Villinger, Angew.
Chem. Int. Ed. 2020, 59, 10508-10513,
Salts of HCN-Cyanide Aggregates:
[CN(HCN),]- and [CN(HCN),]-.

[21] K. Blaesing, R. Labbow, D. Michalik,
F. ReiB3, A. Schulz, A. Villinger, S. Wal-
ker. Chem. Eur. J. 2020, 26, 1640-1652,
On Silylated Oxonium and Sulfonium
lons and Their Interaction with Weakly
Coordinating Borate Anions.

[22] J. Bootsma, B. Guo, J. G. de Vries,
E. Otten, Organometallics 2020, 39,
544-555, Ruthenium Complexes with
PNN Pincer Ligands Based on (Chiral)
Pyrrolidines: Synthesis, Structure, and
Dynamic Stereochemistry.

[23] J. Bresien, Y. Pilopp, A. Schulz, L. S.
Szych, A. Villinger, R. Wustrack, /norg.
Chem. 2020, 59, 13561-13571, Synthe-



sis of Sterically Demanding Secondary
Phosphides and Diphosphanes and
Their Utilization in Small-Molecule Ac-
tivation.

[24] S. Budweg, K. Junge, M. Beller,
Cata. Sci. Technol. 2020, 10, 3825-
3842, Catalytic oxidations by dehy-
drogenation of alkanes, alcohols and
amines with defined (non)-noble metal
pincer complexes.

[25] V. V. Burlakov, M. V. Andreey, V. S.
Bogdanov, P Arndt, W. Baumann, A.
Spannenberg, U. Rosenthal, V. B. Shur,
Organometallics 2020, 39, 2365-2374,
Protolysis of Seven-Membered Zirco-
nacyclocumulene Complexes of Zirco-
nocene.

[26] J. R. Cabrero-Antonino, R. Adam, V.
Papa, M. Beller, Nat. Commun. 2020,
71, 3893, Homogeneous and hetero-
geneous catalytic reduction of amides
and related compounds using molecu-
lar hydrogen.

[27] C. Cerda-Moreno, A. Chica, S. Kel-
ler, C. Rautenberg, U. Bentrup, Appl.
Catal, B 2020, 264, 118546, Ni-sepiolite
and Ni-todorokite as efficient CO, met-
hanation catalysts: Mechanistic insight
by operando DRIFTS.

[28] J. S. Chang, J. Strunk, M. N. Chong,
P E. Poh, J. D. Ocon, J. Hazard. Mater.
2020, 387, 120958, Multi-dimensional
zinc oxide (ZnO) nanoarchitectures as
efficient photocatalysts: What is the
fundamental factor that determines
photoactivity in ZnO?

[29] B. Chen, X.-F. Wu, Org. Lett. 2020,
22, 636-641, Palladium-Catalyzed Syn-
thesis of 1,2-Diketones from Aryl Ha-
lides and Organoaluminum Reagents
Using tert-Butyl Isocyanide as the CO
Source.

[30] B. Chen, X.-F. Wu, J. Catal. 2020,
383, 160-163, Palladium-catalyzed car-
bonylative synthesis of a,3-unsaturated
amides from aryl azides and alkenyl-
aluminum reagent.

[37] B. Chen, X.-F. Wu, Synlett 2020, 37,
788-792, Synthesis of Linear o,3-Unsa-
turated Amides from Isocyanates and

138 BIENNIAL REPORT 2019 | 2020

Alkenylaluminum Reagents.

[32] B. Chen, Y. Yuan, J.-X. Xu, R. Franke,
X.-F. Wu, J. Organomet. Chem. 2020,
923, 121351, Palladium-catalyzed car-
bonylative synthesis of acylstannanes
from aryl iodides and hexamethyldis-
tannane.

[33] Z. Chen, S. Hu, X.-F. Wu, Org.
Chem. Front. 2020, 7, 223-254, Triflu-
oroacetimidoyl halides: a potent syn-
thetic origin.

[34] Z. Chen, L-C. Wang, X.-F. Wu,
Chem. Commun. 2020, 56, 6016-6030,
Carbonylative synthesis of heterocycles
involving diverse CO surrogates.

[35] Z. Chen, L.-C. Wang, J. Zhang, X.-F.
Wu, Org. Chem. Front. 2020, 7, 2499-
2504, Palladium-catalyzed three-com-
ponent carbonylative synthesis of 2-(trif-
luoromethyl)quinazolin-4(3H)-ones
from trifluoroacetimidoyl chlorides and
amines.

[36] Z. Chen, W.-F. Wang, H. Yang, X.-
F. Wu, Org. Lett. 2020, 22, 1980-1984,
Palladium-Catalyzed Four-Component
Carbonylative Cyclization Reaction of
Trifluoroacetimidoyl Chlorides, Propar-
gyl Amines, and Diaryliodonium Salts:
Access to Trifluoromethyl-Containing
Trisubstituted Imidazoles.

[37] L. Chojetzki, A. Schulz, A. Villin-
ger, R. Wustrack, Z. Anorg. Allg Chem.
2020, 646, 614-624, Cycloaddition of
Alkenes and Alkynes to the P-centered
Singlet Biradical [P(u-NTer)l,.

[38] X. Cui, W. Li, K. Junge, Z. Fei, M.
Beller, P. J. Dyson, Angew. Chem. Int.
Ed. 2020, 59, 7501-7507, Selective Ac-
ceptorless Dehydrogenation of Primary
Amines to Imines by Core=Shell Cobalt
Nanoparticles.

[39] R. De, S. Gonglach, S. Paul, M.
Haas, S. S. Sregjith, P Gerschel, U.-P
Apfel, T H. Vuong, J. Rabeah, S. Roy,
W. Schoefberger, Angew. Chem. Int.
Ed. 2020, 59, 10527-10534, Electrocata-
lytic Reduction of CO, to Acetic Acid by
a Molecular Manganese Corrole Com-
plex.

[40] D. Decker, H.-J. Drexler, D. Heller,
T. Beweries, Cata. Sci. Technol. 2020,
10, 6449-6463, Homogeneous catalytic
transfer semihydrogenation of alkynes
—an overview of hydrogen sources, ca-
talysts and reaction mechanisms.

[41] A. DellAcqua, B. M. Stadler, S.
Kirchhecker, S. Tin, J. G. de Vries, Green
Chem. 2020, 22, 5267-5273, Scalable
synthesis and polymerisation of a 3-an-
gelica lactone derived monomer.

[42] W. Desens, H. Jiao, P Langer, D.
Michalik, ChemistrySelect 2020, 5,
4221-4230, NMR  Spectroscopic and
Theoretical Studies on Tautomerism and
Isomerism of Perfluoroalkyl-Substituted
1,5-Benzodiazepines.

[43] J. Deutsch, A. Koeckritz, Food Sci.
Nutr. 2020, 8, 3081-3088, Synthesis
of novel chemicals from cardanol as a
product of cashew nutshell processing.

[44] A. Dietrich, E. Mejia, Eur. Polym.
J. 2020, 722, 109377, Investigations on
the hydrosilylation of allyl cyanide: Syn-
thesis and characterization of cyano-
propyl-functionalized silicones.

[45] T. Doan, P Dam, K. Nguyen, T. H.
Vuong, M. T. Le, T. H. Pham, Catalysts
2020, 70, 321, Copper-Iron Bimetal lon-
Exchanged SAPO-34 for NH,-SCRof NO,.

[46] T. Doan, K. Nguyen, P Dam, N.
Pham, Q Vu, T. H. Vuong, T. H. Pham,
M. T. Le, Chem. Eng. Technol. 2020, 43,
731-741, Zeotype SAPO-34 Synthesi-
zed by Combination of Templates for
the Gasification of Biomass.

[47] N. Dropka, M. Holena, Crystals
2020, 70, 663, Application of Artificial
Neural Networks in Crystal Growth of
Electronic and Opto-Electronic Mate-
rials.

[48] F. EI Quahabi, M. Polyakov, G. P
M. van Klink, S. Wohlrab, S. Tin, J. G.
de Vries, ACS Sustainable Chem. Eng.
2020, 8, 1705-1708, Highly Efficient and
Atom Economic Route for the Produc-
tion of Methyl Acrylate and Acetic Acid
from a Biorefinery Side Stream.

[49] F. El-Hage, J. Pospech, in Copper



PUBLICATIONS 2020

Catalysis in Organic Synthesis (Eds.:
G. Anilkumar, S. Saranya), Wiley-VCH
Verlag GmbH & Co. KGaA, 2020, pp.
309-328.

[50] F. El-Hage, C. Schall, J. Pospech,
J. Org. Chem. 2020, 85, 13853-13867,
Photo-Mediated Decarboxylative Gie-
se-Type Reaction Using Organic Pyri-
midopteridine Photoredox Catalysts.

[5711 V. N. Emel'yanenko, P Stange, J.
Feder-Kubis, S. P. Verevkin, R. Ludwig,
Phys. Chem. Chem. Phys. 2020, 22,
4896-4904, Dissecting intermolecular
interactions in the condensed phase of
ibuprofen and related compounds: the
specific role and quantification of hy-
drogen bonding and dispersion forces.

[52] R. A. Farrar-Tobar, A. DellAcqua, S.
Tin, J. G. de Vries, Green Chem. 2020,
22, 3323-3357, Metal-catalysed selecti-
ve transfer hydrogenation of o,3-unsa-
turated carbonyl compounds to allylic
alcohols.

[53] H. Faujdar, A. Spannenberg, S.
Kaur-Ghumaan, Inorg. Chim. Acta 2020,
501, 119227, Structural and HER studies
of diphosphine-monothiolate comple-
xes [Fe,(CO),(u-naphthalene-2-thiola-
te),(u-dppe)] and [Fe,(CO),(u-naphthale-
ne-2-thiolate),(u-DPEPhos)].

[54] F Fischer, T. Pientka, H. Jiao, A.
Spannenberg, M. Hapke, Cata. Sci
Technol. 2020, 10, 8005-8014, CpCof(i)
precatalysts for [2 + 2 + 2] cycloaddi-
tion reactions: synthesis and reactivity.

[55] P A. Forero-Cortés, M. Marx, N. G.
Moustakas, F. Brunner, C. E. Housecroft,
E. C. Constable, H. Junge, M. Beller, J.
Strunk, Green Chem. 2020, 22, 4541-
4549, Transferring photocatalytic CO,
reduction mediated by Cu(N*N)(P"P)*
complexes from organic solvents into
ionic liquid media.

[56] D. Formenti, R. Mocci, H. Atia, S.
Dastgir, M. Anwar, S. Bachmann, M.
Scalone, K. Junge, M. Beller, Chem.
Eur. J. 2020, 26, 15589-15595, A State-
of-the-Art Heterogeneous Catalyst for
Efficient and General Nitrile Hydroge-
nation.

[57] M. Garbe, S. Budweg, V. Papa, Z.
Wei, H. Hornke, S. Bachmann, M. Scalo-
ne, A. Spannenberg, H. Jiao, K. Junge,
M. Beller, Cata. Sci. Technol. 2020, 70,
3994-4001, Chemoselective semihy-
drogenation of alkynes catalyzed by
manganese(i)-PNP pincer complexes.

[58] Y. Ge, F. Ye, J. Liy, J. Yang, A. Span-
nenberg, H. Jiao, R. Jackstell, M. Bel-
ler, Angew. Chem. Int. Ed. 2020, 59,
21585-21590, Ligand-Controlled Pal-
ladium-Catalyzed  Carbonylation — of
Alkynols: Highly Selective Synthesis of
a-Methylene-B-Lactones.

[59] H.-Q. Geng, C.-Y. Hou, L.-C. Wang,
J-B. Peng, X.-F. Wu, J. Catal. 2020,
381, 271-274, Palladium-catalyzed
four-component carbonylation of alle-
nes, alcohols and nitroarenes.

[60] H.-Q. Geng, L.-C. Wang, C.-Y. Hou,
X.-F. Wu, Org. Lett. 2020, 22, 1160-
1163, Palladium-Catalyzed Carbonyla-
tive Synthesis of o-Branched Enones
from Aryl lodides and Arylallenes.

[61] A. Gottuso, A. Koeckritz, M. L. Sa-
ladino, F. Armetta, C. De Pasquale, G.
Nasillo, F. Parrino, J. Catal. 2020, 397,
202-211, Catalytic and photocatalytic
epoxidation of limonene: Using meso-
porous silica nanoparticles as functio-
nal support for a Janus-like approach.

[62] A. Grandane, A. Nocentini, T.
Werner, R. Zalubovskis, C. T. Supuran,
Bioorg. Med. Chem. 2020, 28, 115496,
Benzoxepinones: A new isoform-selec-
tive class of tumor associated carbonic
anhydrase inhibitors.

[63] R. Grauke, R. Schepper, J. Rabeah,
R. Schoch, U. Bentrup, M. Bauer, A.
Brueckner, ChemCatChem 2020, 12,
1025-1035, Impact of Al Activators on
Structure and Catalytic Performance of
Cr Catalysts in Homogeneous Ethylene
Oligomerization — A Multitechnique
in situ/operando Study.

[64] W. Gruenert, P Kydala Ganesha,
| Ellmers, R. Pérez Vélez, H. Huang, U.
Bentrup, V. Schuenemann, A. Brueck-
ner, ACS Catal. 2020, 70, 3119-3130, Ac-
tive Sites of the Selective Catalytic Re-
duction of NO by NH, over Fe-ZSM-5:

Combining Reaction Kinetics with Post-
catalytic Mossbauer Spectroscopy  at
Cryogenic Temperatures.

[65] C.-H. Guo, D. Yang, M. Liang, X.
Zhang, H. Jiao, ChemCatChem 2020,
12, 3890-3899, Mechanistic Insights
into the Chemo-Selective Dehydroge-
native Silylation of Alkenes Catalyzed
by Bis(imino)pyridine Cobalt Complex
from DFT Computations.

[66] P Gupta, J-E. Siewert, T. Wellnitz,
M. Fischer, W. Baumann, T. Beweries,
C. Hering-Junghans, ChemRxiv. Pre-
print 2020, Phospha-Wittig Reagents
Rediscovered.

[67] Q L. M. Ha, H. Lund, C. Krey-
enschulte, S. Bartling, H. Atia, T H.
Vuong, S. Wohlrab, U. Armbruster,
ChemCatChem 2020, 12, 1562-1568,
Development of Highly Stable Low Ni
Content Catalyst for Dry Reforming of
CH,-Rich Feedstocks.

[68] S. Han, T. Otroshchenko, D. Zhao,
H. Lund, N. Rockstroh, T. H. Vuong, J.
Rabeah, U. Rodemerck, D. Linke, M.
Gao, G. Jiang, E. V. Kondratenko, Appl.
Catal, A 2020, 590, 117350, The effect
of ZrO, crystallinity in CrZrO /SiO, on
non-oxidative propane dehydrogena-
tion.

[69] S. Han, T. Otroshchenko, D. Zhao,
H. Lund, U. Rodemerck, D. Linke, M.
Gao, G. lJiang, E. V. Kondratenko,
Catal. Commun. 2020, 738, 105956,
Catalytic non-oxidative propane dehy-
drogenation over promoted Cr-Zr-O
Effect of promoter on propene selecti-
vity and stability.

[70] S. Han, D. Zhao, H. Lund, N.
Rockstroh, S. Bartling, D. E. Doronkin,
J-D. Grunwaldt, M. Gao, G. Jiang, E. V.
Kondratenko, Cata. Sci. Technol. 2020,
10, 7046-7055, TiO,-Supported cata-
lysts with ZnO and ZrO, for non-oxi-
dative dehydrogenation of propane:
mechanistic analysis and application
potential.

[71] S. Han, D. Zhao, T. Otroshchenko,
H. Lund, U. Bentrup, V. A. Kondratenko,
N. Rockstroh, S. Bartling, D. E. Doron-
kin, J-D. Grunwaldt, U. Rodemerck, D.

139



Linke, M. Gao, G. Jiang, E. V. Kond-
ratenko, ACS Catal. 2020, 70, 8933-
8949, Elucidating the Nature of Active
Sites and Fundamentals for their Crea-
tion in Zn-Containing ZrO,~Based Ca-
talysts for Nonoxidative Propane Dehy-
drogenation.

[72] S. Han, Y. Zhao, T. Otroshchenko, Y.
Zhang, D. Zhao, H. Lund, T. H. Vuong,
J. Rabeah, U. Bentrup, V. A. Kondraten-
ko, U. Rodemerck, D. Linke, M. Gao,
H. Jiao, G. Jiang, E. V. Kondratenko,
ACS Catal. 2020, 70, 1575-1590, Unra-
veling the Origins of the Synergy Effect
between ZrO, and CrO, in Supported
CrzrQ, for Propene Formation in No-
noxidative Propane Dehydrogenation.

[73] M. Hapke, T. Glaesel, in Cobalt Ca-
talysis in Oranic Synthesis - Methods
and Reactions (Eds.: H. Marko, G. Hilt),
Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, Germany, 2020, pp. 287-
330.

[74] M. Hapke, G. Hilt, Cobalt Cataly-
sis in Organic Synthesis: Methods and
Reactions, Wiley-VCH, Weinheim, Ger-
many, 2020.

[75] M. Hapke, G. Hilt, in Cobalt Cataly-
sis in Organic Synthesis, 2020, pp. 1-23.

[76] J. Harloff, K. C. Laatz, S. Lerch, A.
Schulz, P Stoer, T. Strassner, A. Villin-
ger, Eur. J. Inorg. Chem. 2020, 2020,
2457-2464, Hexacyanidosilicates with
Functionalized Imidazolium Counte-
rions.

[77] ). Harloff, A. Schulz, P Stoer, A. Vil-
linger, Dalton Trans. 2020, 49, 13345-
13351, Pseudohalide HCN aggrega-
te ions: [NL(HCN).]-, [OCN(HCN).I,
[SCN(HCN),]" and [P(CN-HCN),] -

[78] N. A. Harry, R. V. Jagadeesh, in
Copper Catalysis in Organic Synthesis
(Eds.: G. Anilkumar, S. Saranya), 2020,
pp. 239-259.

[79] C. Hering-Junghans, C. Sindlinger,
Nachr. Chem. 2020, 68, 50-64, Trend-
bericht Anorganische Chemie: Haupt-

gruppen.

[80] Y. Hermans, A. Klein, H. P Sarker,

140 BIENNIAL REPORT 2019 | 2020

M. N. Huda, H. Junge, T. Toupance, W.
Jaegermann, Adv. Funct. Mater. 2020,
30, 1910432, Pinning of the Fermi Level
in CuFeO, by Polaron Formation Limi-
ting the Photovoltage for Photochemi-
cal Water Splitting.

[81] Y. Hermans, C. Olivier, H. Junge,
A. Klein, W. Jaegermann, T. Toupance,
ACS Appl. Mater. Interfaces 2020, 12,
53910-53920, Sunlight Selective Photo-
deposition of COOX(OH)y and NiO (OH)
, On Truncated Bipyramidal BiVO, for
Highly Efficient Photocatalysis.

[82] J. Hervochon, V. Dorcet, K. Junge,
M. Beller, C. Fischmeister, Cata. Sci.
Technol. 2020, 70, 4820-4826, Conve-
nient synthesis of cobalt nanoparticles
for the hydrogenation of quinolines in
water.

[83] M. T.Hoang, T. D. Pham, T. T. Pham,
M. K. Nguyen, D. T. T. Nu, T. H. Nguyen,
S. Bartling, B. Van der Bruggen, Environ.
Sci. Pollut. Res. 2020, Esterification of
sugarcane bagasse by citric acid for
Pb?* adsorption: effect of different che-
mical pretreatment methods.

[84]J. Holz, G. Wenzel, A. Spannenberg,
M. Gandelman, A. Boerner, Tetrahed-
ron 2020, 76, 131142, New P-chirogenic
tert.-butyl-xantphos ligands and their
application in asymmetric hydrogenati-
on and alkylation.

[85] P Honegger, V. Overbeck, A. Stra-
te, A. Appelhagen, M. Sappl, E. Heid,
C. Schroeder, R. Ludwig, O. Stein-
hauser, J. Phys. Chem. Lett. 2020, 17,
2165-2170, Understanding the Nature
of Nuclear Magnetic Resonance Re-
laxation by Means of Fast-Field-Cycling
Relaxometry and Molecular Dynamics
Simulations-The Validity of Relaxation
Models.

[86] M. Horstmann, H. J. Drexler, N.
Jannsen, W. Baumann, D. Heller, J
Organomet. Chem. 2020, 922, 121342,
Ammine and amido complexes of rho-
dium: Synthesis, application and contri-
butions to analytics.

[87] S. Hu, H. Yang, Z. Chen, X.-F. Wu,
Tetrahedron 2020, 76, 131168, Base-me-
diated [3+2] annulation of trifluoroa-

cetimidoyl chlorides and isocyanides:
An improved approach for regioselec-
tive synthesis of 5-trifluoromethyl-imi-
dazoles.

[88] Y. Hu, S. Peglow, L. Longwitz, M.
Frank, J. D. Epping, V. Brueser, T. Wer-
ner, ChemSusChem 2020, 73, 1825-
1833, Plasma-Assisted Immobilization
of a Phosphonium Salt and Its Use as a
Catalyst in the Valorization of CO,,

[89] P Hunemorder, E. Mejia, Cata. Sci.
Technol. 2020, 70, 6754-6768, Photoca-
talyzed allylic derivatization reactions.

[90] K. Ifflaender, R. Eckelt, H. Lund, C.
Kreyenschulte, S. Bartling, A. Wotzka,
N. Steinfeldt, Appl. Catal,, A 2020, 602,
117648, Dehydrogenation of 1-butene
with CO, over VO, supported catalysts.

[91] R. V. Jagadeesh, in Recent Advances
in Nanoparticle Catalysis (Eds.: P W. N.
M. van Leeuwen, C. Claver), Springer
International Publishing, Cham, 2020,
pp. 199-219.

[92] M. Joksch, H. Agarwala, M. Ferro,
D. Michalik, A. Spannenberg, T. Bewe-
ries, Chem. Eur. J. 2020, 26, 3571-3577,
A Comparative Study on the Ther-
modynamics of Halogen Bonding of
Group 10 Pincer Fluoride Complexes.

[93] S. Keller, G. Agostini, H. Antoni, C.
R. Kreyenschulte, H. Atia, J. Rabeah, U.
Bentrup, A. Brueckner, ChemCatChem
2020, 72, 2440-2451, The Effect of Iron
and Vanadium in VO/CeHFeXO}6 Cata-
lysts in Low-Temperature Selective Ca-
talytic Reduction of NO_by Ammonia.

[94] A. E. Khudozhitkov, T. Niemann,
P Stange, M. Donoshita, A. G. Stepa-
nov, H. Kitagawa, D. |. Kolokolov, R.
Ludwig, J. Phys. Chem. Lett. 2020, 17,
6000-6006, Freezing the Motion in
Hydroxy-Functionalized lonic Liquids—
Temperature Dependent NMR Deute-
ron Quadrupole Coupling Constants
for Two Types of Hydrogen Bonds Far
below the Glass Transition.

[95] M. Kiamehr, F. Khademi, B. Jafari,
P. Langer, Chem Heterocycl Compd
2020, 56, 392-398, Efficient synthesis
of pentacyclic benzosultam-annulated



PUBLICATIONS 2020

thiopyranoindoles via domino Knoe-
venagel / intramolecular hetero-Diels—
Alder reactions in water.

[96] T. Koehler, A. Gutacker, E. Mejia,
Org. Chem. Front. 2020, 7, 4108-4120,
Industrial synthesis of reactive silicones:
reaction mechanisms and processes.

[97] S. Kreft, D. Wei, H. Junge, M. Beller,
EnergyChem 2020, 2, 100044, Recent
advances on TiO,-based photocatalytic
CO, reduction.

[98] Y. K. Krisnandi, R. Eckelt, H. Atia,
M. Adam, I. R. Saragi, Makara J. Sci.
2020, 24, 40-49, ZnO/SIO, Composite
as Catalyst for the Transformation of
Glycerol to Glycerol Carbonate.

[99] D. Kuhrt, P Ehlers, A. Spannenberg,
P. Langer, Synlett 2020, 31, 1277-1281,
Site-Selective Suzuki-Miyaura Reaction
of 6,8-Dichloro-1,2,4-triazolo[4,3-alpy-
ridines.

[100] B. Kunkel, A. Kabelitz, A. G. Bu-
zanich, S. Wohlrab, Catalysts 2020,
10, 1411, Increasing the Efficiency of
Optimized V-SBA-15 Catalysts in the
Selective Oxidation of Methane to For-
maldehyde by Artificial Neural Network
Modelling.

[101] C. W. Lahive, P C. J. Kamer, C. S.
Lancefield, P. J. Deuss, ChemSusChem
2020, 73, 4238-4265, An Introduction
to Model Compounds of Lignin Linking
Motifs; Synthesis and Selection Consi-
derations for Reactivity Studies.

[102] M. Lai, Z.-P Bao, X. Qi, X.-F. Wu,
Org. Chem. Front. 2020, 7, 3406-3410,
Palladium-catalyzed carbonylative syn-
thesis of arylacetamides from benzyl
formates and tertiary amines.

[103] H. Lange, H. Schroder, E. Obe-
rem, A. Villinger, J. Rabeah, R. Ludwig,
K. Neymeyr, W. W. Seidel, Chem. Eur. J.
2020, 26, 11492-11502, Facile Synthesis
of a Stable Side-on Phosphinyne Com-
plex by Redox Driven Intramolecular
Cyclisation.

[104] T Leischner, A. Spannenberg, K.
Junge, M. Beller, ChemCatChem 2020,
12, 4543-4549, Synthesis of Molybden-

um Pincer Complexes and Their Appli-
cation in the Catalytic Hydrogenation
of Nitriles.

[105] A. Léval, A. Agapova, C. Stein-
lechner, E. Alberico, H. Junge, M. Bel-
ler, Green Chem. 2020, 22, 913-920,
Hydrogen production from formic acid
catalyzed by a phosphine free manga-
nese complex: investigation and me-
chanistic insights.

[106] A. Leval, H. Junge, M. Beller, Eur.
J. Inorg. Chem. 2020, 2020, 1293-1299,
Formic Acid Dehydrogenation by a Cy-
clometalated k*-CNN Ruthenium Com-
plex.

[107] A. Leval, H. Junge, M. Beller,
Cata. Sci. Technol. 2020, 70, 3931-3937,
Manganese(l) k?-NN complex-cataly-
zed formic acid dehydrogenation.

[108] C. Li, R. Dickson, N. Rockstroh, J.
Rabeah, D. B. Cordes, A. M. Z. Slawin,
P Huenemoerder, A. Spannenberg, M.
Buehl, E. Mejia, E. Zysman-Colman, P.
C. J. Kamer, Cata. Sci. Technol. 2020,
10, 7745-7756, Ligand electronic fine-
tuning and its repercussion on the pho-
tocatalytic activity and mechanistic pa-
thways of the copper-photocatalysed
aza-Henry reaction.

[109] H. Li, T. Niemann, R. Ludwig, R.
Atkin, J Phys. Chem. Lett. 2020, 717,
3905-3910, Effect of Hydrogen Bon-
ding between lons of Like Charge on
the Boundary Layer Friction of Hy-
droxy-Functionalized lonic Liquids.

[110] T Li, X. Wen, Y. Yang, Y.-W. Li, H.
Jiao, ACS Catal. 2020, 70, 877-890,
Mechanistic Aspects of CO Activation
and C—C Bond Formation on the Fe/C-
and Fe-Terminated Fe,C(010) Surfaces.

[111] X. Li, A.-E. Surkus, J. Rabeah, M.
Anwar, S. Dastigir, H. Junge, A. Brueck-
ner, M. Beller, Angew. Chem. Int. Ed.
2020, 59, 15849-15854, Cobalt Sing-
le-Atom Catalysts with High Stability
for Selective Dehydrogenation of For-
mic Acid.

[112]1 Y. Li, G. Bao, X.-F. Wu, Chem. Sci.
2020, 71, 2187-2192, Palladium-cataly-
zed intermolecular transthioetherifica-

tion of aryl halides with thioethers and
thioesters.

[113] Y. Li, H. Neumann, M. Beller, Chem.
Eur. J. 2020, 26, 6784-6788, Rutheni-
um-Catalyzed Site-Selective Trifluoro-
methylations and (Per)Fluoroalkylations
of Anilines and Indoles.

[114] Y. Li, X.-F. Wu, Angew. Chem. Int.
Ed. 2020, 59, 1770-1774, Direct C-H
Bond Borylation of (Hetero)Arenes:
Evolution from Noble Metal to Metal
Free.

[15] C. Ly, L. Zhu, X. Wen, Y. Yang,
Y-W. Li, H. Jiao, Surf Sci. 2020, 692,
121514, Hydrogen Adsorption on Ir(111),
Ir(100) and Ir(110)-Surface and Covera-
ge Dependence.

[1e] C. Liy, L. Zhu, X. Wen, Y. Yang, Y.-
W. Li, H. Jiao, Cata. Sci. Technol. 2020,
10, 4424-4435, Exploring direct and
hydrogen-assisted CO activation on
iridium surfaces — surface dependent
activity.

[117] J. Liu, Z. Wei, J. Yang, Y. Ge, D. Wei,
R. Jackstell, H. Jiao, M. Beller, ACS Ca-
tal. 2020, 70, 12167-12181, Tuning the
Selectivity of Palladium Catalysts for
Hydroformylation and Semihydroge-
nation of Alkynes: Experimental and
Mechanistic Studies.

[118] J. Liu, J. Yang, C. Schneider, R. Fran-
ke, R. Jackstell, M. Beller, Angew. Chem.
Int. Ed. 2020, 59, 9032-9040, Tailored
Palladium Catalysts for Selective Synthe-
sis of Conjugated Enynes by Monocarb-
onylation of 1,3-Diynes.

[119] W. Liu, T. Leischner, W. Li, K. Junge,
M. Beller, Angew. Chem. Int. Ed. 2020,
59, 11321-11324, A General Regioselec-
tive Synthesis of Alcohols by Cobalt-Ca-
talyzed Hydrogenation of Epoxides.

[120] X. Liu, L. Longwitz, B. Spiegelberg,
J. Tonjes, T. Beweries, T. Werner, ACS
Catal. 2020, 70, 13659-13667, Erbi-
um-Catalyzed Regioselective Isomeri-
zation—Cobalt-Catalyzed Transfer Hy-
drogenation Sequence for the Synthe-
sis of Anti-Markovnikov Alcohols from
Epoxides under Mild Conditions.

141



[121] L. Longwitz, T. Werner, Angew.
Chem. Int. Ed. 2020, 59, 2760-2763,
Reduction of Activated Alkenes by P/
P¥ Redox Cycling Catalysis.

[122] S. Ludwig, K. Helmdach, M. Huet-
tenschmidt, E. Oberem, J. Rabeah, A. Vil-
linger, R. Ludwig, W. W. Seidel, Chem.
Eur. J. 2020, 26, 16811-16817, Metal/Me-
tal Redox Isomerism Governed by Con-
figuration.

[123] G. A. Martino, A. Piovano, C. Bar-
zan, J. Rabeah, G. Agostini, A. Brueckner,
G. Leone, G. Zanchin, T. Monoi, E. Grop-
po, ACS Catal 2020, 70, 2694-2706,
Rationalizing the Effect of Triethylalu-
minum on the Cr/SiO, Phillips Catalysts.

[124] M. Marx, A. Mele, A. Spannenberg,
C. Steinlechner, H. Junge, P Schollham-
mer, M. Beller, ChemCatChem 2020,
12, 1603-1608, Addressing the Repro-
ducibility of Photocatalytic Carbon Di-
oxide Reduction.

[125] E. Mejia, Catalytic Aerobic Oxida-
tions, Royal Society of Chemistry, 2020.

[126] E. Mejia, in Catalytic Aerobic Oxi-
dations (Ed.: E. Mejia), The Royal Socie-
ty of Chemistry, 2020, pp. 1-15.

[127] T Meyer, J-X. Xu, J. Rabeah, A.
Brueckner, X.-F. Wu, ChemPhotoChem
2020, 4, 713-720, Photocatalytic Syn-
thesis of Stilbenes via Cross-Coupling
of Alkeny! Boronic Acids and Arenedia-
zonium Tetrafluoroborate Salts.

[128] R. Molenda, S. Boldt, A. Villinger, P
Ehlers, P. Langer, J. Org. Chem. 2020,
85, 12823-12842, Synthesis of 2-Aza-
pyrenes and Their Photophysical and
Electrochemical Properties.

[129] D. Moock, M. P Wiesenfeldt, M.
Freitag, S. Muratsugu, S. lkemoto, R.
Knitsch, J. Schneidewind, W. Baumann,
A. H. Schaefer, A. Timmer, M. Tada, M.
R. Hansen, F. Glorius, ACS Catal. 2020,
10, 6309-6317, Mechanistic Understan-
ding of the Heterogeneous, Rhodi-
um-Cyclic - (Alkyl)(Amino)Carbene-Ca-
talyzed (Fluoro-)Arene Hydrogenation.

[130] J.-O. Moritz, S. Chakrabortty, B. H.
Mdller, A. Spannenberg, P. C. J. Kamer,

142 BIENNIAL REPORT 2019 | 2020

J. Org. Chem. 2020, 85, 14537-14544,
P-Chirogenic Diphosphazanes with
Axially Chiral Substituents and Their
Use in Rh-Catalyzed Asymmetric Hy-
drogenation.

[131 K. Murugesan, V. G. Chandras-
hekhar, C. Kreyenschulte, M. Beller,
R. V. Jagadeesh, Angew. Chem. Int.
Ed. 2020, 59, 17408-17412, A General
Catalyst Based on Cobalt Core-Shell
Nanoparticles for the Hydrogenation
of N-Heteroarenes Including Pyridines.

[132] K. Murugesan, V. G. Chandrashek-
har, T. Senthamarai, R. V. Jagadeesh,
M. Beller, Nat. Protoc 2020, 75, 1313-
1337, Reductive amination using co-
balt-based nanoparticles for synthesis
of amines.

[133] K. Murugesan, T. Senthamarai,
V. G. Chandrashekhar, K. Natte, P C.
J. Kamer, M. Beller, R. V. Jagadeesh,
Chem. Soc. Rev. 2020, 49, 6273-6328,
Catalytic reductive aminations using
molecular hydrogen for synthesis of
different kinds of amines.

[134] K. Murugesan, Z. Wej, V. G. Chan-
drashekhar, H. Jiao, M. Beller, R. V.
Jagadeesh, Chem. Sci. 2020, 77, 4332-
4339, General and selective synthesis of
primary amines using Ni-based homo-
geneous catalysts.

[135] K. Natte, A. Narani, V. Goyal, N.
Sarki, R. V. Jagadeesh, Adv. Synth. Ca-
tal. 2020, 362, 5143-5169, Synthesis of
Functional Chemicals from Lignin-de-
rived Monomers by Selective Organic
Transformations.

[136] W. Negassa, D. Michalik, W. Kly-
subun, P Leinweber, Soil Systems 2020,
4, 11, Phosphorus Speciation in Long-
Term Drained and Rewetted Peatlands
of Northern Germany.

[137] H. Neumann, A. G. Sergeey, A.
Spannenberg, M. Beller, Molecules
2020, 25, 3421, Efficient Palladium-Ca-
talyzed Synthesis of 2-Aryl Propionic
Acids.

[138] K. Neymeyr, A. Golshan, K. En-
gel, R. Tauler, M. Sawall, Chemom. Intell.
Lab. Syst. 2020, 796, 103887, Does the

signal contribution function attain its
extrema on the boundary of the area
of feasible solutions?

[139] K. Neymeyr, M. Sawall, Z. Rasou-
li, M. Maeder, .. Chemom 2020, 34,
e3217, On the avoidance of crossing
of singular values in the evolving factor
analysis.

[140] A. B. Ngo, T. H. Vuong, H. Atia, U.
Bentrup, V. A. Kondratenko, E. V. Kond-
ratenko, J. Rabeah, U. Ambruster, A.
Brueckner, Environ Sci Technol 2020,
54, 11753-11767, Effect of Formaldehyde
in Selective Catalytic Reduction of NO,
by Ammonia (NH,-SCR) on a Commer-
cial V,0,-WO,/TiO, Catalyst under Mo-
del Conditions.

[141] M. N. Nguyen, U. Krag|, I. Barke, R.
Lange, H. Lund, M. Frank, A. Springer,
V. Aladin, B. Corzilius, D. Hollmann,
Commun. Chem 2020, 3, 116, Coagu-
lation using organic carbonates opens
up a sustainable route towards regene-
rated cellulose films.

[142] T. Niemann, D. H. Zaitsau, A. Stra-
te, P Stange, R. Ludwig, Phys. Chem.
Chem. Phys. 2020, 22, 2763-2774, Con-
trolling "like-likes—like” charge attrac-
tion in hydroxy-functionalized ionic
liquids by polarizability of the cations,
interaction strength of the anions and
varying alkyl chain length.

[143] T. Otroshchenko, E. V. Kondraten-
ko, Catal. Commun. 2020, 744, 106068,
Effect of hydrogen and supported metal
on selectivity and on-stream stability of
ZrO,-based catalysts in non-oxidative
propane dehydrogenation.

[144] V. Overbeck, B. Golub, H. Schroe-
der, A. Appelhagen, D. Paschek, K. Ney-
meyr, R. Ludwig, J. Mol. Lig. 2020, 379,
114207, Probing relaxation models by
means of Fast Field-Cycling relaxome-
try, NMR spectroscopy and molecular
dynamics simulations: Detailed insight
into the translational and rotational dy-
namics of a protic ionic liquid.

[145] V. Papa, J. R. Cabrero-Antonino,
A. Spannenberg, K. Junge, M. Beller,
Cata. Sci. Technol. 2020, 70, 6116-6128,
Homogeneous cobalt-catalyzed deoxy-



PUBLICATIONS 2020

genative hydrogenation of amides to
amines.

[146] V. Papa, Y. Cao, A. Spannenberg,
K. Junge, M. Beller, Nat. Catal. 2020,
3, 135-142, Development of a practical
non-noble metal catalyst for hydroge-
nation of N-heteroarenes.

[147] V. Papa, A. Spannenberg, M. Beller,
K. Junge, /UCrData 2020, 5, x201570,
Bis(benzo[h]quinolin-10-olato-k?N, O)
bromidomanganese(ll).

[148] T. Peppel, C. Wulf A. Spannenberg,
IUCrData 2020, 5, x200768, 1-Benzyl-
3-methylimidazolium bromide.

[149] A. Perechodjuk, E. V. Kondra-
tenko, Ind. Eng. Chem. Res. 2020, 59,
21729-21735, Nonoxidative Dehydro-
genation of Isobutane over MZrO, (M
= La or Y) with Supported Ir, Pt, Rh, or
Ru: Effects of Promoters and Suppor-
ted Metals.

[150] A. Perechodjuk, V. A. Kondraten-
ko, H. Lund, N. Rockstroh, E. V. Kond-
ratenko, Chem. Commun. 2020, 56,
13021-13024, Oxide of lanthanoids
can catalyse non-oxidative propane
dehydrogenation: mechanistic concept
and application potential of Eu,O,- or
Gd,0,-based catalysts.

[151] A. Perechodjuk, Y. Zhang, V. A.
Kondratenko, U. Rodemerck, D. Linke,
S. Bartling, C. R. Kreyenschulte, G. Ji-
ang, E. V. Kondratenko, Appl. Catal,
A2020, 602, 117731, The effect of sup-
ported Rh, Ru, Pt or Ir nanoparticles on
activity and selectivity of ZrO,-based
catalysts in non-oxidative dehydroge-
nation of propane.

[152] J. K. Philipp, S. Fritsch, R. Ludwig,
ChemPhysChem 2020, 21, 2411-2476,
Cyclic Octamer of Hydroxyl-functiona-
lized Cations with Net Charge Q=+8e
Kinetically Stabilized by a ‘Molecular Is-
land’ of Cooperative Hydrogen Bonds.

[153] ) K. Philipp, R. Ludwig, Mole-
cules 2020, 25, 4972, Clusters of Hy-
droxyl-Functionalized Cations Stabili-
zed by Cooperative Hydrogen Bonds:
The Role of Polarizability and Alkyl
Chain Length.

[154] P Piehl, R. Amuso, E. Alberico, H.
Junge, B. Gabriele, H. Neumann, M.
Beller, Chem. Eur. J. 2020, 26, 6050-
6055, Cyclometalated Ruthenium Pin-
cer Complexes as Catalysts for the
o-Alkylation of Ketones with Alcohols.

[155] C. Polley, T Distler, R. Detsch,
H. Lund, A. Springer, A. R. Boccaccini,
H. Seitz, Materials 2020, 13, 1773, 3D
Printing of Piezoelectric Barium Tita-
nate-Hydroxyapatite Scaffolds with In-
terconnected Porosity for Bone Tissue
Engineering.

[156] M. B. Ponce, E. T. Rodriguez, A.
Flader, P Ehlers, P. Langer, Org. Biomol.
Chem. 2020, 78, 6531-6536, Synthesis
of thieno[2,3-h]-/[3,2-h]quinclines and
thieno[2,3-f] quinolines by Brgnsted
acid mediated cycloisomerisation.

[157] ). Prueter, T. Leipe, D. Michalik, W.
Klysubun, P. Leinweber, J. Soils Sedi-
ments 2020, 20, 1676-1691, Phosphorus
speciation in sediments from the Bal-
tic Sea, evaluated by a multi-method
approach.

[158] X. Qi, Z.-P Bao, C.-Y. Hou, W.-F.
Wang, X.-F. Wu, J. Organomet. Chem.
2020, 910, 121114, Palladium/alumini-
um-cocatalyzed carbonylative synthe-
sis of 2-chloroethyl benzoates from
epoxides and aryl iodides.

[159] X. Qi, Z.-P Bao, X.-F. Wu, Org.
Chem. Front. 2020, 7, 885-889, Palla-
dium-catalyzed carbonylative trans-
formation of aryl iodides and sulfony!
chlorides: convenient access to thioes-
ters.

[160] X. Qi, Z.-P Bao, X.-T. Yao, X.-F.
Wu, Org. Lett. 2020, 22, 6671-6676,
Nickel-Catalyzed Thiocarbonylation of
Arylboronic Acids with Sulfonyl Chlori-
des for the Synthesis of Thioesters.

[161] X. Qi, R. Zhou, H.-J. Ai, X.-F. Wu,
J. Catal. 2020, 381, 215-221, HMF and
furfural: Promising platform molecules
in  rhodium-catalyzed carbonylation
reactions for the synthesis of furfuryl
esters and tertiary amides.

[162] J. Rabeah, V. Briois, S. Adomeit,
C. La Fontaine, U. Bentrup, A. Brueck-

ner, Chem. Eur. J. 2020, 26, 7395-7404,
Multivariate Analysis of Coupled Ope-
rando EPR/XANES/EXAFS/UV-Vis/ATR-
IR Spectroscopy: A New Dimension for
Mechanistic Studies of Catalytic Gas-Li-
quid Phase Reactions.

[163] U. Rodemerck, E. V. Kondratenko,
M. Stoyanova, D. Linke, J. Catal. 2020,
389, 317-327, Study of reaction network
of the ethylene-to-propene reaction by
means of isotopically labelled reactants.

[164] S. J. Roeters, M. Sawall, C. E. Es-
kildsen, M. R. Panman, G. Tordai, M.
Koeman, K. Neymeyr, J. Jansen, A. K.
Smilde, S. Woutersen, Biophys. J. 2020,
719, 87-98, Unraveling VEALYL Amyloid
Formation Using Advanced Vibrational
Spectroscopy and Microscopy.

[165] U. Rosenthal, ChemCatChem
2020, 72, 41-52, PNPN-H in Compari-
son to other PNR PNPN and NPNPN
Ligands for the Chromium Catalyzed
Selective Ethylene Oligomerization.

[166] U. Rosenthal, Chem. Soc. Rev.
2020, 49, 2119-2139, Equilibria and
mesomerism/valence tautomerism of
group 4 metallocene complexes.

[167] U. Rosenthal, J Organomet. Chem.
2020, 907, 121071, Serendipity in unex-
pected reactions of group 4 metallocene
Bis(trimethylsilyl)acetylene
and its consequences for selected ap-
plications.

complexes

[168] U. Rosenthal, Angew. Chem. Int.
Ed. 2020, 59, 19756-19761, Vivid Wor-
ding for the Chemistry of Group 4 Me-
tallocene Complexes.

[169] U. Rosenthal, Organometallics
2020, 39, 4403-4414, Update for Re-
actions of Group 4 Metallocene Bis(tri-
methylsilyl)acetylene Complexes: A Ne-
ver-Ending Story?

[170] U. Rosenthal, Chem. Eur. J. 2020,
26, 14507-14511, Carbon Monoxide Cou-
pling Reactions: A New Concept for the
Formation of Hexahydroxybenzene.

[171] C. Rowolt, B. Milkereit, A. Sprin-
ger, C. Kreyenschulte, O. Kessler, J. Ma-
ter. Sci. 2020, 55, 13244-13257, Disso-

143



lution and precipitation of copper-rich
phases during heating and cooling of
precipitation-hardening steel X5CrNi-
CuNb16-4 (17-4 PH).

[172] P Ryabchuk, T. Leischner, C. Krey-
enschulte, A. Spannenberg, K. Junge,
M. Beller, Angew. Chem. Int. Ed. 2020,
59, 18679-18685, Cascade Synthesis of
Pyrroles from Nitroarenes with Benign
Reductants Using a Heterogeneous
Cobalt Catalyst.

[173] M. Sadeghinia, M. Rezaei, A. Ne-
mati Kharat, M. Namayandeh Jorab-
chi, B. Nematollahi, F. Zareiekordshoul,
Mol Catal. 2020, 484, 110776, Effect
of In,O, on the structural properties
and catalytic performance of the CuO/
Zn0O/AlLQ, catalyst in CO, and CO hy-
drogenation to methanol.

[174] A. Salazar, A. Linke, R. Eckelt, A.
Quade, U. Kragl, E. Mejia, Chem-
CatChem 2020, 72, 3504-3511, Oxida-
tive Esterification of 5-Hydroxymethyl-
furfural under Flow Conditions Using a
Bimetallic Co/Ru Catalyst.

[175] R. Sang, C. Schneider, R. Razzagq,
H. Neumann, R. Jackstell, M. Beller,
Org. Chem. Front. 2020, 7, 3681-3685,
Palladium-catalyzed carbonylations of
highly substituted olefins using CO-sur-
rogates.

[176] A. Sarkar, D. Formenti, F. Ferretti,
C. Kreyenschulte, S. Bartling, K. Junge,
M. Beller, F. Ragaini, Chem. Sci. 2020,
11, 6217-6221, Iron/N-doped graphene
nano-structured catalysts for general
cyclopropanation of olefins.

[177] M. Sawall, M. Ruedt, J. Hubbuch,
K. Neymeyr, J Chromatogr. A 2020,
1627, 461420, On the analysis of chro-
matographic biopharmaceutical data
by curve resolution techniques in the
framework of the area of feasible so-
lutions.

[178] M. Sawall, S. V. Zade, C. Kubis, H.
Schroder, D. Meinhardt, A. Bréacher, R.
Franke, A. Borner, H. Abdollahi, K. Ney-
meyr, Chemom. Intell. Lab. Syst. 2020,
799, 103942, On the restrictiveness of
equality constraints in multivariate cur-
ve resolution.

144 BIENNIAL REPORT 2019 | 2020

[179] J. Schneekoenig, W. Liu, T. Leisch-
ner, K. Junge, C. Schotes, C. Beier, M.
Beller, Org. Process Res. Dev. 2020,
24, 443-447, Application of Crabtree/
Pfaltz-Type Iridium Complexes for the
Catalyzed Asymmetric Hydrogenation
of an Agrochemical Building Block.

[180] C. Schneider, R. Jackstell, B. U.
W. Maes, M. Beller, Eur. J. Org. Chem.
2020, 2020, 932-936, Palladium-Cata-
lyzed Alkoxycarbonylation of sec-Ben-
zylic Ethers.

[181] G. Schnell, C. Polley, S. Bartling,
H. Seitz, Nanomaterials 2020, 10, 1241,
Effect of Chemical Solvents on the
Wetting Behavior over Time of Femto-
second Laser Structured Ti6Al4V Surfa-
ces.

[182] H. Schroeder, C. Ruckebusch, A.
Braecher, M. Sawall, D. Meinhardt, C.
Kubis, S. Mostafapour, A. Boerner, R.
Franke, K. Neymeyr, Anal. Chim. Acta
2020, 7737, 170-180, Reaction rate am-
biguities for perturbed spectroscopic
data: Theory and implementation.

[183] A. Schulz, M. Thomas, A. Villin-
ger, Inorg. Chem. 2020, 59, 3344-3352,
Synthesis and Structure of Bismuth—
Nitrogen Cage Compounds and He-
terocubanes:  [CI-Bi(u3-N-TMP)]4: A
Dimer of a 1,3-Dichloro-cyclo-dibisma-
diazane.

[184] A. Schumann, J. Bresien, M. Fi-
scher, C. Hering-Junghans, ChemRxiv.
Preprint 2020, Aryl-substituted Triar-
siranes: Synthesis and Reactivity.

[185] C. H. Schwarz, A. Agapova, H.
Junge, M. Haumann, Catal Today
2020, 342, 178-186, Immobilization of
a selective Ru-pincer complex for low
temperature methanol reforming-Ma-
terial and process improvements.

[186] T. Senthamarai, V. G. Chandras-
hekhar, M. B. Gawande, N. V. Kaleva-
ru, R. Zboril, P C. J. Kamer, R. V. Ja-
gadeesh, M. Beller, Chem. Sci. 2020,
11, 2973-2981, Ultra-small cobalt nano-
particles from molecularly-defined Co-
salen complexes for catalytic synthesis
of amines.

[187] M. Sharif, J. Opalach, R. Jackstell,
A. Pews-Davtyan, M. Beller, Arab. J. Sci.
Eng. 2020, 45, 4717-4725, Synthesis of
Pharmacologically Relevant New Deri-
vatives of Maleimides via Ligand-Free
Pd-Catalyzed Suzuki-Miyaura Cross-
Coupling Reactions.

[188] E. A. Shelepova, D. Paschek, R.
Ludwig, N. N. Medvedev, J Mol Lig.
2020, 299, 112121, Comparing the void
space and long-range structure of an
ionic liquid with a neutral mixture of si-
milar sized molecules.

[189] H. Shen, T. Peppel, J. Strunk, Z.
Sun, Solar RRL 2020, n/a, 1900546,
Photocatalytic Reduction of CO, by
Metal-Free-Based Materials: Recent
Advances and Future Perspective.

[190] J.-E. Siewert, A. Schumann, M.
Fischer, C. Schmidt, C. Hering-Jung-
hans, ChemRxiv 2020, 1-12, Terphe-
nyl(bisamino)phosphines: electron-rich
ligands for gold-catalysis.

[191] M. Sohail, N. Tahir, A. Rubab, M.
Beller, M. Sharif, Catalysts 2020, 70,
871, Facile Synthesis of Iron-Titanate
Nanocomposite as a Sustainable Mate-
rial for Selective Amination of Substitu-
ed Nitro-Arenes.

[192] N. T. Son, T. A. N. Tien, M. B. Pon-
ce, P Ehlers, N. T. Thuan, T. T. Dang,
P. Langer, Synlett 2020, 37, 1308-1312,
Synthesis of 5- and 6-Azaindoles by
Sequential Site-Selective Palladium-Ca-
talyzed C—C and C-N Coupling Reac-
tions.

[193] B. M. Stadler, A. Brandt, A. Kux,
H. Beck, J. G. de Vries, ChemSusChem
2020, 73, 556-563, Properties of No-
vel Polyesters Made from Renewable
1,4-Pentanediol.

[194] B. M. Stadler, S. Tin, A. Kux, R.
Grauke, C. Koy, T. D. Tiemersma-Weg-
man, S. Hinze, H. Beck, M. O. Glocker,
A. Brandt, J. G. de Vries, ACS Sustain-
able Chem. Eng. 2020, 8, 13467-13480,
Co-Oligomers of Renewable and “In-
ert” 2-MeTHF and Propylene Oxide for
Use in Bio-Based Adhesives.

[195] E. Steimers, M. Sawall, R. Behrens,



PUBLICATIONS 2020

D. Meinhardt, J. Simoneau, K. Minne-
mann, K. Neymeyr, E. von Harbou,
Magn Reson Chem. 2020, 58, 260-270,
Application of a new method for simul-
taneous phase and baseline correction
of NMR signals (SINC).

[196] N. Steinfeldt, N. Kockmann, /nd.
Eng. Chem. Res. 2020, 59, 4033-4047,
Experimental and Numerical Characte-
rization of Transport Phenomena in a
Falling Film Microreactor with Gas-Li-
quid Reaction.

[197] A. Strate, J. Neumann, T. Nie-
mann, P Stange, A. E. Khudozhitkoy,
A. G. Stepanov, D. Paschek, D. I. Kolo-
kolov, R. Ludwig, Phys. Chem. Chem.
Phys. 2020, 22, 6861-6867, Counting
cations involved in cationic clusters of
hydroxy-functionalized ionic liquids by
means of infrared and solid-state NMR
spectroscopy.

[198] L. Supe, M. Hein, V. O. laroshenko,
A.Villinger, P. Langer, Tetrahedron 2020,
76, 131522, Synthesis of glycosides of
1H-Pyrazolo[3,4-b]pyridin-3(2H)-ones.

[199] A. Taeufer, D. Michalik, V. Dinh
Tien, T. Khac Vu, M. Vogt, A. Koeckritz,
Tetrahedron Lett. 2020, 61, 152630, Hy-
drogenation of gossypol catalyzed by
supported noble metals.

[200] T. Taeufer, J. Pospech, J Org.
Chem. 2020, 85, 7097-7111, Palladi-
um-Catalyzed Synthesis of N,N-Di-
methylanilines via Buchwald—Hartwig
Amination of (Hetero)aryl Triflates.

[201] L. Tan, . Wang, P Zhang, Y. Suzu-
ki, Y. Wu, J. Chen, G. Yang, N. Tsubaki,
Chem. Sci. 2020, 71, 4097-4105, Design
of a core-shell catalyst: an effective
strategy for suppressing side reactions
in syngas for direct selective conversion
to light olefins.

[202] F Unglaube, P Huenemoerder,
X. Guo, Z. Chen, D. Wang, E. Mejia,
Helv. Chim. Acta 2020, 7103, 2000184,
Phenazine Radical Cations as Efficient
Homogeneous and Heterogeneous
Catalysts for the Cross-Dehydrogena-
tive Aza-Henry Reaction.

[203] F. Unglaube, E. Mejia, in Catalytic

Aerobic Oxidations, The Royal Society
of Chemistry, 2020, pp. 104-130.

[204] V. K. Velisoju, D. Jampaiah, N. Gut-
ta, U. Bentrup, A. Brickner, S. K. Bhar-
gava, V. Akula, ChemCatChem 2020, 12,
1341-1349, Conversion of y-Valerolactone
to Ethyl Valerate over Metal Promoted
Ni/ZSM-5 Catalysts: Influence of Ni%/
Ni?* Heterojunctions on Activity and
Product Selectivity.

[205] M. Vilches-Herrera, S. Gallar-
do-Fuentes, M. Aravena-Opitz, M.
Yafiez-Sanchez, H. lJiao, ). Holz, A.
Boerner, S. Luehr, J. Org. Chem. 2020,
85, 9213-9218, Reduction Over Con-
densation of Carbonyl Compounds
Through a Transient Hemiaminal Inter-
mediate Using Hydrazine.

[206] V. T. Vu, S. Bartling, T. Peppel, H.
Lund, C. Kreyenschulte, J. Rabeah, N.
G. Moustakas, A.-E. Surkus, H. D. Ta, N.
Steinfeldt, Colloids Surf, A Physicochem
Eng Asp 2020, 589, 124383, Enhanced
photocatalytic performance of polyme-
ric carbon nitride through combination
of iron loading and hydrogen peroxide
treatment.

[207] X. H. Vu, S. Nguyen, T. T. Dang,
U. Armbruster, Biomass Convers. Bio-
refin. 2020, Improved biofuel quality
in catalytic cracking of triglyceride-rich
biomass over nanocrystalline and hier-
archical ZSM., catalysts.

[208] F. Wang, T Li, Y. Shi, H. Jiao,
Cata. Sci. Technol. 2020, 70, 3029-
3046, Molybdenum carbide supported
metal catalysts (M /Mo C; M = Co, N,
Cu, Pd, Pt) — metal and surface depen-
dent structure and stability.

[209] H. Wang, X.-F. Wu, J. Organomet.
Chem. 2020, 970, 121134, Rhodium-ca-
talyzed carbonylative dimerization of
butyl acrylate: A model study.

[210] H. Wang, Y. Yuan, Y. Zhang, R. Fran-
ke, X.-F. Wu, Eur. J. Org. Chem. 2020,
2020, 2842-2845, Ruthenium-Catalyzed
ortho-Alkenylation of Aroylgermanes.

[211] H. Wang, Y. Zhang, C.-L. Li, X.-F.
Wu, J. Catal. 2020, 389, 502-505, Pal-
ladium-catalyzed carbonylative trans-

formation of phenols via in-situ triflyl
exchangement.

[212] L.-C. Wang, S. Du, Z. Chen, X.-
F. Wu, Org. Lett. 2020, 22, 5567-5571,
FeCl3-Mediated Synthesis of 2-(Trifluo-
romethyl)quinazolin-4(3H)-ones  from
Isatins and Trifluoroacetimidoy! Chlori-
des.

[213] L.-C. Wang, H.-Q Geng, J.-B. Peng,
X.-F. Wu, Eur. J. Org. Chem. 2020, 2020,
2605-2616, Iron-Catalyzed Synthesis
of 2-Aminofurans from 2-Haloketones
and Tertiary Amines or Enamines.

[214] W.-F Wang, X.-F. Wu, Catal
Commun. 2020, 733, 105835, Palladi-
um-catalyzed methylation of terminal
alkynes.

[215] X. Wang, X. Cui, S. Li, Y. Wang,
C. Xia, H. Jiao, L. Wu, Angew. Chem.
Int. Ed. 2020, 59, 13608-13612, Zirconi-
um-Catalyzed Atom-Economical Syn-
thesis of 1,1-Diborylalkanes from Termi-
nal and Internal Alkenes.

[216] A. Wotzka, R. Duhren, T. Suhrbier,
M. Polyakov, S. Wohlrab, ACS Sustain-
able Chem. Eng. 2020, 8, 5013-5017,
Adsorptive Capture of CO, from Air
and Subsequent Direct Esterification
under Mild Conditions.

[217] F-P Wu, X. Luo, U. Radius, T. B.
Marder, X.-F. Wu, J Am. Chem. Soc.
2020, 742, 14074-14079, Copper-Ca-
talyzed Synthesis of Stereodefined Cy-
clopropy! Bis(boronates) from Alkenes
with CO as the C1 Source.

[218] F.-P Wu, Y. Yuan, C. Schinemann,
P C. J. Kamer, X.-F. Wu, Angew. Chem.
Int. Ed. 2020, 59, 1045110455, Cop-
per-Catalyzed Regioselective Borocar-
bonylative Coupling of Unactivated
Alkenes with Alkyl Halides: Synthesis of
B-Boryl Ketones.

[219] C. Wulf, M. Reckers, A. Perechod-
juk, T. Werner, ACS Sustainable Chem.
Eng. 2020, 8, 1651-1658, Catalytic Sys-
tems for the Synthesis of Biscarbona-
tes and Their Impact on the Sequential
Preparation of Non-lsocyanate Polyu-
rethanes.

145



[220] J. Xiao, Y. Xie, J. Rabeah, A.
Brueckner, H. Cao, Acc. Chem. Res.
2020, 53, 1024-1033, Visible-Light Pho-
tocatalytic Ozonation Using Graphitic
C,N, Catalysts: A Hydroxyl Radical Ma-
nufacturer for Wastewater Treatment.

[221] J-X. Xu, F. Zhao, R. Franke, X.-
F. Wu, Catal Commun. 2020, 740,
106009, Ruthenium-catalyzed Suzuki
coupling of anilines with alkenyl bora-
tes via selective aryl CN bond cleavage.

[222] J-X. Xu, F. Zhao, Y. Yuan, X.-F.
Wu, Org. Lett. 2020, 22, 2756-2760,
Ruthenium-Catalyzed Carbonylative
Coupling of Anilines with Organobo-
ranes by the Cleavage of Neutral Aryl
C-N Bond.

[223] H. Yang, L.-C. Wang, W.-F. Wang,
Z. Chen, X.-F. Wu, ChemistrySelect
2020, 5, 11072-11076, Palladium-Cataly-
zed Cascade Carbonylative Cyclization
Reaction of Trifluoroacetimidoy! Chlori-
des and 2-lodoanilines: Toward 2-(Trif-
luoromethyl)quinazolin-4(3H)-ones
Synthesis.

[224] J. Yang, J. Liy, Y. Ge, W. Huang,
H. Neumann, R. Jackstell, M. Beller,
Angew. Chem. Int. Ed. 2020, 59, 20394-
20398, Direct and Selective Synthesis of
Adipic and Other Dicarboxylic Acids by
Palladium-Catalyzed Carbonylation of
Allylic Alcohols.

[225] J. Yang, J. Liu, Y. Ge, W. Huang,
C. Schneider, R. Duhren, R. Franke,
H. Neumann, R. Jackstell, M. Beller,
Chem. Commun. 2020, 56, 5235-5238,
A general platinum-catalyzed alkoxy-
carbonylation of olefins.

[226] ). Yang, S. Ren, Y. zhou, Z. Su, L.
Yao, J. Cao, L. Jiang, G. Hu, M. Kong, J.
Yang, Q. Liu, Chem. Eng. J. 2020, 397,
125446, In situ IR comparative study on
N,O formation pathways over different
valence states manganese oxides cata-
lysts during NH,=SCR of NO.

[227] E Ye, Y. Ge, A. Spannenberg, H.
Neumann, M. Beller, Nat. Commun.
2020, 77, 5383, The role of allyl am-
monium salts in palladium-catalyzed
cascade reactions towards the synthe-
sis of spiro-fused heterocycles.

146 BIENNIAL REPORT 2019 | 2020

[228] F. Ye, S. Zhang, Z. Wei, F. Weniger,
A. Spannenberg, C. Taeschler, S. Ellin-
ger, H. Jiao, H. Neumann, M. Beller,
Eur. J. Org. Chem. 2020, 2020, 70-81,
Versatile Fluorinated Building Blocks by
Stereoselective  (Per)fluoroalkenylation
of Ketones.

[229] Z. Yin, J-X. Xu, X.-F. Wu, ACS
Catal. 2020, 70, 6510-6531, No Making
Without Breaking: Nitrogen-Centered
Carbonylation Reactions.

[230] J. Ying, Q Gao, X.-F. Wu, Chem.
Asian J. 2020, 75, 1540-1543, Zinc-ca-
talyzed transformation of diarylphos-
phoryl azides to diarylphosphate esters
and amides.

[231] ). Ying, Z. Le, Z.-P Bao, X.-F. Wu,
Org. Chem. Front. 2020, 7, 1006-1010,
Palladium-catalyzed double carbonyla-
tion of propargyl amines and aryl ha-
lides to access 1-aroyl-3-aryl-1,5-dihy-
dro-2H-pyrrol-2-ones.

[232] J. Ying, Z. Le, X.-E. Wu, Org. Lett.
2020, 22, 194-198, Benzene-1,3,5-triyl
Triformate (TFBen)-Promoted Palladi-
um-Catalyzed Carbonylative Synthe-
sis of 2-Oxo-2,5-dihydropyrroles from
Propargyl Amines.

[233] J. Ying, Z. Le, X.-F. Wu, Org.
Chem. Front. 2020, 7, 2757-2760, Pal-
ladium-catalyzed double-carbonylative
cyclization of propargyl alcohols and
aryl triflates to expedite construction of
4-aroyl-furan-2(5H)-ones.

[234] Y. Yuan, B. Chen, Y. Zhang, X.-F.
Wu, J Org. Chem. 2020, 85, 5733-
5740, Pd/C-Catalyzed Carbonylative
Synthesis of a-Carbonyl-a'-Amide Sul-
foxonium Ylides from Azides.

[235] Y. Yuan, F-P Wu, C. Schuene-
mann, J. Holz, P C. J. Kamer, X.-F. Wu,
Angew. Chem. Int. Ed. 2020, 59, 22441-
22445, Copper-Catalyzed Carbonylati-
ve Hydroamidation of Styrenes to Bran-
ched Amides.

[236] Y. Yuan, F-P Wu, J-X. Xu, X.-F.
Wu, Angew. Chem. Int. Ed. 2020, 59,
17055-17061, Four-Component Boro-
carbonylation of Vinylarenes Enabled
by Cooperative Cu/Pd Catalysis: Access

to B-Boryl Ketones and B-Boryl Vinyl
Esters.

[237] Y. Yuan, Y. Zhang, B. Chen, X.-
F. Wu, iScience 2020, 23, 100771, The
Exploration of Aroyltrimethylgermane
as Potent Synthetic Origins and Their
Preparation.

[238] H. J. Zeng, . S. Menges, T. Nie-
mann, A. Strate, R. Ludwig, M. A.
Johnson, J. Phys. Chem. Lett. 2020, 11,
683-688, Chain Length Dependence of
Hydrogen Bond Linkages between Ca-
tionic Constituents in Hydroxy-Functio-
nalized lonic Liquids: Tracking Bulk Be-
havior to the Molecular Level with Cold
Cluster lon Spectroscopy.

[239] N. Zhang, J. Ma, R. Li, H. Jiao, ACS
Catal. 2020, 70, 9215-9226, Hydrocra-
cking of Fused Aromatic Hydrocarbons
Catalyzed by Al-Substituted HZSM-
5—A Case Study of 9,10-Dihydroan-
thracene.

[240] S. Zhang, H. Neumann, M. Beller,
Chem. Soc. Rev. 2020, 49, 3187-3210,
Synthesis of o,B-unsaturated carbonyl
compounds by carbonylation reactions.

[241] S. Zhang, F. Weniger, C. R. Krey-
enschulte, H. Lund, S. Bartling, H. Neu-
mann, S. Ellinger, C. Taeschler, M. Beller,
Cata. Sci. Technol. 2020, 70, 1731-1738,
Towards a practical perfluoroalkylation
of (hetero)arenes with perfluoroalkyl
bromides using cobalt nanocatalysts.

[242] S. Zhang, F. Weniger, F Ye,
J. Rabeah, S. Ellinger, F. Zaragoza, C.
Taeschler, H. Neumann, A. Brueckner,
M. Beller, Chem. Commun. 2020, 56,
15157-15160, Selective nickel-catalyzed
fluoroalkylations of olefins.

[243] Y. Zhang, H.-). Ai, X.-F. Wu, Org.
Chem. Front. 2020, 7, 2986-2990, Cop-
per-catalyzed carbonylative synthesis
of pyrrolidine-containing amides from
y,6-unsaturated aromatic oxime esters.

[244] Y. Zhang, X.-F. Wu, Org. Chem.
Front. 2020, 7, 3382-3386, Copper-ca-
talyzed borylative cyclization of y,&-un-
saturated aromatic oxime esters to (bo-
rylmethyl)pyrrolidines.



PUBLICATIONS 2020

[245] Y. Zhang, Z. Yin, H. Wang, X.-F.
Wu, Chem. Commun. 2020, 56, 7045-
7048, Iron-catalyzed carbonylative cy-
clization of y,6-unsaturated aromatic
oxime esters to functionalized pyrro-
lines.

[246] Y. Zhang, Z. Yin, X.-F. Wu, Eur. J.
Org. Chem. 2020, 2020, 213-216, Car-
bonylative Acetylation of Heterocycles.

[247] Y. Zhang, Z. Yin, X.-F. Wu, Org.
Lett. 2020, 22, 1889-1893, Copper-Ca-
talyzed Carbonylative Synthesis of 5-
Homoprolines from N-Fluoro-sulfona-
mides.

[248] Y. Zhang, Y. Zhao, T. Otroshchen-
ko, A. Perechodjuk, V. A. Kondratenko,
S. Bartling, U. Rodemerck, D. Linke,
H. Jiao, G. Jiang, E. V. Kondratenko,
ACS Catal. 2020, 10, 6377-6388, Struc-
ture-Activity-Selectivity ~ Relationships
in Propane Dehydrogenation over Rh/
ZrO, Catalysts.

[249] F. Zhao, C.-L. Li, X.-F. Wu, Chem.
Commun. 2020, 56, 9182-9185, De-
aminative carbonylative coupling of
alkylamines with styrenes under transi-
tion-metal-free conditions.

[250] J. Zhao, Y. He, F. Wang, W. Zheng,
C. Huo, X. Liu, H. Jiao, Y. Yang, Y. Li, X.
Wen, ACS Catal. 2020, 70, 914-920,
Suppressing Metal Leaching in a Sup-
ported Co/SiO, Catalyst with Effective
Protectants in the Hydroformylation
Reaction.

[251] L. Zhu, C. Liu, X. Wen, Y.-W. Lj,
H. Jiao, J Phys. Chem. C 2020, 124,
25835-25845,  Coverage-Dependent
Water Dissociative Adsorption Proper-
ties on Nickel Surfaces.

SITE PLAN

DIRECTIONS:
BY CAR

Coming from the A 20, take exit no. 15 SUDSTADT
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NOBELSTRASSE. From NOBELSTRASSE, turn right
onto SUDRING and continue to follow the signs for
the city centre. At the next major intersection, turn
left into ERICH-SCHLESINGER-STRASSE.

At the roundabout take the second exit into
ALBERT-EINSTEIN-STRASSE. Follow this road for
approx. 150 metres and then take the first turning
on the right. After about 50 metres you will see
LIKAT on your left.

BY PUBLIC TRANSPORTATION

From the main railway station, take tram line 5 in the
direction of SUDBLICK or line 6 in the direction of
CAMPUS SUDSTADT and get off at the ERICH-
SCHLESINGER-STRASSE stop. Cross the street and
walk along ERICH-SCHLESINGER-STRASSE to LIKAT.
Follow ERICH-SCHLESINGER-STRASSE and turn left
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right. After about 50 metres you will see LIKAT on
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