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94. S. Püschel, J. Sadowski, T. 
Rösler, K. R. Ehmann, A. J. 
Vorholt*, W. Leitner 
άAuto-tandem catalytic 
reductive hydroformylation 
in a CO2-switchable solvent 
systemά,  
ACS Sus. Chem.& Eng., 
accepted, DOI: 
10.1021/acssuschemeng.2c0
0419   

The upgrading olefin-enriched Fischer-Tropsch cuts by the synthesis of alcohols leads to drop-in 
capable bio-synthetic fuels with low carbon emissions. As alternative to the conventional two-step 
production of long-chain alcohols, tandem-catalytic systems improve energy and resource efficiency. 
Herein, we present an auto-tandem catalytic system for the production of alcohols from olefin-paraffin 
mixtures. By utilization of a tertiary alkanolamine as ligand as well as switchable component in the 
solvent system, a lean reaction system capable of catalyst recycling was developed. The system was 
characterized in regard to the switchable solvent separation approach and reaction parameters, 
resulting in alcohol yields of up to 99.5% and Turnover Frequencies of up to 764 h-1. By recycling the 
catalyst in 10 consecutive reactions, a Total Turnover Number of 2810 was achieved. 

93. K. Köhnke, N. Wessel, J. 
Esteban, J. Jin, A. J. Vorholt*, 
W. Leitner 
άOperando monitoring of 
mechanisms and 
deactivation of molecular 
catalystsά,  
Green Chem., 
2022, accepted, DOI: 
10.1039/D1GC04383H 

 
Observing and understanding the phenomena associated with the reaction mechanisms and catalyst 
deactivation in molecular catalysis is a very challenging task in green chemisty. This knowledge is 
crucial for applying and scaling catalyzed reactions as well as preventing misproduction at a very early 
point. Over the years, experimental arrangements have evolved towards analysis of catalysts and 
reaction products in the so-called operando setups. This contribution reflects on the potential of 
operando studies to elucidate reaction and deactivation mechanisms in homogeneous catalysis as well 
as the outstanding opportunities that arise from the application of operando experimental setups. 
Such setups mostly rely on spectroscopic analysis, optionally coupled with chromatographic 
techniques that monitor the reaction system. This in turn means that not only the evolution of the 
reaction substrates and products can be monitored, but also changes of the molecular catalyst species 
that may affect the catalytic performance. Therefore, this review focusses on techniques to monitor 
the catalyst under real conditions.  
In this review, different spectroscopic techniques relevant for monitoring molecular transition metal 
catalysts in solution are covered, followed by numerical methods used in the chemometrics literature 
to undertake the challenge of untangling the complex raw signals and allocating them to individual 
chemical species. Finally, two exemplary case studies of industrially relevant chemical reactions are 
presented, namely the hydroformylation and the asymmetric hydrogenation. These examples 
illustrate the significance of the application of both the experimental setups as well as data processing 
and signal resolution to have an insight into the deactivation of catalytic systems. The operando 
approach shows high potential for the increased use in future research to develop stable and more 
selective catalysts which can be applied in greener processes. 

92. L. Hombach, N. 
Simitsis, J. T. Vossen, 
A. J. Vorholt, A. K. 
Beine 
άSolidified and 
Immobilized 
Heteropolyacids for 
the Valorization of 
Lignocelluloseά,  
Chemcatchem., 
2022, accepted, 
DOI:10.1002/cctc.20
2101838 

 
Heteropolyacids have been identified as promising for catalyzing the reaction types of hydration and 
dehydration, which play an important role in the valorization of lignocellulose. Not only do they 
possess adaptable Brønsted acidity, but they additionally show a redox multi functionality. To increase 
the industrial applicability of this promising class of catalysts and to enable recycling, many different 
approaches for immobilization (such as multiphasic catalysis or grafting) and solidification (such as salt 
formation) have been pursued in recent years. This review summarizes these efforts and highlights the 
studied acid-catalyzed lignocellulose conversions, trends and current challenges. 

https://www.cec.mpg.de/de/forschung/molekulare-katalyse/dr-andreas-vorholt
https://scholar.google.de/citations?user=hVqtxqUAAAAJ&hl=de
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c00419
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c00419
https://pubs.rsc.org/en/content/articlepdf/2022/GC/D1GC04383H?page=search
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91. M. Schrimpf, P. A. Graefe, 
A. E. Kaczyna, A. J. Vorholt*, 
W. Leitner 
άMeasuring droplet sizes 
generated by 3D-printed 
stirrers in a lean gas-liquid-
liquid system using 
borescopyά,  
IC&E., 
2022, accepted, DOI: 
10.1021/acs.iecr.1c03707 
Highlighted as cover picture 
DOI: 
https://pubs.acs.org/toc/iecre
d/61/7. 

 

Photo-optical probes with automated image analysis are among the most promising measurement 
techniques for gas-liquid-liquid systems, but literature on the application in lean water-in-oil 
dispersions is scarce. Taking water-in-1-octene as a model system, adhering droplets that severely 
cloud the images are successfully prevented using a polymeric disc made of polycarbonate or 
fluorinated ethylene propylene. Sharp bright-field imaging is enabled using a neither fully diffuse nor 
specular reflection pane. Various 3D-printed stirrers are characterized by their energy input, including 
gas-inducing modifications. Gas induction impairs the energy input of the stirrer and the imaging of 
droplets. Nevertheless, the measurement technique reliably provides droplet size distributions that 
exclude gas bubbles. Axial stirrers are preferable if one position at high stirring speeds is measured, as 
the homogeneity of droplet sizes along the reactor height is promoted. Radial stirrers are preferable if 
the stirring speed is varied, as the same trend of the droplets sizes is measurable along the reactor 
height. For radial stirring, the most beneficial position of the probe is close or slightly above the stirrer. 
The use of borescopy is thus found to be feasible if adhering droplets can be prevented and vision on 
droplets is not obstructed by too many bubbles. 

90. S. Püschel, E. Hammami, 
K. R. Ehmann,   T. Rösler, A. 
J. Vorholt*, W. Leitner 
άAuto-tandem catalytic 
reductive hydroformylation 
with continuous multiphase 
catalyst recyclingά,  
Catal. Sci. Tech., 
2022, 12, 728 - 736, 
DOI:10.1039/D1CY02000E 
Highlighted as cover picture 
DOI: 10.1039/D2CY90011D  
The production of alcohols from olefin-enriched Fischer-Tropsch cuts represents a promising route to 
CO2-neutral bio-synthetic fuels. Tandem-catalytic systems as alternative for the conventional two-step 
production of long-chain alcohols are attractive in terms of energy and resource efficiency. Herein, we 
present the first rhodium-based catalytic system capable of direct conversion of olefins to alcohols in 
a biphasic liquid/liquid system. After optimizing reaction conditions for the biphasic operation, an 
alcohol selectivity of up to 64% was achieved, while aldehydes and olefin isomers were observed as 
main byproducts. By the employment of water-soluble alkanolamines, the catalyst is immobilized in a 
water phase and can be easily separated from the product containing organic phase with rhodium loss 
as low as 0.1%. After investigation of various reaction parameters, a TON of 128 in batch operation 
was achieved. Furthermore, the developed catalyst recycling strategy was implemented in a 
continuously operated miniplant, reaching a TTON for alcohol production of 1236 after 50 hours. 

89. H. Kreissl, J. Jin, S. 
Lin, D. Schütte, S. 
Störtte, N. Levin, B. 
Chaudret, A. J. 
Vorholt, A. Bordet and 
W. Leitner 
άCommercial  
Cu2Cr2O5Decorated 
with  Iron  Carbide  
Nanoparticles as  
Mult ifunctional  
Catalyst  for  
Magnetically  Induced  
Continuous Flow 
Hydrogenation of 
Aromatic Ketonesά,  
Angew. Chem, 
2021, 60, 26639ς
26646, 
DOI:10.1002/anie.202

10791 

Commercial copper chromite is decorated with iron carbide nanoparticles 
using  a simple and versatile method, producing a magnetically activable 
multifunctional catalytic system. This system (ICNPs@Cu2Cr2O5) is able to 
reduce aromatic ketones to aromatic alcohols when exposed to a high 
frequency alternating current magnetic field, i.e.magnetic induction. Under 
magnetic excitation, the ICNPs generate locally confined hot spots, activating 
selectively the Cu2Cr2O5 surface while the global temperature of the reaction 
mixture remains low  (~  80°C).  The  ICNPs@Cu2Cr2O5catalyst selectively 
hydrogenates a scope of benzylic and non-benzylic ketones under these mild 
conditions (3 bar H2, heptane), while ICNPs@Cu2Cr2O5or Cu2Cr2O5are inactive 
when the same global temperature is adjusted by conventional heating. A 
flow reactor is presented allowing the combined use of magnetic induction 
for continuous flow hydrogenation at elevated pressure. The excellent 
catalytic properties of ICNPs@Cu2Cr2O5for the hydrogenation of biomass-
derived furfuralacetone are conserved for at least 17 hours on stream, 
demonstrating  for the first time the  application of a  magnetically heated 
catalyst to a continuously operated hydrogenation reaction in the liquid 
phase. The reported  approach for the decoration of solid materials with 
magnetically activated nanoparticles may be applied to a wide range of 
heterogeneous catalysts, generalizing the access to potential advantages 
associated with magnetic induction in catalysis. 

 

https://www.cec.mpg.de/de/forschung/molekulare-katalyse/dr-andreas-vorholt
https://doi.org/10.1021/acs.iecr.1c03707
https://pubs.acs.org/toc/iecred/61/7
https://pubs.acs.org/toc/iecred/61/7
http://dx.doi.org/10.1039/D1CY02000E
https://doi.org/10.1039/D2CY90011D
https://onlinelibrary.wiley.com/doi/pdf/10.1002/anie.202107916
https://onlinelibrary.wiley.com/doi/pdf/10.1002/anie.202107916
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88. S. Püschel, S. Störtte, J. 
Topphoff, A. J. Vorholt*, W. 
Leitner 
άGreen process design for 
reductive 
hydroformylation of 
renewable olefin cuts for 
drop-in diesel fuelsά,  
Chemsuschem, 
2021, 14,23, 5226-5234 
DOI:10.1002/cssc.2021009
29. 

 
CO2 neutral fuels are a way to cleaner and more sustainable mobility. Utilization of bio-syngas via 
Fischer-Tropsch (FT) synthesis represents an interesting route for the production of tailormade 
biofuels. Recent developments in FT catalyst research led to olefin-enriched products, enabling the 
synthesis of alcohol-enriched fuels by reductive hydroformylation of the C=C double bond. Several 
alcohols have already proven to be suitable fuel additives with favorable combustion behavior. We 
investigated a hydroformylation-hydrogenation sequence of FT-olefin-paraffin mixtures as a potential 
route to alcohols. A liquid-liquid biphasic system with a rhodium/TPPTS catalyst system was chosen for 
effective catalyst recycling. After optimizing reaction conditions with a model substrate consisting of 1 
octene and n heptane the conversion of an actual olefin-containing C5 C10 FT product fraction to 
alcohols in continuously operated processes for 37 hours has been achieved with total Turnover 
number of 23,679 

87. T.Rösler, K.R.Ehmann, K.Köhnke, 
M.Leutzsch, N.Wessel, A.J.Vorholt*, 
W.Leitner 
άReductive Hydroformylation With 
A Selective And Highly Active 
Rhodium Amine Systemά,  
J. Catal., 2021, 400, 234-243 DOI:  
10.1016/j.jcat.2021.06.001 

 
Direct synthesis of alcohols from olefins via reductive hydroformylation is important for various 
applications. Catalytic systems of rhodium in combination with tertiary amines are highly selective but 
have rarely been reported. Little is known about the role of tertiary amines or even if they act as ligands 
during the catalytic cycle. In this research, the role of the amine during those reactions was 
investigated in depth. As a model reaction, 1-octene was converted to 1-nonanol using a molecular 
rhodium catalyst in combination with various trialkylamines. Identification of important parameters 
such as the amine concentration and the carbon monoxide partial pressure hint that there is a 
susceptible equilibrium for the catalytically active species. A Tolman-like map was created in which the 
steric bulkiness and the basicity of employed amines was compared to the hydrogenation activity of 
the resulting reaction system. A clear dependency on steric and electronic constraints was found, 
which is typical for metal bound ligands. The nature of the catalyst was intensively studied via 13C- and 
103Rh-NMR during which the equilibrium of several anionic rhodium species was identified. In situ 1H-
NMR showed the presence of two major hydride species during the reaction. The equilibrium of those 
hydrides is heavily influenced by the nature of the applied amine indicating that it is essential for the 
hydride formation. Complementary in situ IR-experiments confirmed the formation of anionic rhodium 
species in presence of triethylamine with [Rh(CO)4]ς being the major rhodium-carbonyl species. 

86.  M. Schrimpf, J. 
Esteban, H. Warmeling, T. 
Färber, A. Behr, A. J. 
Vorholt 
άTaylor-Couette reactor: 
Principles, design, and 
applicationsά,  
AICHE 
2021, 67, e17228., DOI:  
10.1002/aic.17228  
The Taylor-Couette reactor (TCR) is an apparatus that capitalizes on the Taylor-Couette flow, which 
allows many flow regimes and conditions to perform (bio-)chemical conversions with precise control 
of various reactor characteristics. With the possibility to continuously perfuse the reactor with a 
reaction medium, the TCR becomes interesting for chemical engineering applications. In this review, 
we introduce this reactor type and provide an overview of its history, principles of the flow regimes, 
and a description and design aspects of the reactors and their elements. Available information in the 
literature is summarized and harmonized to present available formulas and correlations in a consistent 
set of variables. Additionally, a wide number of applications in process technology are covered, 
including reactions in homogeneous, photo, and enzymatic catalysis, polymer synthesis, and 
crystallization and aggregation-flocculation processes. Focusing on this reactor configuration, this 
article intends to be used as a hub for scientific groups interested in TCRs. 

85. M. Strohmann, J. T. Vossen, A. J. 
Vorholt*, W. Leitner 
άRecycling of Two Molecular 
Catalysts in the Hydroformylation/ 
Aldol Condensation Tandem 
Reaction Using One Multiphase 
System ά,  
Green Chem. 
2020, 22, 8444-8451, DOI:  
10.1039/D0GC03392H  
Tandem reactions are of great importance to efficiently execute multiple conversions in one synthesis 
step. Herein we present a multiphase system for the hydroformylation/aldol condensation, which is 
able to recycle both optimized catalysts multiple times.  The system consists of an organometallic 
rhodium/sulfoXantphos hydroformylation catalyst and basic NaOH as aldol condensation initiator, 
which are both immobilized in a polyethylene glycol phase. Under reaction conditions, NaOH is 
converted to sodium formate, which is still able to catalyse the aldol condensation. The reaction and 
recycling are demonstrated by the conversion of 1 pentene to the corresponding aldol product in a 
recycling experiment. During nine consecutive runs, no significant loss of activity is found with an 
overall TON of 8700 in regard to the rhodium catalyst and an average rhodium leaching of only of 
0.07% per run is observed. 

https://www.cec.mpg.de/de/forschung/molekulare-katalyse/dr-andreas-vorholt
http://dx.doi.org/10.1002/cssc.202100929
http://dx.doi.org/10.1002/cssc.202100929
https://doi.org/10.1016/j.jcat.2021.06.001
https://doi.org/10.1002/aic.17228
https://pubs.rsc.org/en/content/articlelanding/2020/gc/d0gc03392h#!divAbstract
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82. J. Esteban, A.J. Vorholt*, W. 
Leitner 
άAn overview of the biphasic 
dehydration of sugars to 5-
hydroxymethylfurfural and furfural: 
a rational selection of solvents using 
COSMO-RS and selection guides ά,  
Green Chem.  
2020, 22, 2097-2128, DOI: 
10.1039/C9GC04208C 

 
The valorization of sugars from lignocellulosic biomass has attracted much interest for the production 
of chemicals and fuels. From the dehydration of glucose or fructose and xylose, 5-
hydroxymethylfurfural (5-HMF) and furfural can be obtained, respectively, which are highly praised 
chemicals used as building blocks. To increase the productivity of the process avoiding undesired side 
reactions that furans may undergo in the reaction phase, many authors follow a liquidςliquid approach. 
This way, an in situ extraction of the dehydration products occurs from the reaction phase (usually 
aqueous) to an organic solvent phase. Solvent selection is a matter of interest in Green Chemistry; 
therefore, careful consideration must be given to select the most appropriate alternatives in terms of 
performance, environmental, health and safety (EHS) impacts and subsequent downstream 
processing. For performance, the COnductor-like Screening MOdel for Real Solvents (COSMO-RS) has 
emerged as a tool to screen among different candidates based on structural information of the 
molecules. For EHS considerations, different solvent guides assist in the assessment of the most 
favourable alternatives. This review provides a comprehensive survey of the solvents and operational 
conditions employed in the biphasic dehydration of sugars to 5-HMF and furfural, followed by an 
account of the selection guides and methods for the evaluation of solvents, including COSMO-RS. 
Finally, to contrast with the most commonly selected solvents, such as methyl isobutyl ketone, a 
rational screening is presented here for the biphasic production of furans based on COSMO-RS 
predictions and the assessment of the selection guides.  

 

81. M. Terhorst, A. Kampwerth, A. Marschand, 
D., Vogt, A.J., Vorholt, T., Seidensticker, 
άFacile catalyst recycling by thermomorphic 
behaviour avoiding organic solvents: a reactive 
ionic liquid in the homogeneous Pd-catalysed 
ǘŜƭƻƳŜǊƛǎŀǘƛƻƴ ƻŦ ǘƘŜ ǊŜƴŜǿŀōƭŜ ʲ-myrcene ά,  
Catal Sci. & Tech.  
2020, 10, 1827ς1834, DOI: 
10.1039/C9CY02569C 

 
For the first time, the reactive ionic liquid N,N-dimethyl ammonium N,N-dimethyl carbamate (dimcarb) 
was used as a polar solvent in the palladium-catalyzed telomerisation of the renewable monoterpene 
-̡myrcene. By doing so, it was possible to avoid any volatile organic solvents. Moreover, the special 

decomposition behaviour of the reactive ionic liquid dimcarb could be exploited to the extent that 
dimethyl amine was used as a reagent in the reaction. Accordingly, non-symmetrical C20-chain dimethyl 
ŀƳƛƴŜǎ ǿŜǊŜ ǇǊƻŘǳŎŜŘ ŦǊƻƳ ʲ-myrcene and dimethylamine liberated by dimcarb, achieving 
selectivities higher than 80%. Detailed investigations revealed the thermomorphic behaviour of the 
ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜ ŎƻƴǎƛǎǘƛƴƎ ƻƴƭȅ ƻŦ ŘƛƳŎŀǊōΣ ʲ-myrcene and the catalytic system. The advantageous 
temperature-dependent phase behaviour resulted in one liquid phase occurring at the reaction 
temperature and two liquid phases upon cooling. Consequently, a virtually pure organic product phase 
could be separated from the polar catalyst-containing dimcarb phase. Immobilization of the catalyst in 
the polar reactive ionic liquid phase was ensured by the use of sulfonated triphenylphosphine 
derivatives. Subsequently, the separated catalyst-containing dimcarb phase was successfully reused in 
14 consecutive recycling runs with only minimal leaching of both the catalyst and dimcarb, reaching a 
ǘƻǘŀƭ ǘǳǊƴƻǾŜǊ ƴǳƳōŜǊ ƻŦ мн лллΦ 

84. M. Terhorst, C. Plass, A. Hinzmann, 
A. Guntermann, T. Jolmes,J. Rösler,D. 
Panke, H. Gröger, D. Vogt, A. J. Vorholt, 
T. Seidensticker 
άOne-pot synthesis of aldoximes from 
alkenes via Rh-catalysed 
hydroformylation in an aqueous 
solvent system ά,  
Green Chem. 
2020, 22, 7974-7982 , DOI: 
10.1039/d0gc03141k  

Aldoxime synthesis directly starting from alkenes was successfully achieved through the combination 
of hydroformylation and subsequent condensation of the aldehyde intermediate with aqueous 
hydroxylamine in a one-pot process. The metal complex Rh(acac)(CO)2 and the water-soluble ligand 
sulfoxantphos were used as the catalyst system, providing high regioselectivities in the initial 
hydroformylation. A mixture of water and 1-butanol was used as an environmentally benign solvent 
ǎȅǎǘŜƳΣ ŜƴǎǳǊƛƴƎ ǎǳŶŎƛŜƴǘ ŎƻƴǘŀŎǘ ƻŦ ǘƘŜ ŀǉǳŜƻǳǎ Ŏŀǘŀƭȅǎǘ ǇƘŀǎŜ ŀƴŘ ǘƘŜ ƻǊƎŀƴƛŎ ǎǳōǎǘǊŀǘŜ ǇƘŀǎŜΦ ¢ƘŜ 
reaction conditions were systematically optimised by Design of Experiments (DoE) using 1-octene as a 
model substrate. A yield of 85% of the desired linear, terminal aldoxime ((E/Z)-nonanal oxime) at 95% 
regioselectivity was achieved. Other terminal alkenes were also converted successfully under the 
optimised conditions to the corresponding linear aldoximes, including renewable substrates. 
5ƛũŜǊŜƴŎŜǎ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ ǊŀǘŜ ƘŀǾŜ ōŜŜƴ ƛƴǾŜǎǘƛƎŀǘŜŘ ōȅ ǊŜŎƻǊŘƛƴƎ ǘƘŜ Ǝŀǎ ŎƻƴǎǳƳǇǘƛƻƴΣ ǿƘŜǊŜōȅ 
turnover frequencies (TOFs) >2000 hҍ1 were observed for 4-vinylcyclohexene and styrene, respectively. 
The high potential of aldoximes as platform intermediates was shown by their subsequent 
transformation into the corresponding linear nitriles using aldoxime dehydratases as biocatalysts. The 
overall reaction sequence thus allows for a straightforward synthesis of linear nitriles from alkenes 
with water being the only by-product, which formally represents an anti-Markovnikov hydrocyanation 
of readily available 1-alkenes. 

83. M. Terhorst, C. Heider, A. J. 
Vorholt, D. Vogt, T. Seidensticker 
άProductivity leap in the 
homogeneous ruthenium-catalyzed 
alcohol amination through catalyst 
recycling avoiding volatile organic 
solvents ά,  
ACS Sustainable Chem. Eng. 
2020, 8, 27, 9962ς9967, DOI: 
10.1021/acssuschemeng.0c03413 

 
A reactive ionic liquid was successfully applied in the homogeneous ruthenium-catalyzed alcohol 
amination for the first time. Through detailed investigation of the phase behavior and the application 
of sulfonated ligands, a biphasic system was developed, which fulfils several key points of a sustainable 
process. This strategy allows, without use of additional volatile organic compounds, a pure product 
phase to be obtained, enabling the catalyst to be used in repetitive recycling runs. Hence, the 
productivity of the catalyst was increased fivefold to a cumulative TON of >2,500, which reflects a 
particularly high catalyst productivity for homogeneous ruthenium catalyzed alcohol amination. 

T
O
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https://www.cec.mpg.de/de/forschung/molekulare-katalyse/dr-andreas-vorholt
https://doi.org/10.1039/C9GC04208C
https://doi.org/10.1039/C9CY02569C
https://pubs.rsc.org/en/content/articlelanding/2020/gc/d0gc03141k#!divAbstract
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80. D. Vogelsang, J. Vondran, K. 
Hares, K. Schäfer, T. Seidensticker, A. 
J. Vorholt* 
άPalladium catalysed acid-free 
Carboxytelomerisation of 1,3-
Butadiene with Alcohols accessing 
Pelargonic Acid Derivatives including 
Triglycerides under selectivity 
controlά,  
Adv. Syn. & Catal.  
2020, 362, 3, 679-687 DOI: 
10.1002/adsc.201901383 

 
Palladium catalysed carboxytelomerisation of 1,3-butadiene with alcohols yields unsaturated C9-
pelargonic esters in an atom-economic and straightforward way. Although carboxytelomerisation is of 
current interest, limitations of applicable alcohol substrates have not been fully investigated. In here, 
we present the transfer of the catalytic system comprising palladium acetate and tri-n-butyl phosphine 
in pyridine to a broad variety of 20 alcohols with vast difference in nucleophilicity and sterical demands 
yielding the corresponding esters in a 100 % atom economic manner. Effects of nucleophilicity and 
sterical demands were revealed for monoalcohols, di- and polyols. Whilst yields, chemoselectivity and 
E/Z-selectivity of the pelargonic acid derivatives were excellent with up to 99%, selectivity towards 
mono-, di- and triesters could be controlled successfully. Finally, the reaction profile of the 
carboxytelomerisation glycerol was uncovered, yielding up to 97% of industrially relevant unsaturated 
C9-short chain fats 

 

2019 

79. M. Strohmann, A. Bordet, A. J. 
Vorholt * and W. Leitner 
άTailor-made biofuel 2-
butyltetrahydrofuran 
ŦǊƻƳ ǘƘŜ Ŏƻƴǘƛƴǳƻǳǎ ƅƻǿ 
hydrogenation and 
deoxygenation of furfuralacetone ά,  
Green Chem,  
2019, , 21, 6299-6306, DOI: 
10.1039/c9gc02555c 

 
Lƴ ǘƘƛǎ ǿƻǊƪΣ ǿŜ ǇǊŜǎŜƴǘ ǘƘŜ ŬǊǎǘ Ŏƻƴǘƛƴǳƻǳǎ ƅƻǿ ǇǊƻŎŜǎǎ ǘƻ ǇǊƻŘǳŎŜ ǘƘŜ ǘŀƛƭƻǊŜŘ ōƛƻŦǳŜƭ н-
butyltetrahydrofuran from renewable resources. In a two-step approach lignocellulose-derived 
ŦǳǊŦǳǊŀƭŀŎŜǘƻƴŜ ƛǎ ŬǊǎǘ ƘȅŘǊƻƎŜƴŀǘŜŘ ŀƴŘ ǘƘŜƴ ŘŜƻȄȅƎŜƴŀǘŜŘ ƻǾŜǊ ŎƻƳƳŜǊŎƛŀƭ Ŏŀǘŀƭȅǎǘǎ ǘƻ ŦƻǊƳ ǘƘŜ 
desired product. Both reactions were studied independently in batch conditions. The transition to a 
continuous ƅow system was doneand various parameters were tested in the miniplant. Both reactions 
were performed in a two-reactor-concept approach to yield the desired 2-butyltetrahydrofuran in a 
high yield directly from furfuralacetone. 

 

78. J. Bianga, K. U. Künnemann, T. 
Gaide, A. J. Vorholt, T. Seidensticker, 
J. M. Dreimann, D. Vogt 
άThermomorphic Multiphase 
{ȅǎǘŜƳǎ π {ǿƛǘŎƘŀōƭŜ {ƻƭǾŜƴǘ 
Mixtures for the Recovery of 
Homogeneous Catalysts in Batch 
and Flow Processes ά,  
Chemistry - A European Journal,  
2019, 25, 50, 11586-11608, DOI: 
10.1002/chem.201902154  
Over the past 20 years, thermomorphic multiphase systems (TMS) have been used as a versatile and 
elegant strategy for the recovery and the recycling of homogeneous transition metal catalysts, in both 
batch scale experiments and continuous operated processes. TMS ensure homogeneous reaction in a 
monophasic reaction mixture at reaction temperature as well as the recovery of the homogeneous 
transition metal catalyst via liquid-liquid separation at lower separation temperature. This is achieved 
by using at least two solvents, which have a highly temperature sensitive miscibility gap. The suitability 
of commercially available solvents makes this approach highly interesting from an industrial point of 
view.  
For the first time the present article reviews all works in the area of TMS aiming at a concise and 
integral representation of this approach for homogeneous catalyst recovery. Besides the discussion of 
examples from literature, also the thermodynamic fundamentals of temperature dependent miscibility 
of solvents are presented. In addition, this review gives key indicators to compare different TMS 
approaches, for instance. In this way, new solvent combinations and in-depth research as well as 
improvements of existing approaches can be addressed and promoted. 

 

77. J. Esteban, H. Warmeling, A. 
J. Vorholt 
άUtilization of deep eutectic 
solvents based on choline 
chloride in the biphasic 
hydroformylation of 1-decene 
with rhodium complexes ά,  
Catalysis Communications,  
2019, 129, 105721, DOI: 
10.1016/j.catcom.2019.105721  
The hydroformylation of 1-decene was conducted in a liquid-liquid system consisting of a deep eutectic 
solvent to enable recycling of the noble metal catalyst. Operation using different phosphine-based 
ligands was analyzed (Biphephos, Sulfoxantphos and TPPMS) testing five deep eutectic solvents (DES) 
as polar phases. These were based on choline chloride (ChCl) as hydrogen bond acceptor with glycerol 
(Gly), ethylene glycol, glycerol carbonate, 1,2-propanediol and urea (U) as hydrogen bond donors, all 
of renewable origin. Screening of DESs and ligands was made reutilizing the best, being ChCl:U, 
ChCl:Gly and again ChCl:U the best performing media using Biphephos, Sulfoxantphos and TPPMS, 
respectively. 

 

https://www.cec.mpg.de/de/forschung/molekulare-katalyse/dr-andreas-vorholt
https://onlinelibrary.wiley.com/doi/abs/10.1002/adsc.201901383
https://pubs.rsc.org/en/Content/ArticleLanding/2019/GC/C9GC02555C#!divAbstract
https://doi.org/10.1002/chem.201902154
https://doi.org/10.1016/j.catcom.2019.105721
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76. J. M. Dreimann, E. Kohls, H. 
F. W. Warmeling, M. Stein, L. F. 
Guo, M. Garland, T. N. Dinh, A. 
J. Vorholt 
άIn-situ infrared spectroscopy 
as a tool for monitoring 
molecular catalyst for 
hydroformylation in continuous 
processes ά,  
ACS Catalysis,  
2019, 9, 5, 4308-4319, DOI: 
10.1021/acscatal.8b05066 

 

Non-invasive in-situ monitoring of catalyzed chemical reactions can show and monitor the stability of 
the used catalyst and ensure a high yield of the desired chemical processes. This study showed that 
infrared measurements in transmission mode are able to detect active catalytic species and can show 
deactivation phenomena in batch reactions and continuously operated miniplants. Apart from the 
substrates and products, a number of catalytic intermediates appear to be in equilibrium exchange at 
reaction conditions and hence the deconvolution of multi-species spectra exhibits superimpositions of 
these species. Quantum chemical calculations support the structural identification of recorded 
vibrational spectra. This comparative study of ATR versus transmission and batch experiment versus 
continuously operated miniplant shows that transmission IR is capable of getting in-depth 
spectroscopic data which can be deconvoluted by BTEM. A distinct dosing strategy is important to get 
meaningful data on the molecular catalyst under process conditions. This study gives a unique 
perspective on inςsitu spectroscopic infrared investigations in molecular catalysis and future process 
control. 

 

75. C. Plass, A. Hinzmann, M. 
Terhorst, W. Brauer, K. Oike, H. 
Yavuzer, Y. Asano, A. J. Vorholt, 
T. Betke, H. Gröger 
άApproaching Bulk Chemical 
Nitriles from Alkenes: A 
Hydrogen Cyanide-Free 
Approach through Combination 
of Hydroformylation and 
Biocatalysis ά,  
ACS Catalysis,  
2019, 9, 6, 5198-5203, DOI: 
10.1021/acscatal.8b05062  
A current challenge in catalysis is the development of novel catalytic methodologies for the production 
of bulk chemicals needed on multi-ten/hundred-thousands of tons per year with the requirement to 
be produced at very low costs often being in the single-digit US-$ range. At the same time such novel 
methodologies should avoid drawbacks of current manufacturing processes. Addressing this research 
issue, a cyanide-free approach towards aliphatic nitriles used as industrial bulk chemicals was 
developed starting from readily accessible n-alkenes as starting materials available in bulk quantities. 
This chemoenzymatic process concept is exemplified for the synthesis of n-nonanenitrile and runs in 
water at low to moderate temperatures without the need for any types of cyanide sources. The process 
is based on a combination of a metal-catalyzed hydroformylation as the world-leading production 
technology for aldehydes with an emerging enzyme technology, namely the recently developed 
transformation of aldoximes into nitriles through dehydration by means of aldoxime dehydratases. As 
a missing link an efficient aldoxime formation with subsequent removal of excess of hydroxylamine as 
enzyme-deactivating component was found which enabled to merge these three steps 
hydroformylation, aldoxime formation and enzymatic dehydration towards a nitrile synthesis without 
the need for purification of intermediates. 

 

74. M. Schrimpf, J. Esteban, 
T. Rösler, A. J. Vorholt*, W. 
Leitner 
άIntensified Reactors for 
Gas-Liquid-Liquid 
Multiphase Catalysis: from 
Chemistry to Engineeringά,  
Chemical Engineering 
Journal,  
2019, 372, 917-939, DOI: 
10.1016/j.cej.2019.03.133 

 

Biphasic liquid-liquid and particularly gas-liquid-liquid (GLL) environments are used in many chemical 
transformations performed by homogeneous catalysts where they have proven very effective for 
catalyst recycling, greatly improving the economy of using costly organometallic catalyst complexes 
such as for hydroformylation. Reacting GLL systems suffer from mass transfer limitations, for which 
intensified contacting is necessary to enhance the reaction rate. To tackle this issue, process intensified 
reactors have been designed and developed throughout the years to create large interfacial areas and 
high mass transfer coefficients. Apart from the classic continuously stirred tank reactor, setups like 
static mixer reactors, ejector loop reactors, and microreactors are promising alternatives that have 
gained momentum throughout the last years. This critical review covers the basic aspects of GLL mass 
transfer and a discussion on a number of reactions in this type of environment. More extensively, the 
current state of the art of contacting equipment for intensified GLL operation is described, including 
aspects of reactor design and correlations for different operating conditions. 

 

73. R. Kuhlmann, K. U. 
Künnemann, L. Hinderink, A. 
Behr, and A. J. Vorholt, 
άCO2 based synthesis of various 
formamides in miniplant scale: 
a two-step process design ά,  
ACS Sustainable Chem. Eng., 
2019, 7, 5, 4924-4931, DOI: 
10.1021/acssuschemeng.8b054
77  

The utilization of carbon dioxide in the synthesis of valuable chemicals has attained high attention in 
the last decades. Numerous new syntheses were developed by applying innovative catalysts and 
demonstrated the versatile application possibilities of the thermodynamic stable molecule. However, 
only few reaction systems were developed into a technical application. In this work, we present 
investigations of a homogeneous catalyzed reaction system for the synthesis of formamides in a 
miniplant scale. The applied catalyst complex Ru-Macho was recycled via immobilization in a nonpolar 
alcohol phase and showed a high stability within the observed period of 234 hours. The formed 
products were extracted in-situ into an aqueous phase. An average yield of 48% N,N-
dimethylformamide (DMF) proved a good activity of the reaction system. An alteration of the reaction 
designed into a two-step process allowed an extension of the product range to yield a broad variation 
of formamides with high yields up to 89%. 

 

https://www.cec.mpg.de/de/forschung/molekulare-katalyse/dr-andreas-vorholt
https://pubs.acs.org/doi/10.1021/acscatal.8b05066
https://pubs.acs.org/doi/10.1021/acscatal.8b05062
https://www.sciencedirect.com/science/article/pii/S1385894719305984?via%3Dihub
https://pubs.acs.org/doi/10.1021/acssuschemeng.8b05477
https://pubs.acs.org/doi/10.1021/acssuschemeng.8b05477
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72. T. A. Faßbach, A. J. 
Vorholt* and W. Leitner, 
 άThe Telomerization of 1,3 
Dienes ς A Reaction Grows 
Up ά,  
ChemCatChem,  
2019, 11, 4, 1153-1166, 
DOI: 
10.1002/cctc.201801821 
 
Highlighted as cover 
picture DOI: 
10.1002/cctc.201900192 

 
Telomerization is a versatile tool for synthesizing unsaturated ethers, amines and other molecules 
starting from 1,3 dienes and respective nucleophiles. The homogeneously catalyzed reaction has been 
the subject of academic and industrial research for over 50 years, offering a broad variety of substrates, 
catalysts and process concepts. This review presents the advances and developments in this field over 
the last decade. The focus was on the conversion of renewable resources, the synthesis of promising 
new products and the development of efficient process concepts to combine these. 

 

71. T. Rǀsler, T. A. Faßbach, 
M. Schrimpf, A. J. Vorholt,* 
and W. Leitner, άToward 
Water-Based Recycling 
Techniques: 
Methodologies for 
Homogeneous Catalyst 
Recycling in Liquid/Liquid 
Multiphase Media and 
Their Implementation in 
Continuous Processes ά,  
Ind. Eng. Chem. Res.,  
2019, 58 (7), 2421ς2436, 
DOI: 
10.1021/acs.iecr.8b04295 

 
Biphasic water-ōŀǎŜŘ ǎƻƭǾŜƴǘ ǎȅǎǘŜƳǎ ƻũŜǊ ǘƘŜ ƻǇǇƻǊǘǳƴƛǘȅ ƻŦ ŜŶŎƛŜƴǘ ǊŜŎȅŎƭƛƴƎ ƻŦ ƘƻƳƻƎŜƴŜƻǳǎ 
catalysts. Water separates well from most organic solvents; therefore, water-soluble catalysts can be 
immobilized in this phase. Furthermore, water can substitute hazardous and environmentally 
unfriendly organic solvents in these systems. Within industry only the Ruhrchemie/Rhƾne-Poulenc 
process uses plain water to immobilize the homogeneous catalyst for the hydroformylation of 
propene. Yet for more hydrophobic substrates, no water-based system has been commercialized. This 
ǊŜǾƛŜǿ ǿƛƭƭ ǎǳƳƳŀǊƛȊŜ ǊŜŎŜƴǘ ŘŜǾŜƭƻǇƳŜƴǘǎ ƛƴ ǘƘŜ ŬŜƭŘ ƻŦ ǿŀǘŜǊ-based recycling systems. Topics in 
this ŬŜƭŘ ŀǊŜ ƛƴǘŜƴǎƛŬŎŀǘƛƻƴ ƻŦ ǘƘŜ ƳƛȄƛƴƎ ǇǊƻŎŜǎǎΣ ǘƘŜ ǳǎŜ ƻŦ ǘƘŜǊƳƻƳƻǊǇƘƛŎ ǎƻƭǾŜƴǘ ǎȅǎǘŜƳǎΣ ŀƴŘ 
the17 employment of several additives, like alcohols and surfactants. Continuous operated processes 
for these recycling strategies will be presented and discussed. 

 

70. J. Dreimann,  A. Behr 
and A. J. Vorholt, 
άStrahldüsenreaktorenάΣ  
Handbuch Chemische 
Reaktoren, 
Ed. W. Reschetilowski., 
Springer, 2019, DOI: 
10.1007/978-3-662-
56444-8 

 
Dieses Kapitel informiert kurz über die theoretischen Grundlagen des Freistrahlreaktors und des 
Strahldüsenumlaufreaktors (Jet-Loop-Reaktor). Die Vor¬teile dieser Reaktoren werden an Bei¬spielen 
aus der heterogenen und homogenen Katalyse sowie aus der Biokatalyse erläutert. 

 

69. J. Esteban, H. Warmeling, A. 
J. Vorholt, άAn approach to 
chemical reaction engineering 
and process intensification for 
the lean aqueous 
hydroformylation using a jet 
loop reactor ά, 
CIT,  
2019, 91, 5, 1ς8, DOI: 
10.1002/cite.201800137 

The biphasic hydroformylation of 1-octene using a lean aqueous 
phase as solvent phase for catalyst recycling is discussed here. The 
gas-liquid-liquid reaction was homogeneously catalyzed by 
industrial standard catalytic system with [Rh(cod)Cl]2 as precursor 
and TPPTS as ligand. This work summarizes investigations 
addressing different aspects of the reaction, where a procedural 
approach was followed to gain understanding of its nature, kinetics 
and interphase reactivity. Finally, the application of the jet loop 
reactor as means to intensify the reaction is analyzed. 

. 
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