
Dissertation zur Erlangung des Doktorgrades
der Fakultät für Chemie und Pharmazie

der Ludwig-Maximilians-Universität München

Optimization of the Selective Ruthenium-Catalyzed Carbon
Dioxide Reduction to Dimethoxymethane

and

Mechanistic Investigation into the Acetate-Initiated Catalytic
Trimerization of Aliphatic Isocyanates

Max Julian Siebert
aus

Aurich, Deutschland

2020





ErklärungErklärungErklärungErklärungErklärungErklärungErklärungErklärungErklärungErklärungErklärungErklärungErklärungErklärungErklärungErklärungErklärung
Diese Dissertation wurde im Sinne von § 7 der Promotionsordnung vom 28. November 2011
von Herrn Prof. Dr. Oliver Trapp betreut.

Eidesstattliche VersicherungEidesstattliche VersicherungEidesstattliche VersicherungEidesstattliche VersicherungEidesstattliche VersicherungEidesstattliche VersicherungEidesstattliche VersicherungEidesstattliche VersicherungEidesstattliche VersicherungEidesstattliche VersicherungEidesstattliche VersicherungEidesstattliche VersicherungEidesstattliche VersicherungEidesstattliche VersicherungEidesstattliche VersicherungEidesstattliche VersicherungEidesstattliche Versicherung
Diese Dissertation wurde eigenständig und ohne unerlaubte Hilfe erarbeitet.

München, den 26.06.2020

Max Siebert

Dissertation eingereicht am 29.06.2020
1. Gutachter: Prof. Dr. Oliver Trapp
2. Gutachter: Prof. Dr. Paul Knochel
Mündliche Prüfung am 30.07.2020





Für meine Familie.





Abstract

It is a constant endeavor of science to use the globally available resources more efficiently –
either by optimization of existing processes, research and establishment of new reactions, or
use of waste and by-products. In this dissertation, the pursuit of efficiency is the guiding
principle of both industrially relevant projects.

In the first part of this thesis, an alternative process for the preparation of an important
basic chemical of the chemical industry, formaldehyde or its synthon dimethoxymethane,
was optimized, starting from the greenhouse gas carbon dioxide and hydrogen: (1) In a
systematic screening, numerous catalysts were examined regarding their suitability for the
catalytic conversion of carbon dioxide to dimethoxymethane. For themost promising catalyst,
seven relevant process parameters were optimized in a univariate screening, which resulted
in an activity increase of more than 350% compared to previously described systems. The
ligand of this catalyst was also structurally modified, and the influence of the electronic
and steric changes on the catalytic activity was investigated. (2) In order to overcome the
limitations of a univariate screening in such a multidimensional parameter space and also to
demonstrate the efficiency of multivariate methods, the most active system was improved in
an algorithmic workflow by further 350%. Combined with the low experimental effort, this
illustrates the potential of mathematical tools and algorithms, which should also be used
more intensively in university research. (3) The presented fast and precise optimization of the
transformation of carbon dioxide to dimethoxymethane was realized using a self-designed
and -built autoclave system.With this setup, homogeneously catalyzed reactions that require
reaction gases can be easily carried out under challenging combinations of temperature
and pressure. The potential of this design was further demonstrated in the asymmetric
hydrogenation of prochiral acrylic acid derivatives, revealing a correlation of the resulting
enantiomeric excess with temperature.



In the second part of this thesis, themechanism of the industrially used carboxylate-catalyzed
trimerization of aliphatic isocyanates to isocyanurates was investigated. For the employed
acetate catalyst, an unexpectedly complex catalysis mechanism was discovered, involving
three different consecutive catalysis cycles. This project paradigmatically demonstrates the
strength of a combined approach of computational and experimental chemistry.



Zusammenfassung

Es ist ein ständiges Bestreben der Wissenschaft, die weltweit verfügbaren Ressourcen immer
effizienter zu nutzen – sei es durch die Optimierung bestehender Prozesse, die Erforschung
und Etablierung neuer Reaktionswege oder den Einsatz von Abfall- und Nebenprodukten.
In dieser Dissertation ist das Streben nach Effizienz das Leitprinzip beider industriell
relevanten Projekte.

Im ersten Teil dieserArbeitwurde ein alternativer Prozess für dieDarstellung einerwichtigen
Basischemikalie der chemischen Industrie, Formaldehyd bzw. dessen Synthon Dimethoxy-
methan, ausgehend vom Treibhausgas Kohlenstoffdioxid und Wasserstoff optimiert: (1) In
einem systematischen Screening wurden zahlreiche Katalysatoren auf ihre Eignung für
die katalytische Umwandlung von Kohlenstoffdioxid zu Dimethoxymethan untersucht.
Für den vielversprechendsten Katalysator wurden sieben relevante Prozessparameter in
einem univariaten Screening optimiert, was zu einer Aktivitätssteigerung von über 350%
im Vergleich zu zuvor beschriebenen Systemen führte. Der Ligand dieses Katalysators
wurde zudem strukturell verändert und der Einfluss der elektronischen und sterischen
Änderungen auf die katalytische Aktivität untersucht. (2) Um die Limitierung des durch-
geführten univariaten Screenings in solch einem multidimensionalen Parameterraum zu
überwinden und die Effizienz von multivariaten Methoden aufzuzeigen, wurde das ak-
tivste System nun in einem algorithmischen Arbeitsablauf um weitere 350% verbessert.
Verbunden mit dem geringen experimentellen Aufwand, verdeutlicht dies das Potential
mathematischer Werkzeuge und Algorithmen, das auch in der Hochschulforschung inten-
siver genutzt werden sollte. (3) Die hier beschriebene schnelle und präzise Optimierung
der Transformation von Kohlenstoffdioxid zu Dimethoxymethan wurde durch ein selbst
entworfenes und gebautes Autoklavensystem realisiert. Dieser Aufbau ermöglicht die
Durchführung homogen-katalysierter Reaktionen, bei denen Reaktionsgase vorhanden sind
und außergewöhnliche Kombinationen von Temperatur und Druck benötigt werden. Das
Potential dieses Autoklavenaufbaus wurde darüber hinaus in der asymmetrischen Hydrie-



rung prochiraler Acrylsäurederivate gezeigt, für die eine Korrelation des resultierenden
Enantiomerenüberschusses mit der Temperatur nachgewiesen werden konnte.

Im zweiten Teil dieser Arbeit wurde der Mechanismus der industriell genutzten Carboxylat-
katalysierten Trimerisierung von aliphatischen Isocyanaten zu Isocyanuraten untersucht.
Für den verwendeten Acetat-Katalysator wurde ein unerwartet komplexer Katalyse-
Mechanismus aufgedeckt, der drei aufeinanderfolgende, unterschiedliche Katalysezyklen
beinhaltet. Dieses Projekt zeigt paradigmatisch die Stärke eines kombinierten Aufklärungs-
ansatzes von Computer- und Experimentalchemie auf.



Scientific Contributions

This dissertation has already been published in parts and presented at conferences in the
form of scientific talks and poster presentations.
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Part I

Catalytic Carbon Dioxide Reduction
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1 Introduction

Carbon dioxide plays a decisive role in climate change due to its greenhouse properties and
continuous accumulation in the atmosphere. Its dramatic levels are based on a constantly
increasing use of the world’s fossil resources, together with negative interventions in the
terrestrial and oceanic biosphere.[1–3] After the atmospheric CO2 concentration stayed nearly
constant at around 280 ppm for 10000 years, it continuously increased since the middle of
the 18th century, being strongly correlated with the beginning of the industrial revolution.
During the early 21th century, the atmospheric concentration exceeded 400 ppm, resulting
in anthropogenic global warming that is unprecedented not only in terms of absolute
temperatures but also in terms of spatial consistency in the context of the last 2000 years.[4–7]

The solution to this global problem and the potentially resulting climate crisis might
become one of the greatest tasks for mankind. However, it also bears an opportunity. If CO2

is obtained as side-product in a process, its utilization would improve the overall resource
efficiency along the value chains, thereby additionally providing a renewable resource for
the generations to come. Further, it would allow to reduce the human influence on the carbon
cycle by reducing the emission of CO2 into the atmosphere.[8,9] Still, ecological benefits
always compete with economic interests, and for these reasons there will be no shift towards
a green alternative process if it is not profitable after all.

[1] IPCC, 2019: IPCC Special Report on Climate Change and Land, (Eds.: P. R. Shukla et al.), in press, 2019.
[2] IPCC, 2019: IPCC Special Report on the Ocean and Cryosphere in a Changing Climate, (Eds.: H.-O. Pörtner et al.),

in press, 2019.
[3] IPCC, 2018: Global Warming of 1.5°C, (Eds.: V. Masson-Delmotte et al.), in press, 2018.
[4] R. Neukom et al., Nature 2019, 571, 550–554.
[5] IPCC, 2014: Climate Change 2014 (Synthesis Report), (Eds.: CoreWriting Teamet al.), IPCC,Geneva, Switzerland,

2014.
[6] T. Eggleton, A Short Introduction to Climate Change, Cambridge University Press, New York, 2013.
[7] P. J. Crutzen, Nature 2002, 415, 23–23.
[8] J. A. Martens et al., ChemSusChem 2017, 10, 1039–1055.
[9] P. Falkowski et al., Science 2000, 290, 291–296.
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1 Introduction

Due to the negative effects of utilizing fossil resources on the global climate as well as
the global resource limitations, however, political decisions will increasingly influence this
balance between ecological and economic drivers towards a more sustainable future.[10–12]

In addition, the scientific community and the chemical industry have to perceive this
opportunity independent of extrinsic factors by generally promoting sustainable process
development, alternative energies as well as recycling of waste and pollutants. By this, the
costs for more economic processes will be reduced, thereby facilitating and concurrently
accelerating the transition.[13–19]

[10] T. Sterner et al., Nat. Sustain. 2019, 2, 14–21.
[11] Y. Geng et al., Nature 2019, 565, 153–155.
[12] R. Schlögl, Angew. Chem. Int. Ed. 2015, 54, 4436–4439.
[13] B. Rego de Vasconcelos, J.-M. Lavoie, Front. Chem. 2019, 7, 392.
[14] M. D. Burkart et al., ACS Catal. 2019, 9, 7937–7956.
[15] J. Artz et al., Chem. Rev. 2018, 118, 434–504.
[16] M. Aresta et al., Chem. Rev. 2014, 114, 1709–1742.
[17] P. Markewitz et al., Energy Environ. Sci. 2012, 5, 7281–7305.
[18] M. Aresta in Carbon Dioxide as Chemical Feedstock, (Ed.: M. Aresta), Wiley-VCH, Weinheim, 2010.
[19] W. Keim in Carbon Dioxide as a Source of Carbon: Biochemical and Chemical Uses, (Eds.: M. Aresta, G. Forti),

Springer, Dordrecht, 1987.
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1 Introduction

1.1 Considering Carbon Dioxide as Resource

Global fossil CO2 emissions are constantly increasing, exceeding 37Gt in 2019.[20] A total
amount of (2040 ± 310)Gt CO2 was released into the atmosphere between 1750 and 2011
due to cumulative anthropogenic CO2 emissions, half of which was released within the
last 40 years of this period. Nature is able to absorb significant amounts of CO2 in carbon
cycle reservoirs, but the highly complex absorption mechanisms are limited and severe
effects on natural systems, such as ocean acidification, are already observed. Still 40% of
the CO2 emissions ((880 ± 35)Gt CO2) have remained in the atmosphere, leading to the
aforementioned increase in atmospheric CO2 concentration.[5]

Consequently, not only the optimization of our global economy towards reduced CO2

emissions but also the utilization of non-avoidable and already released anthropogenic CO2

has to be realized.1 For the latter, CO2 has to be either separated from waste streams and
purified adequately to meet the desired specifications or directly captured from air. The costs
for this process vary strongly, for instance between 15 – 90 $/t CO2 based on the amount of
gaseous pollutants for CO2 from power stations and 80 – 130 $/t CO2 when it is recovered
from the atmosphere.[16] At the moment, the utilization of CO2 from industrial processes
(3300 – 3500Mt CO2/a) seems to be the most promising approach for the near future as
these provide a continuous point source with high CO2 concentrations. Interesting sectors
with high CO2 emissions range from the iron and steel industry (about 900Mt CO2/a) over
oil refineries (850 – 900Mt CO2/a) to the cement industry (about 1000Mt CO2/a). Already
several processes utilize carbon dioxide as resource, but most of these examples use CO2

extracted from natural sources instead of recovered CO2, underlining the importance for
innovative solutions for cheap and efficient CO2 recovery and caption.[16] Although the
process of capturing carbon dioxide is as important as its chemical utilization discussed in
the following, elaboration on this topic would go beyond the scope of this work.2

[20] M. Muntean et al., Fossil CO2 emissions of all world countries - 2018 Report, Publications Office of the European
Union, Luxembourg, 2018.

1 It has to be stressed, that the use of CO2 does not necessarily reduce and may even lead to higher overall
CO2 emissions. Different tools, as life cycle assessments, carbon footprint and carbon utilization fraction,
can evaluate and quantify the benefits. Not only the process efficiency itself but also factors like the use of
renewable energies play an important role.

2 Numerous reviews provide the interested reader with the recent achievements in this field.[21–28]
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1 Introduction

Due to the urgency of the problem but also the potential for the global economy, a
transition from the linear to a cyclic carbon economy will evolve over the next decades.
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2 State of Knowledge

Numerous chemical transformations utilizing CO2 have been realized, covering the incorpo-
ration of CO2 into organicmolecules, the full reduction to hydrocarbons in the sense of energy
storage, or the selective reduction to an oxidation state between the fully oxidized (CO2)
and the reduced form (CH4). Even though all these three approaches are important for a
potential industrial application and each method has specific advantages and disadvantages,
the following will exclusively deal with the last mentioned.3 Several catalytic methods
for CO2 reduction are known and mostly based on electrochemical and photochemical
systems.4 This work, however, will concentrate on catalytic systems employing hydrogen
gas as reductant,5 as it is considered a highly promising approach for the translation to
renewable energies.

In this field, a large part of the research is directed towards the production of industrially
relevant molecules that are nowadays obtained on a large scale starting from fossil resources.
The selective reduction of CO2 into functional molecules can be classified by the oxidation
state of the resulting product. The reduction towards the formic acid / CO and methanol
level is already well established, while the reduction towards the formaldehyde oxidation
state still remains challenging.[50,51] Since the present work tackles the latter transformation,
this chapter also focuses on this field, discussing reactions that directly end at the desired
formaldehyde oxidation state.6

[50] J. Klankermayer et al., Angew. Chem. Int. Ed. 2016, 55, 7296–7343.
[51] J. Klankermayer, W. Leitner, Science 2015, 350, 629–630.

3 A comprehensive overview of incorporation strategies[29–36] and energy storage applications[37,38] is given
in the literature.

4 The recent progress of electrochemical[39–43] or photochemical[41,43–49] conversion in this field is stated in
numerous reviews.

5 For other intensively studied reducing agents, reference to the literature is made at the appropriate place.
6 Several comprehensive reviews highlight the recent achievements for the reduction towards the formic

acid[50,52–55] and methanol[43,50,52,53,55,56] oxidation state.
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2 State of Knowledge

Reducing CO2 to formaldehyde would not only result in an important industrial chemical
but also deliver a promising method for hydrogen storage.[57,58] 7

[57] T. Schaub, Phys. Sci. Rev. 2018, 3, 20170015.
[58] T. Schaub in Hydrogen Storage, (Eds.: T. Zell, R. Langer), De Gruyter, Berlin, 2018.

7 An introduction in the use of formaldehyde as hydrogen storage is found in the literature.[59–61]
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2 State of Knowledge

2.1 Industrial Synthesis of Formaldehyde

Formaldehyde is an important basic chemical for numerous industrial sectors with a strongly
increasing demand over the last decades, with the majority being used for the synthesis
of resins. In 2011, the global consumption was around 13 × 106 t/a with a manufacturing
capacity of around 18 × 106 t/a based on 100wt% (Figure 2.1).[62]

Methanol

Consumption

47 x 106 t/a

Others

43 %

Dimethyl ether

7 %

Acetic acid

11 %

MTBE

11 %

Formaldehyde

28 %

Others

17 %

Hexamine

4 %

Pentaerythritol

4 %

Paraformaldehyde

6 %

MDI

6 %

Acetylenics chemicals

8 % Polyacetal resins

9 %

Phenolic resins

12 %

Amino resins

34 %

Formaldehyde

Consumption

13 x 106 t/a

Figure 2.1: Global consumption of methanol (left) and formaldehyde (right) classified by use andwith values based on 100wt%.

Nowadays, formaldehyde is industrially produced from methanol by three different
processes, either based on silver catalysts or metal oxide catalysts: (i) partial oxidation and
dehydrogenation of methanol using air in the presence of silver crystals, steam, and excess
methanol at 680 – 720 °C (BASF process); (ii) similar to the first process but utilization of
either crystalline silver or silver gauze and a lower temperature of 600 – 650 °C; (iii) oxidation
of methanol using only excess air in the presence of a modified iron-molybdenum-vanadium
oxide catalyst at 250 – 400 °C (Formoxprocess). The first and third process have highmethanol
conversions of 97 – 98% and 98 – 99%, respectively. The low primary conversion of only
77 – 87% for the second process is increased to completeness by distillation of the product
and recycling of methanol. For the two silver-catalyzed processes, the dehydrogenation
reaction is highly temperature-dependent. High temperatures are required to increase
conversion, with the exact temperature depending on the excess of methanol (Figure 2.2A).
For the Formox process (Figure 2.2B), conversion is complete already at lower temperatures.
Above 470 °C, the further reversible oxidation to carbon monoxide as side reaction increases
significantly. All three processes have advantages as well as disadvantages and are selected
[62] A. W. Franz et al. in Ullmann’s Encyclopedia of Industrial Chemistry, Wiley-VCH, 2016.
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2 State of Knowledge

after considering several factors, such as the plant size or whether the steam generated
during the process can be utilized for other applications. Alternative catalytic syntheses,
which convert alkanes, alkenes, and ethers to formaldehyde, are not of industrial relevance
due to economic reasons. The oxidation of methane and the partial hydrogenation of CO do
not compete with the mentioned processes due to lower formaldehyde yields.[62]

CH3OH +

A

B
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CH2O H2 ∆H =

H2 H2O ∆H =1/2 O2+

CH3OH CH2O ∆H =1/2 O2+ + H2O
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Kred Kox
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Figure 2.2: Overview of the (industrial) catalytic processes for formaldehyde production. In some cases, no temperature could
be specified for the respective reaction enthalpy. A: Silver catalyst processes. B: Formox process. The two-step
oxidation reaction involves an oxidized (Kox) and a reduced (Kred) form of the catalyst. C: Methanol synthesis. The
reverse water-gas shift reaction connects both reductive conversions and has to be taken into account. D: Direct
formaldehyde synthesis starting from CO2.

Therefore, the industrial production of formaldehyde is exclusively based on methanol.
The methanol in turn is produced from synthesis gas containing both CO and CO2. The
CO2 is necessary for the transformation as the H2 content of the synthesis gas obtained
from fossil resources is normally too high. In principle, all carbonaceous resources can be
used for the production of synthesis gas, and the choice often depends on local economic
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and ecological factors. Overall, natural gas is the most used resource for the production of
methanol worldwide. Nowadays, methanol is produced on an industrial scale exclusively
utilizing a low-pressure process (5 – 10MPa), instead of using high andmedium pressures or
oxidizing hydrocarbons. Even though the catalytic system with Cu, ZnO, and Al2O3 seems
rather simple, the mechanism of the process is still discussed in literature. Since the influence
of the CO2 content on the reaction kinetics has not been clarified yet, the question whether
catalysis proceeds via CO or CO2 hydrogenation cannot be answered conclusively (Figure
2.2C). In 2011, almost 47 × 106 t/a of pure methanol were consumed, with the largest part
going into formaldehyde production (28% of the methanol produced worldwide; Figure
2.1).[63] 8

Considering the overall two-stage formaldehyde production, it becomes obvious that
an alternative process which solely uses CO2 and avoids the additional reaction step –
the necessary oxidation after a chemically unnecessary overreduction – would be highly
desirable. The challenge from a chemical perspective and consequently one reason that such
a process is not established yet is to selectively stop at the formaldehyde oxidation state.
The transformation of CO2 to formaldehyde with hydrogen gas is highly endergonic and
endothermic (Figure 2.2D), resulting in further reduction of the carbonyl function under the
required reaction conditions.[57,58,64] Beside improvements in the selective formaldehyde
synthesis, another important driver for such an innovative process is the availability of cheap
hydrogen gas based on renewable energy sources as an industrially viable reducing agent.

[63] J. Ott et al. in Ullmann’s Encyclopedia of Industrial Chemistry, Wiley-VCH, 2012.
[64] S. Dabral, T. Schaub, Adv. Synth. Catal. 2019, 361, 223–246.

8 Alternative routes to methanol starting from CO2 have been discussed for decades and would also provide
an ecological solution for the formaldehyde production. This route would still be based on two processes
but could at least use the infrastructure from the existing formaldehyde production. The key of success for
such an alternative methanol synthesis is the production of renewable hydrogen gas.
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2.2 Hydrogen Gas based on Renewable Energy Sources

Hydrogen gas has been important for the chemical industry for decades, but it is mostly pro-
duced fromnon-renewable primary energy sources (i.e. oil, coal, natural gas, or nuclear).[65,66]

In 2013, 96% of the total hydrogen production was based on these resources, with about
48% coming from methane (steam reforming), 30% from petroleum fractions in refineries
(steam reforming or partial oxidation), and 18% from coal (gasification). The remaining 4%
represent the share of water electrolysis, but only 20% of this contribution was based on
renewable energy sources.[65,67–70]

The broad application of hydrogen gas based on renewable energy sources and a shift
towards a sustainable hydrogen economy is limited by the costs.[68,71] While cheap hydrogen
gas is obtained from coal (1.05 – 1.83 $/kg) and natural gas (2.48 – 3.17 $/kg), the costs
are much higher in case of hydrogen gas from wind power and water electrolysis (5.55 –
6.77 $/kg) or photovoltaic energy andwater electrolysis (about 23 $/kg).[69,72] However, costs
for electrolyzers and renewable energies are decreasing, which leads to lower production
costs for the resulting hydrogen gas. Within the next decade, it is expected that the price
will fall below 2 – 3 $/kg for the best production sites.[67]

Hydrogen gas has become an attractive candidate as energy carrier and for energy storage,
if it is produced via ecological methods.[65,67,68,73] The renewable primary energy sources
have different advantages and disadvantages. The use of biomass opens up economically
viable scenarios for the renewable hydrogen gas production (1.44 – 2.83 $/kg) in the near
future, but such routes are not in alignment with the ecological aspects discussed before due
to the connected formation of CO2.[70,72] Solar energy is a versatile primary energy source as
it can be used in electricity-driven water electrolysis as well as thermal or photocatalytic

[65] N. Armaroli, V. Balzani, ChemSusChem 2011, 4, 21–36.
[66] S. Dunn in Concise Encyclopedia of the History of Energy, (Ed.: C. J. Cleveland), Elsevier, Boston, 2009.
[67] IRENA, 2020: Global Renewables Outlook: Energy transformation 2050, International Renewable Energy Agency,

Abu Dhabi, 2020.
[68] REN21: Renewables 2019 Global Status Report, REN21 Secretariat, Paris, 2019.
[69] Renewable Hydrogen Technologies, (Eds.: L. M. Gandía et al.), Elsevier, Amsterdam, 2013.
[70] M. Ball et al. in The Hydrogen Economy: Opportunities and Challenges, (Eds.: M. Ball, M. Wietschel), Cambridge

University Press, New York, 2009.
[71] W. McDowall, M. Eames, Energy Policy 2006, 34, 1236–1250.
[72] J. R. Bartels et al., Int. J. Hydrog. Energy 2010, 35, 8371–8384.
[73] IRENA, 2018:Hydrogen from renewable power: Technology outlook for the energy transition, International Renewable

Energy Agency, Abu Dhabi, 2018.
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water splitting. For electricity-driven water electrolysis, also wind, hydroelectric, geothermal,
or marine energy can be used.[69]

An important factor to consider is the need for and availability of highly pure and
unpolluted water. This represents another hurdle for the on-site production of hydrogen gas
based on renewable energies in several arid regions where solar energy would otherwise be
highly beneficial to establish cost efficient production processes.[69] This underlines the need
for a global solution to achieve a more sustainable economy based partly on hydrogen gas
in the near future.
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2.3 Catalytic Reduction of CO2 towards the Formaldehyde
Oxidation State

Several approaches utilize sophisticated reducing agents for the conversion of CO2 to the
formaldehyde oxidation state, mostly including hydroboration,9 hydrosilylation,10 or the use
of metal hydrides.11 These approaches are of high academic value, but as the reductants used
are either not efficient (as they are costly), not atom-efficient (as they lead to a large amount
of waste), or both, the respective approaches are not relevant for industrial application and
thus will not be discussed any further. Instead, catalytic processes utilizing solely carbon
dioxide and hydrogen gas will be presented in the following.

Heterogeneous Systems

The first heterogeneous system for the transformation of CO2 to formaldehyde employed
a Pt–Cu/SiO2 catalyst (Figure 2.3A). The presence of platinum was crucial for formalde-
hyde formation as otherwise only methanol was observed. The highest formation rate of
0.87 × 10−4mol/min per gram of catalyst as well as the best selectivity of 80% for formalde-
hyde was obtained at a Pt/Cu ratio of 3:100 at 150 °C and 6 bar with a H2/CO2 ratio of
20:1.[126]

Formaldehyde was also obtained when bimetallic Ni–Co nanoparticle catalysts with
residual phosphorous species were studied in the reduction of CO2 by H2. For the catalytic
transformation, the nanoparticles were supported by mesoporous silica (Figure 2.3B). A gas
ratio H2/CO2/He of 20.7:6.6:14.7 at 6 bar was used at two different reaction temperatures of
200 °C and 350 °C. Compared to nickel or cobalt nanoparticles, the catalytic system showed
an unexpected selectivity. At 200 °C, over 30% of formaldehyde was produced along with
[126]D.-K. Lee et al., Appl. Organomet. Chem. 2001, 15, 148–150.

9 Several examples in the literature describe the formation of bis(boryl)acetal species as one of many
products,[74–86] but only few optimized the system with regard to its formation or application as formalde-
hyde synthon.[87–93]

10 Even though the formation of bis(silyl)acetal species is already known for a long time as an intermediate
in hydrosilylation of CO2 to the methanol or methane level,[94–105] only few examples that describe the
selective formation of the acetal or its application as formaldehyde synthon have been published.[106–112]
One of the first examples of hydrosilylation even led to the formation of formaldehyde.[113]

11 The conversion of CO2 to the formaldehyde oxidation state was first realized using the organozirconium
Schwartz reagent.[114–118] Similar reductive procedures were reported for further transition metals.[119,120]
Structural studies reported complexes with analog µ2/4-CH2O

2–
2 bridges, representing the formaldehyde

oxidation state, but did not start from molecular CO2.[121–125]
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Figure 2.3: Overview of heterogeneous catalytic systems which reduce CO2 to the formaldehyde oxidation state using H2 as
reductant. A: Catalytic system based on platinum and copper. Formation of formaldehyde together with methanol
as the only side-product. B: Catalytic system based on bimetallic nanoparticles consisting of nickel and cobalt.
Formation of formaldehyde together with CO as the main product. C: Catalytic system based on platinum and
nickel. The catalysis was performed in methanol, and no side-products were detected. D: Catalytic system based
on ruthenium and an acidic zeolite (BEA). The catalysis was performed in methanol, and dimethoxymethane (DMM)
was obtained as final catalysis product.

70% of CO and small amounts of CH4 with a CO2 conversion of 0.24%. In contrast, only
little formaldehyde was formed at 350 °C, at which methanol was the main side-product
beside over 80% of CO with a CO2 conversion of 0.92%.[127]

In 2018, a further heterogeneous system overcame the unfavorable thermodynamics by
performing the catalysis in liquid media using methanol as solvent, resulting in an overall
slightly exothermic process (Figure 2.3C). In total, four catalytic systems based on platinum
or ruthenium with copper or nickel supported by γ–alumina were studied for the catalytic
conversion. Two different pathways via CO or formic acid as intermediate were considered.
As no intermediates were observed, both routes are possible. In case of the former, CO2 is

[127]S. Carenco et al., Small 2015, 11, 3045–3053.
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converted into CO via reverse water-gas shift reaction followed by direct hydrogenation of
CO to formaldehyde. For formic acid as intermediate, CO2 is hydrogenated to formic acid
followed by dehydration-hydrogenation. It was shown that conversion of formic acid to
formaldehyde in methanol is feasible, even though the rate of formation for formaldehyde
was significantly lower than the rate of consumption for formic acid, indicating a competing
decomposition pathway. The catalysts based on platinum (Pt–Cu/Al2O3 and Pt–Ni/Al2O3)
proved to be superior compared to the ruthenium-based catalysts (Ru–Cu/Al2O3 and
Ru–Ni/Al2O3). The molar yield of formaldehyde increases with increasing H2/CO2 ratio,
and the highest equilibrium yield of 1.80mmol/L per gram of catalyst was obtained with
Pt–Ni at a H2/CO2 ratio of 16:1 at 70 bar and 25 °C.[128]

In a fourth heterogeneous system, CO2 was reductively transformed to the formaldehyde
oxidation state, yielding oxymethylene ethers (OMEs). OMEs correspond to oligomers of
formaldehyde with the recurring structural unit (CH2O) and two capping groups, typically a
methyl and a methoxy group. Usually, an index indicates the number of the (CH2O) units. A
catalytic system based on ruthenium together with H–type zeolite beta (BEA) and hydrogen
gas as reductantwas used, forwhich different ruthenium contentswere studied (Figure 2.3D).
Methanol was used as solvent, which is necessary for the formation of dimethoxymethane
(DMM), representing OME1, and higher oxymethylene dimethyl ethers. Its dehydration by
the catalyst led to dimethyl ether as side product. Even though the exothermic formation
of DMM under the conditions used should be favored at lower temperatures, the yield
of DMM increased with increasing temperature, indicating kinetic limitations for this
transformation. At 175 °C and a H2/CO2 ratio of 3:1 with a total pressure of 75 bar, the
yield was 9.04mmol/L per gram of Ru/BEA catalyst after 40min. Additionally, OME2 was
produced at these conditions. The DMM yield decreased already after short reaction times,
indicating degradation pathways for the product. In this context, the influence of water was
investigated. Addition of water led to formation of only traces of DMM, whereas addition of
3Å molecular sieve led either to a higher yield of DMM at a low loading or to lower yields
but stabilization of DMM at higher loading. For this system, no CO was observed in the
gas phase, and a direct hydrogenation of CO2 to formic acid was proposed. The catalysis
proceeds via further reduction to formaldehyde, followed by addition of two molecules of
methanol to yield DMM.[129]

[128]F. L. Chan et al., Catal. Today 2018, 309, 242–247.
[129]W. Ahmad et al., Appl. Catal. B 2020, 269, 118765.

16

https://doi.org/10.1016/j.cattod.2017.06.012
https://doi.org/10.1016/j.apcatb.2020.118765


2 State of Knowledge

Homogeneous Systems

The first homogeneous system utilizing hydrogen gas as reductant was based on a ruthenium
complex chelated by EDTA (Figure 2.4A). The reduction of CO2 gave formic acid and
formaldehyde, with the respective rates of formation exhibiting first-order dependence on
the catalyst as well as CO2 and H2 concentrations. The rates of decomposition to yield CO
and H2O showed the same dependence. For formaldehyde, the rate of decomposition was
found to be faster than the rate of formation at the investigated conditions of 40 °C and
34 bar, limiting the system in its application for formaldehyde synthesis.[130]

In 2016, the first homogeneous system capable of selectively converting CO2 to the
formaldehyde oxidation state using hydrogen gas was described, yielding the desired
product in high purity.[131] The idea was to trap formaldehyde at its oxidation state by
using alcohols to form acetals, with dimethoxymethane (DMM) being the product obtained
with methanol (Figure 2.4B).12 This approach is also favored in terms of thermodynamics
compared to the direct synthesis of formaldehyde from CO2 as the free reaction enthalpy
is only slightly endergonic and becomes even exergonic at higher pressures.[64] A highly
versatile ruthenium catalyst with a tripodal triphosphine ligand [Ru(triphos)(tmm)] was
employed in the catalysis.13 First attempts without using any additive did not give any
hydrogenation products. The use of the Brønsted acid HNTf2 at 120 °C as well as 20 bar CO2

and 60 bar H2 resulted in a small turnover number (TON) of 4. In addition, methyl formate
(MF) was obtained in similar amounts, which was considered to be an intermediate in the
reaction pathway towards DMM. Changing the additive to the Lewis acid Al(OTf)3 and
reducing the temperature to 80 °C increased the TON for DMM to 98. It was found that
increasing and decreasing the catalyst loading led to decreasing and increasing catalytic
performance, respectively, which was additionally influenced by the additive to catalyst

[130]M. M. T. Khan et al., J. Mol. Catal. 1989, 57, 47–60.
[131]K. Thenert et al., Angew. Chem. Int. Ed. 2016, 55, 12266–12269.

12 DMM is an important chemical as it can be used as formaldehyde synthon or hydrolyzed to formaldehyde
and methanol.[64] Further it can also be employed as almost carbon-neutral blending component for diesel
fuels directly or after transformation into higher oxymethylene ethers (OME).[132,133] The importance of the
last mentioned application for the transportation and energy sectors is discussed in literature.[12,134]

13 The [Ru(triphos)(tmm)] complex had been previously used for several catalytic hydrogenation reactions
with CO2.[50]
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Figure 2.4: Overview of homogeneous catalytic systems which reduce CO2 to the formaldehyde oxidation state using H2
as reductant. A: Catalytic system using a Ru–EDTA complex. Formaldehyde and formic acid were obtained as
transient intermediates, being finally transformed into CO and H2O. B–D: Overview of homogeneous catalytic
systems which selectively reduce CO2 to the formaldehyde oxidation state using H2 as reductant and alcohols
for esterification and acetalization. In all cases, alkyl formates (AF) and dialkoxymethanes (DAM) were obtained.
B: Catalytic system using a ruthenium complex. The best results were obtained using the Lewis acid Al(OTf)3 as
co-catalyst. C: Catalytic system using cobalt salts and triphos ligands. The best results were obtained using the
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ratio.[131] The former effect was attributed to catalyst deactivation by dimerization.[135–137]

At finally optimized conditions (catalyst loading of 6 µmol, 80 °C, 20 bar CO2, and 60 bar H2),
TONs for DMM and MF of 214 and 104 were reached, respectively. By labeling experiments
using fully deuterated methanol together with nonlabelled CO2 and H2, the origin of the
central methylene group could be assigned to CO2 as the C1 source. Additionally, different
alcohols were investigated for the suitability in esterification and acetalization, but all
showed a reduced performance in the catalytic investigation compared to methanol. The
observation of methoxymethanol (MM) in the experiments indicated a step-wise reaction
mechanism via reduction of CO2 and simultaneous esterification to MF, further reduction to
MM, and finally acetalization to DMM.[131]

Shortly after this achievement, a non-precious transition-metal catalyst system based
on cobalt salts and the same triphos ligand was used together with a solvent mixture of
THF and MeOH (Figure 2.4C). In a first proof-of-concept study, MF was transformed to
DMM applying 80 bar H2 at room temperature with a low TON and yield of 15 and 2%,
respectively. Screening of cobalt salts and adding the Brønsted acid HNTf2 gave 373 as
highest TON for DMMwith a yield of 56%. Starting from CO2 (20 bar CO2 and 60 bar H2), a
higher temperature of 100 °C was necessary, yielding DMM and MF with TONs of 92 and
32, respectively. Even higher catalytic activity was observed when changing the alcohol to
ethanol, yielding diethoxymethane and ethyl formate with TONs of 109 and 14, respectively.
Interestingly, the formation of methanol due to over-reduction was stated for this catalytic
system when using ethanol. While this reduces the overall efficiency with regard to the
reduction towards the formaldehyde level, it could still open a pathway to DMMusing solely
CO2 and H2. Further variation of the alcohol did not lead to any improvements but resulted
in the selective transformation of CO2 to methanol for certain alcohols.[138] Additionally,
sterically more demanding and more electron-rich structural analogs of the ligand[139] were
investigated, yielding an even higher TON for DMM of 157 together with a TON for MF of
37.[138]

In an additional study, the catalytic system based on ruthenium was applied for the
synthesis of cyclic and linear acetals, starting fromCO2, H2, and biomass derived diols (Figure
[135]S. Wesselbaum et al., Chem. Sci. 2015, 6, 693–704.
[136]T. vom Stein et al., J. Am. Chem. Soc. 2014, 136, 13217–13225.
[137]J. Coetzee et al., Chem. Eur. J. 2013, 19, 11039–11050.
[138]B. G. Schieweck, J. Klankermayer, Angew. Chem. Int. Ed. 2017, 56, 10854–10857.
[139]M. Meuresch et al., Angew. Chem. Int. Ed. 2016, 55, 1392–1395.
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2.4D). In a large substrate scope, the effect of structurally different diols on the product
distribution between the cyclic and the linear product was investigated. Due to increased
selectivity for the cyclic acetal at longer reaction times, it was proposed that – in contrast to
the acetalization of the alkoxymethanols to dialkoxymethanes in case of alcohols – the diol
enables a competition between inter- and intramolecular acetalization. The alkoxymethanols
derived from diols can either react with a further diol to give the linear acetal or undergo
cyclization to yield the cyclic acetal. Overall, ethane- and propanediols preferentially formed
cyclic acetals, whereas longer aliphatic chains between the two hydroxyl groups led to
reversed selectivity, favoring the linear acetals.[140]

[140]K. Beydoun, J. Klankermayer, Chem. Eur. J. 2019, 25, 11412–11415.
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3 Objectives

The shift from fossil to renewable resources, especially carbon dioxide, for the synthesis
of industrial bulk chemicals is in alignment with the drive for more sustainable processes.
Although the results presented in chapter 2 are already promising, the catalytic activities
are still far too low to consider industrial realization. The fact that only few studies on CO2

reduction observe intermediates in the formaldehyde oxidation state, not tomention isolating
formaldehyde or a derived synthon, demonstrates how challenging this transformation is.
As the carbonyl function is susceptible to further reduction, a catalytic system enabling the
desired transformationneeds to beperfectly designed andoptimized.Homogeneous catalysis
is considered promising to conquer this task, since steric and electronic properties of the
catalyst can be well adjusted by changing the ligands or the metal center, and spectroscopic
and spectrometric methods allow mechanistic investigations with comparatively little effort.
Even though industry always prefers heterogeneous catalysis, inter alia due to the ease
of product separation and catalyst recovery, an homogeneous catalytic system providing
high activity, selectivity, and the ability to be recovered will definitely be considered for a
potential application.

The superior objective of this part of the dissertation is the design and optimization of
a highly active and selective homogeneous catalytic system for the transformation of CO2

to the formaldehyde oxidation state (Figure 3.1). The main product of the catalytic system
shall be formaldehyde or a corresponding synthon, which shall be stable and isolable. In
case of a synthon, a conversion to formaldehyde should be plausible and efficient from an
atom-economic point of view. In support of this objective, the four following points shall be
addressed.
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1. An initial screening of different catalysts shall provide better understanding of
structural prerequisites to identify a lead structure. A comprehensive optimization
of the process parameters shall increase the catalytic performance and improve the
overall process efficiency.

2. The most active catalyst shall be further structurally varied, with the resulting catalysts
being investigated for their catalytic activity. The catalytic systems shall be optimized
starting from the conditions obtained in the previous screening.

3. More efficient optimization strategies utilizing an algorithmic workflow shall be
established and used for the complex optimization in the multidimensional parameter
space. The data already obtained in previous screenings shall be used as starting point
for the algorithmic workflow.

4. A setup for fast and reliable screening of the investigated transformation shall be
designed and built. The autoclave setup should deliver precise results over a wide
temperature range at high pressures, and the coupling of analytical equipment should
be considered.
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Figure 3.1: Optimization of the selective synthesis of dimethoxymethane (DMM) starting fromCO2 and H2with the intermediate
methyl formate (MF) as only side-product. The parameters to be optimized are shown in boxes, and the optimization
goal is written in purple.
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ABSTRACT: Formaldehyde is an important precursor to numer-
ous industrial processes and is produced in multimillion ton scale
every year by catalytic oxidation of methanol in an energetically
unfavorable and atom-inefficient industrial process. In this work, we
present a highly selective one-step synthesis of a formaldehyde
derivative starting from carbon dioxide and hydrogen gas utilizing a
homogeneous ruthenium catalyst. Here, formaldehyde is obtained as
dimethoxymethane, its dimethyl acetal, by selective reduction of
carbon dioxide at moderate temperatures (90 °C) and partial
pressures (90 bar H2/20 bar CO2) in the presence of methanol.
Besides the desired product, only methyl formate is formed, which
can be transformed to dimethoxymethane in a consecutive catalytic
step. By comprehensive screening of the catalytic system, maximum
turnover numbers of 786 for dimethoxymethane and 1290 for
methyl formate were achieved with remarkable selectivities of over 90% for dimethoxymethane.

■ INTRODUCTION

Carbon dioxide is considered to play an important role in
climate change due to its greenhouse properties and
continuous accumulation in the atmosphere. Since 1750, the
atmospheric concentration of CO2 has dramatically risen from
278 ppm to 390 ppm in 2011.1 In the following five years, the
atmospheric concentration even exceeded 400 ppm, strength-
ening the assumption that the emission of CO2 will further
increase within the next decades, thus strongly impacting the
world’s climate.2,1b Utilization of CO2 as an alternative
feedstock for the chemical industry is an opportunity to
rebalance the carbon cycle and to reduce CO2 emissions,
thereby providing a renewable resource for the anthropogenic
value chains of generations to come.3

In the last decades, impressive progress has been made in
the catalytic transformation of CO2 toward chemically relevant
products.4 The challenge of such transformations is the high
kinetic barrier resulting from the low energy level of molecular
CO2.

5 There are many examples for the synthesis of functional
molecules starting from carbon dioxide and hydrogen gas, such
as formic acid or formate salts,6 alkyl formates,7 formam-
ides,7a,b,8 or methanol.9 The catalytic transformation toward
the formaldehyde oxidation level remains challenging since the
resulting aldehyde group is susceptible to further reduction.4f

Only a few reports describe the homogeneously catalyzed
synthesis of formaldehyde or derivatives thereof. In 2012,
Bontemps and Sabo-Etienne used pinacolborane as reducing
agent in a ruthenium-catalyzed reduction of CO2 to trap
formaldehyde as bis(boryl)methylene acetal.10 Free form-
aldehyde was observed via NMR analysis in the borane-

mediated reduction of CO2 using a slightly modified
polyhydride ruthenium complex. In the presence of a primary
amine, the corresponding imine was formed, which could be
hydrolyzed, yielding formalin solution.11 A similar hydro-
boration of CO2 was achieved using iron, cobalt, and copper
complexes.12 In 2015, Oestreich and Metsan̈en reported a
ruthenium-catalyzed hydrosilylation of CO2 to bis(silyl)-
methylene acetal using triethylsilane.13 Likewise, Lo ́pez-
Serrano and Rodriǵuez obtained the same acetal using a nickel
catalyst under similar conditions.14 The groups of Berke and
Piers utilized frustrated Lewis pairs derived from rhenium and
scandium complexes in combination with B(C6F5)3 for the
selective hydrosilylation of CO2.

15 These reports are of high
academic value but do not meet industrial needs due to the
stoichiometric use of reducing reagents. The first catalytic
conversion of CO2 to the formaldehyde oxidation level using
molecular hydrogen and a homogeneous catalyst was described
by Klankermayer et al. in 2016. In the presence of alcohols,
CO2 was transformed into dialkoxymethane ethers using a
ruthenium complex and acidic cocatalysts (Scheme 1). The
best result was obtained using a molecular ruthenium-triphos
catalyst and aluminum triflate, yielding dimethoxymethane
(DMM) with a turnover number (TON) of 214. Besides the
product, methyl formate (MF) was formed with a TON of
104.16

In 2017, Klankermayer and Schieweck used the triphos
ligand and derivatives thereof in combination with cobalt salts
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and an acidic cocatalyst for the same catalytic transformation.
The selectivity for DMM was improved compared to the
previously reported ruthenium system with TONs for DMM
and MF reaching 157 and 37, respectively.17

We envisaged that variation of the electronic and steric
properties of the triphos ligand as well as of the coordinating
units would lead to a significant increase in stability and
activity of the catalytic systems, thus yielding higher TONs for
DMM and MF. Herein, we report a highly optimized
ruthenium-catalyzed transformation of carbon dioxide to
DMM and MF, thereby providing an attractive approach for
the synthesis of formaldehyde in an energetically favorable and
atom-efficient industrial process.

■ RESULTS AND DISCUSSION
For the comprehensive screening of potential catalysts for the
transformation of CO2 to formaldehyde derivatives, we
synthesized structurally flexible ruthenium catalysts to tune
steric and electronic properties (Scheme 2). All catalysts were

based on tripodal ligands and the doubly charged trimethylene-
methane anion as counterion. First, we varied the electronic
and steric properties of the ligand by changing the backbone of
the widely used triphos ligand in combination with increasing
sterical demand in the coordinating phosphine units. We chose
the N-triphos ligand as basic ligand motif due to its versatile
application and the simplicity of synthesis.18 Second, we
exchanged one of the phosphine units with a hemilabile pyridyl
ligand to increase activity of the resulting catalysts. Last, we
changed the linker from methylene to oxymethylene groups to
vary the coordinating properties of the ligands.
The synthesis of tripodal N-triphos ligands bearing a

nitrogen atom in the backbone was achieved according to a
modular two-step procedure published by Gade et al.19 The
respective phosphines were transformed into the air- and
moisture-stable phosphonium salts 1a−c by reaction with
formaldehyde in the presence of acid with 54−95% yield
(Scheme 3A).20 The ligands N-triphosPh (2a), N-triphoso‑Tol

(2b), and N-triphosp‑Tol (2c) were prepared by reaction of
1a−c with triethylamine and ammonium chloride with good to
excellent yields (74−90%, Scheme 3A). The ligand N‑tri-
phosMes (2d) could not be synthesized according to this
procedure, as the addition of triethylamine in the second step
favored the elimination of formaldehyde, yielding the initial
reactant dimesitylphosphine. Ligand 2d was synthesized by

reaction of the lithiated phosphine with tris(chloromethyl)-
amine with 38% yield (Scheme 3B). Using the phosphonium
salt 1a, the ligand N-py-diphosPh (2e) was prepared by
changing the amine of the previously used protocol to
2‑aminopyridine (50% yield, Scheme 3C). The analogue py-
diphosPh (2f) was synthesized in an optimized procedure,
derived from the work by Doherty et al., starting with
2‑ethylpyridine.21 The ligand was isolated with 7% yield after
the four-step synthesis (Scheme 3D). The tridentate
phosphinite ligand triphosOPPh2 (2g) was obtained according
to a procedure by Marchand-Brynaert et al.22 Reaction of
1,1,1-tris(hydroxymethyl)ethane with chlorodiphenylphos-
phine in the presence of triethylamine yielded 2g with 34%
yield (Scheme 3E).
Subsequently, the ruthenium complexes were synthesized

according to the protocol of Klankermayer and Leitner.9c,23

The ligands were heated with the ruthenium precursor [Ru(2-
methylallyl)2(COD)] (COD = cyclooctadiene) in toluene to
110 °C (Scheme 4). The ruthenium complexes 3a,c were
isolated after 3−4 days with 44% and 21% yield, whereas the

Scheme 1. Acetalization Approach toward the
Formaldehyde Oxidation Level16

Scheme 2. Ruthenium Complexes for the Catalytic
Transformation of CO2 to DMM

Scheme 3. Synthetic Procedures toward the Tripodal
Ligands
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respective complexes 3b and 3d of the ligands 2b and 2d could
not be isolated purely. Therefore, the complexes were formed
in situ in later catalytic investigations. Complexes 3e−g were
isolated after heating the respective ligand with the ruthenium
precursor in toluene to 110 °C for 3−8.5 h with 33−64% yield.
Astonishingly, complex 3e did not eliminate isobutene at all
after heating for 3 h. The two phosphine groups of ligand 2e
coordinated to the ruthenium center, while the pyridyl ligand
was unable to do so.
The X-ray crystallographic structure of 3c confirmed the

expected distorted octahedral molecular geometry (Figure 1).

The obtained structure explains the difficulties in accessing
complexes 3b and 3d. Due to the spatial proximity of the
o‑methyl groups to the phosphine, steric and repulsive forces
become too strong for effective complexation (see the SI for
molecular structure of ligand 2d).
Next, all catalysts were investigated in the catalytic

transformation of CO2 to DMM and MF (Scheme 1, Table

1). Initial screening conditions were chosen according to the
system described by Klankermayer et al.16 The catalyses were

performed over 18 h at 80 °C with Al(OTf)3 as Lewis acid
utilizing 60 bar of H2 and 20 bar of CO2.
Already at the initial screening conditions, the catalysts 3a

and 3c yielded higher TONs for DMM and MF compared to
the [Ru(triphos)(tmm)] (tmm = trimethylenemethane dia-
nion) system (Table 1, entries 1−3 and 5).16 The complex
[Ru(N-triphosPh)(tmm)] (3a) showed the best results with a
TON for DMM of 292 and a TON for MF of 112 (Table 1,
entry 3). The modification of the aryl groups of the phosphines
in the complex [Ru(N-triphosp‑Tol)(tmm)] (3c) resulted in
slightly decreased activity compared to 3a (Table 1, entry 5).
The low TONs obtained with [Ru(N-triphoso‑Tol)(tmm)] (3b)
and [Ru(N-triphosMes)(tmm)] (3d) can be explained by the in
situ strategy for the formation of the complexes (Table 1,
entries 4 and 6). Apparently, the complexation of the ligands is
not feasible under these catalytic conditions.
The complexes [Ru(N-py-diphosPh)(2-methylallyl)2] (3e)

and [Ru(py-diphosPh)(tmm)] (3f) showed low activity in the
formation of DMM, whereas the TON of MF was moderate
(Table 1, entries 7 and 8). Especially for 3f, the TON of MF
with 105 was noteworthily high (Table 1, entry 8).
Interestingly, complex 3e showed activity even though ligand
2e coordinated only in a bidentate manner. The complex
[Ru(triphosOPPh2)(tmm)] (3g) showed reasonable activity for
both products (Table 1, entry 9).
On the basis of the highly promising results obtained with

complex 3a, we optimized the catalysis conditions with regard
to temperature, partial pressure of H2 and CO2, reaction time,
and additive as well as catalyst and Lewis acid concentration.
We started with investigating the influence of the temper-

ature in a range between 20 and 120 °C (Table 2, entries 1−9,
Figure 2A). The TON for both DMM and MF is strongly
temperature-dependent with the highest TON for DMM
between 85 and 90 °C (Table 2, entries 4 and 5) and the
highest TON for MF at 70 °C or probably lower (Table 2,
entry 2). The TON for DMM even exceeded 300 for 85 and
90 °C. Remarkably, the catalyst showed activity even at 20 °C
(Table 2, entry 1). We chose 90 °C as the best result for

Scheme 4. Complexation of the Synthesized Ligands

Figure 1. Molecular structure of complex 3c. Ellipsoids are shown at
the 50% probability level. Hydrogen atoms and the solvent molecule
are omitted for clarity.

Table 1. Initial Screening Results of Catalysts in the
Selective Synthesis of DMM Starting from CO2 and H2

a,b,c

entry cat. TONDMM TONMF

1 [Ru]16 214 104
2 [Co]17 157 37
3 3a 292 ± 25 112 ± 4
4 3bd 2 ± 0 23 ± 0
5 3c 221 ± 40 90 ± 25
6 3dd 3 ± 2 6 ± 1
7 3e 7 ± 4 39 ± 4
8 3f 5 ± 0 105 ± 6
9 3g 32 ± 10 83 ± 7

aCatalysis conditions: 1.50 μmol of catalyst, 6.25 μmol of Al(OTf)3,
0.5 mL of MeOH, 80 °C, 60 bar of H2, 20 bar of CO2, 18 h. bTONs
were determined by 1H NMR spectroscopy using mesitylene as
internal standard. cAll data are the average of two runs, and the
standard deviation is indicated. dThe catalyst was formed in situ: 1.50
μmol of [Ru(2-methylallyl)2(COD)], 1.50 μmol of ligand 2b or 2d,
respectively.
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further optimization, thereby balancing activity and selectivity
(TONDMM 310 and TONMF 85).
Next, the partial pressure of H2 was varied between 40 and

100 bar, while all other parameters were kept constant (Table
2, entries 10−15, Figure 2B). The TON of DMM was highest
at 90 bar of H2 (Table 2, entry 14), whereas the TON of MF
barely changed at pressures higher than 50 bar, prompting us
to use 90 bar of H2 for all further experiments (TONDMM 363
and TONMF 92).
Hereafter, the influence of the partial pressure of CO2 was

analyzed by changing the CO2 pressure between 5 and 40 bar
(Table 2, entries 16−21, Figure 2C). The results indicate a
strong dependency of the catalyst activity on the CO2 pressure.
The TON of both DMM and MF increased with increasing
CO2 pressure. Whereas the TON for DMM reached its
maximum at 20 bar of CO2 (Table 2, entry 14), the TON for
MF increased until 40 bar of CO2 was applied (Table 2, entry
21). Due to the very low MF formation at low CO2 pressures,
the selectivity at 5 bar of CO2 even exceeded 90% for DMM
(Table 2, entry 16).
At this point, we were intrigued by the high selectivities that

were achieved using low CO2 pressures. In published work, it
was stated that the catalytic hydrogenation of CO2 terminates
selectively at the formaldehyde level using the [Ru(triphos)-
(tmm)] system.16 Consequently, we investigated the influence
of time on the product distribution at 5 bar of CO2. We
envisioned achieving high TONs with high selectivities by
increasing the reaction time to several days (Table 3, entries
1−8, Figure 2D). Surprisingly, the TONs did not increase
continuously. For DMM, the TON reached a maximum after
12 h (Table 3, entry 3), whereas in the case of MF the TON
decreased continuously. After 168 h, nearly no product but

also no degradation products could be detected in the 1H
NMR spectra (Table 3, entry 8, see SI). Most likely, the
catalyst decomposes in the course of the reaction and the
resulting degraded catalyst is still able to deplete the formed
DMM and MF.
Therefore, we examined the dependency of the product

distribution on the time of catalysis at 20 bar of CO2 (Table 3,
entries 9−16, Figure 2E). Here, the maximum for both TON
of DMM and MF was reached after 18 h (Table 3, entry 12),
which is why this reaction time was chosen for further
optimization.
Subsequently, the influence of the Lewis acid was

investigated (Table S3.1 in the SI, Figure 2F). In general,
the employed metal triflates led to higher activity of the
catalytic system than the boron-based Lewis acids. Al(OTf)3
gave the best results for the former (Table S3.1 in the SI, entry
1), whereas BF3(OEt2) yielded the highest TONs for the latter
(Table S3.1 in the SI, entry 8).
An immense increase in activity could be achieved by

varying the concentration of the catalyst while the catalyst to
Lewis acid ratio remained unchanged (Table 4, entries 1−6,
Figure 2G). The maximum TON for DMM was reached at a
catalyst loading of 0.38 μmol (Table 4, entry 2), whereas the
TON of MF increased continuously with decreasing catalyst
loading. At a catalyst loading of 0.19 μmol, the TON for MF
even exceeded 1000 (Table 4, entry 1). For further
experiments, we chose 0.38 μmol of catalyst loading.
Last, we investigated the influence of changing the catalyst

to Lewis acid ratio while the catalyst loading was kept constant
(Table 4, entries 7−11, Figure 2H). The best results were still
achieved using 1.56 μmol of Lewis acid with TONs for DMM
and MF of 786 and 533, respectively (Table 4, entry 2). By
increasing the amount of Lewis acid beyond this, the TON of
DMM did not change significantly, whereas the TON of MF
decreased slightly compared to the best result (Table 4, entries
9−11). Reducing the amount of Lewis acid below 1.56 μmol
led to a strong decrease in the TON of DMM and an increase
in the TON of MF (Table 4, entries 7 and 8).
In further experiments, we investigated the transformation of

MF to DMM by using MF instead of CO2 as starting material
for the hydrogenation reaction. After 18 h, MF was selectively
transformed to DMM. Following the separation of DMM, the
formed MF can thus be returned to the catalytic process,
leading to higher TONs for DMM in the next reaction cycle.
After catalysis, DMM can be easily hydrolyzed to form-

aldehyde and methanol, yielding the desired product by
distillation.24 For an industrial application, complex 3a has the
additional advantage that it is air-stable for over two months
and stable in solution under inert conditions for over 2 weeks.
Further, the synthesis of the ligand can easily be scaled up (see
the SI). Based on these results, an industrial process for the
energetically favorable and atom-efficient conversion of CO2 to
formaldehyde using the presented catalytic system in a batch
process can be envisioned. Also, the immediate product,
DMM, exhibits the potential for direct application. It can be
used as a fuel additive in biofuels due to its ability to reduce
soot formation during the combustion in diesel engines and its
origin in a renewable feedstock. Further, DMM is a building
block for the synthesis of higher order oxymethylene ethers,
which can be implemented as synthetic fuels providing an
alternative for diesel.4g,25

Table 2. Optimization of Catalysis Conditions with Regard
to Temperature as Well as Partial Pressure of H2 and
CO2

a,b,c

entry T (°C) pH2 (bar) pCO2 (bar) TONDMM TONMF

1 20 60 20 8 ± 5 51 ± 7
2 70 60 20 164 ± 15 161 ± 5
3 80 60 20 292 ± 25 112 ± 4
4 85 60 20 324 ± 9 93 ± 3
5 90 60 20 310 ± 12 85 ± 5
6 95 60 20 271 ± 8 73 ± 4
7 100 60 20 208 ± 9 66 ± 6
8 110 60 20 119 ± 9 52 ± 5
9 120 60 20 56 ± 8 42 ± 1
10 90 40 20 250 ± 14 69 ± 2
11 90 50 20 279 ± 21 76 ± 4
12 90 70 20 319 ± 24 82 ± 4
13 90 80 20 326 ± 31 83 ± 5
14 90 90 20 363 ± 18 92 ± 9
15 90 100 20 332 ± 27 86 ± 6
16 90 90 5 97 ± 18 8 ± 1
17 90 90 10 213 ± 10 35 ± 2
18 90 90 15 313 ± 38 68 ± 3
19 90 90 25 361 ± 21 101 ± 7
20 90 90 30 329 ± 18 108 ± 7
21 90 90 40 275 ± 14 118 ± 2

aCatalysis conditions: 1.50 μmol of catalyst, 6.25 μmol of Al(OTf)3,
0.5 mL of MeOH, 18 h. bTONs were determined by 1H NMR
spectroscopy using mesitylene as internal standard. cAll data are the
average of three runs, and the standard deviation is indicated.
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Figure 2. Summarized bar plots of the TONs in the catalytic transformation of CO2 to DMM and MF in dependence on the investigated reaction
parameters.
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■ CONCLUSION
We present optimized catalysis conditions for the homoge-
neously catalyzed transformation of CO2 to DMM and MF
using the ruthenium-triphos complex 3a with regard to
temperature, partial pressure of H2 and CO2, reaction time,
and additive as well as catalyst and Lewis acid concentration.
Compared to the results using the initial parameters
(TONDMM 292 and TONMF 112), the catalytic system was
significantly improved, leading to a nearly 3-fold increase of the
TON of DMM to 786 (with it: TONMF 533). The activity
could also be optimized in favor of MF, yielding a TON of
1290 with only a slight decrease in DMM formation
(TONDMM 728). Further, the selectivity for DMM shows a
strong dependency on the catalysis parameters and can be
increased to above 90% (TONDMM 97 and TONMF 8). Thus,
the catalytic conditions can be adjusted depending on the
desired product distribution. Using molecular hydrogen and a
homogeneous catalyst, this catalytic system is unique in its

activity and ease of adjustment, converting CO2 to the
formaldehyde oxidation level. The present results exceed by far
literature data and showcase the possibility for an atom-
efficient, alternative pathway toward formaldehyde in the near
future.

■ EXPERIMENTAL SECTION
The complete detailed description of all experiments, the spectro-
scopic data of compounds, and the NMR spectra of compounds and
catalysis samples can be found in the Supporting Information. In
order to improve comprehensibility, simplified names were used in
some cases rather than using exact IUPAC names.

All novel ligand precursors (1b and 1c), ligands (2b, 2c, and 2d),
and complexes (3c, 3e, and 3f) were completely characterized by
NMR spectroscopy, HR-MS, IR spectroscopy, and elemental analysis.
The novel complex 3g exhibited too broad signals in the NMR spectra
and thus was characterized by HR-MS, IR spectroscopy, and
elemental analysis. Furthermore, X-ray diffraction analysis from a
single crystal was obtained for compounds 1b, 2c (in its phosphine
oxide form), 2d, and 3c (see the SI).

The catalyses were performed in stainless steel high-pressure
autoclaves using an NMR tube as inset and a small stirring bar for
mixing. The catalyst and the additive were suspended in a Schlenk
tube in MeOH, and the mixture was stirred for 1 h. The autoclave was
evacuated and flushed with nitrogen three times before a 0.5 mL
reaction mixture was transferred into the NMR tube inset. The carbon
dioxide gas line was purged with CO2, and the hydrogen gas line was
purged with H2 at least seven times. After the autoclave was
pressurized with CO2, the CO2 was deposited by cooling the
autoclave to −78 °C for 5 min. Then, the autoclave was further
pressurized with H2. The closed autoclave was allowed to warm to
room temperature for 10 min. The reaction mixture was stirred at the
mentioned temperature for the defined time. The autoclave was
cooled to 0 °C for 15 min before the gas was discharged. The TONs
of the catalyses were determined by 1H NMR spectroscopy. A sample
of 50 μL of the reaction mixture and 35 μL of mesitylene as internal
standard were dissolved in 450 μL of dichloromethane-d2.

The catalysis was also performed in the absence of a catalyst, a
cocatalyst, or both to demonstrate the need of the catalytic system for
the formation of both of these compounds. In these experiments, no
significant TONs for DMM and MF were observed (see the SI). All
catalyses with catalyst 3a were performed three times. The error bars
shown in Figure 2 display the standard deviation of the experiments
(see the SI).
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Table 3. Optimization of Catalysis Conditions with Regard
to Time of Catalysis at 5 and 20 bar of CO2

a,b,c

entry pCO2 (bar) t (h) TONDMM TONMF

1 5 1 21 ± 0 35 ± 3
2 5 6 97 ± 4 16 ± 4
3 5 12 106 ± 21 13 ± 4
4 5 18 97 ± 18 8 ± 1
5 5 24 85 ± 14 7 ± 1
6 5 48 42 ± 14 4 ± 1
7 5 72 20 ± 11 3 ± 2
8 5 168 4 ± 1 0 ± 0
9 20 1 17 ± 2 63 ± 8
10 20 6 159 ± 4 63 ± 3
11 20 12 248 ± 49 83 ± 15
12 20 18 363 ± 18 92 ± 9
13 20 24 317 ± 19 77 ± 2
14 20 48 293 ± 19 61 ± 4
15 20 72 243 ± 17 55 ± 1
16 20 168 177 ± 13 47 ± 2

aCatalysis conditions: 1.50 μmol of catalyst, 6.25 μmol of Al(OTf)3,
0.5 mL of MeOH, 90 °C, 90 bar H2.

bTONs were determined by 1H
NMR spectroscopy using mesitylene as internal standard. cAll data are
the average of three runs, and the standard deviation is indicated.

Table 4. Optimization of Catalysis Conditions with Regard
to the Amount of the Lewis Acida,b,c

entry ncat (μmol) nadd (μmol) TONDMM TONMF

1 0.19 0.78 728 ± 102 1290 ± 151
2 0.38 1.56 786 ± 62 533 ± 17
3 0.75 3.13 528 ± 94 206 ± 42
4 1.50 6.25 363 ± 18 92 ± 9
5 2.25 9.38 201 ± 20 47 ± 3
6 3.00 12.50 122 ± 7 33 ± 2
7 0.38 0.94 447 ± 93 650 ± 22
8 0.38 1.25 532 ± 131 511 ± 67
9 0.38 1.88 698 ± 51 415 ± 80
10 0.38 2.19 756 ± 134 446 ± 98
11 0.38 2.50 748 ± 45 444 ± 107

aCatalysis conditions: Al(OTf)3, 0.5 mL of MeOH, 90 °C, 90 bar of
H2, 20 bar of CO2, 18 h. bTONs were determined by 1H NMR
spectroscopy using mesitylene as internal standard. cAll data are the
average of three runs, and the standard deviation is indicated.
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ABSTRACT: Due to the increasing demand for formaldehyde as a building
block in the chemical industry as well as its emerging potential as feedstock
for biofuels in the form of dimethoxymethane and the oxymethylene ethers
produced therefrom, the catalytic transformation of carbon dioxide to the
formaldehyde oxidation state has become a focus of interest. In this work, we
present novel ruthenium complexes with hetero-triphos ligands, which show
high activity in the selective transformation of carbon dioxide to dimethoxy-
methane. We substituted the apical carbon atom in the backbone of the
triphos ligand platform with silicon or phosphorus and optimized the reaction
conditions to achieve turnover numbers as high as 685 for dimethoxymethane.
The catalytic systems could also be tuned to preferably yield methyl formate
with turnover numbers of up to 1370, which in turn can be converted into
dimethoxymethane under moderate conditions.

■ INTRODUCTION
In recent years, the utilization of carbon dioxide as renewable
feedstock has become a major focus in academia and the
chemical industry.1 Driven by the postulated and already
emerging dramatic global climate change due to the higher
concentration of atmospheric greenhouse gases, such as CO2,
the necessity for sustainable and atom-efficient processes in
industry is as high as never before.2

CO2 has been utilized as the starting material for the
synthesis of a variety of important organic molecules. A
number of these showed the potential for process develop-
ment, considering economic as well as ecologic factors.1b,3 Yet,
conversion of CO2 to the formaldehyde oxidation level remains
challenging, and only little progress was made on the road to
an industrially feasible process.3e,4

Besides the academic approaches toward formaldehyde and
its derivatives based on hydroboration,5 hydrosilylation,6 and
frustrated Lewis pairs,7 only a few attempts meeting the
industrial requirements have been published until now. In
2016, Klankermayer and Leitner showed that the catalytic
transformation of carbon dioxide to dimethoxymethane
(DMM), the dimethyl acetal of formaldehyde, is viable. By
employing a ruthenium-based triphosPh complex and Al(OTf)3
as an additive, they achieved a turnover number (TON) of 214
for DMM (Scheme 1), and methyl formate (MF) was
observed as the only side product.8 This pathway to DMM
is more atom-efficient than the common approaches, including
acid-catalyzed acetalization of formaldehyde or methanol
oxidation utilizing heterogeneous catalysts.4 Furthermore,
Schieweck and Klankermayer reported the use of modified
triphos ligands and cobalt salts for the same reaction, achieving

a TON of 157 for DMM with increased selectivity.9 Recently,
our group was able to raise TONs for DMM to 786 using a
ruthenium catalyst with an N-triphosPh ligand and approaching
the multivariate catalytic system in a stepwise optimization
process (Scheme 1). This way, maxima in activity for
temperature, partial pressure of hydrogen and carbon dioxide,
time as well as catalyst and additive loading were determined.10

These excellent results, achieved by tuning the established
ruthenium triphos system, encouraged us to investigate further
steric and electronic modifications of the triphos ligand
structure. The backbone of these tripodal ligands can be
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Scheme 1. Overview of Different Ruthenium Catalysts for
the Synthesis of DMM from CO2
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varied in a modular way, following established synthetic
procedures.11 We envisioned substitution of the apical atom in
the backbone with heteroatoms, such as silicon and
phosphorus (Scheme 1), to significantly alter the reactivity of
the catalytic system, as has been demonstrated in other
reports.12

■ RESULTS AND DISCUSSION
We started our studies by preparing triphos ligands with silicon
and phosphorus in the backbone. To ensure comparability
with previously reported systems and to gain insights into the
effects of these structural variations, all synthesized ligands
were kept tripodal and tridentate. In addition, the investigated
complexes were prepared with the doubly charged trimethy-
lenemethane anion as the counterion.
The synthesis of tripodal Si-triphosPh (1a,b) and P-triphosPh

(1c) ligands was achieved in a modular two-step procedure
based on publications by the groups of Tilley,13 LaBelle,14

Gramlich,15 and Álvarez.16 Deprotonation of the methyl group
of MePPh2, using n-BuLi and N,N,N′,N′-tetramethylethylene-
diamine (TMEDA), resulted in the formation of the
Ph2PMeLi−TMEDA complex, which was directly used in a
nucleophilic substitution. Si-triphosPh ligands (1a,b) were
obtained by reaction with phenyl- and methyltrichlorosilane
in 71−90% yield (Scheme 2A). P-triphosPh (1c) was prepared
in 66% yield using triphenyl phosphite (Scheme 2B).

The ruthenium complexes were synthesized according to a
method by Klankermayer and Leitner.17 A mixture of [Ru(2-
methylallyl)2(COD)] and the respective ligand was heated in
toluene to 110 °C (Scheme 2C) for 5 h (2a, yield: 60%), 15 h
(2b, yield: 56%), or 4.5 h (2c, yield: 16%). Crystal structures
of complexes 2a and 2b, containing the silicon-based ligands
PhSi-triphosPh (1a) and MeSi-triphosPh (1b), showed the
expected distorted octahedral geometry (Figure 1A,B).
When compared to the ruthenium complex with the carbon-

based triphosPh ligand, 2a and 2b exhibit a higher spatial

distance (2a: 3.63 Å, 2b: 3.64 Å) between the apical atom and
the metal center. This trend results partly from the larger
atomic radius of silicon, which is indicated by the longer X−C
bonds of 1.88 and 1.89 Å (Table 1, entries 1−3). Furthermore,
smaller X−C−P bond angles of 110° for both compounds as
well as significantly higher X−C−P−Ru torsion angles of 35.0
and 37.1° have been found (Table 1, entries 1−3), whereas the
tetrahedral C−X−C bond angles of the apical atoms are similar
to the triphos complex. Interestingly, substitution of methyl to
phenyl on the apical silicon has no significant effect on the
complex geometry.
In the reported crystal structures of N-triphos ligands, the

X−C−P bond angle is 114° and thus in between those of Si-
triphosPh and triphosPh (Table 1, entries 1−5). The distance
from nitrogen to ruthenium is the shortest at 3.46 Å, which
correlates with the largest tetrahedral C−X−C bond angle of
115° and the shortest X−C bond lengths of 1.47 and 1.46 Å
for all compared complexes (Table 1, entries 1−5). The X−
C−P−Ru dihedral angles of N-triphos ligands are smaller
(27.3 and 25.6°) than that of carbon-based triphosPh (Table 1,
entries 3−5). With this information in hand, we were curious
about the catalytic performance of the novel complexes.
We started screening the complexes 2a−c, employing the

previously optimized reaction conditions found for the N-
triphosPh system (V = 0.5 mL, T = 90 °C, pH2

= 90 bar, pCO2
=

20 bar, t = 18 h, ncat = 0.38 μmol, nadd = 1.56 μmol
Al(OTf)3).

10 Varying the reaction temperature, we observed
maxima for TONs of DMM at 90 °C for the silicon-based
complexes 2a,b and at 100 °C for the phosphorus-based
complex 2c. Already for the first set of applied conditions, the
TON for DMM exceeded 500, using catalyst 2b. Interestingly,
with higher temperatures, the selectivity (ratio of DMM/MF)
increased for 2b and 2c but decreased for 2a (Figure 2A). In
the screening of the applied H2 pressure, only small effects on
the catalysis were observed (Figure 2B), whereas for different
CO2 pressures, the behavior of catalysts 2a−c was found to be
similar to that of the N-triphosPh system. Here, lower CO2
pressures led to enhanced selectivity, while MF formation
declined. For all three catalysts, the best performance in terms
of DMM formation was found at 20 bar CO2 pressure (Figure
2C). Next, we varied the catalyst and additive loading. As
expected, both parameters influence the catalytic system
significantly (Figure 2D,E). In all three cases, the TON for
MF shows a reciprocal correlation with the catalyst amount,
i.e., doubling the catalyst loading leads to reduction of the
TON for MF by half. With increasing catalyst loading, the
TON for DMM decreases for 2a, whereas complex 2b shows a
maximum at 0.38 μmol. For 2c, DMM formation is barely
influenced. As a consequence, the selectivity increases strongly
upon increasing the amount of catalyst. At a catalyst loading of
0.19 μmol, the TON for MF exceeds 1250 for all three
complexes (Table 2, entries 7−9) and has a maximum of 1370
for catalyst 2b, which, to the best of our knowledge, is
currently the highest reported value in this transformation
setup. Using 0.75 μmol of 2b, the selectivity improves to the
highest value of 67% (ratio of DMM/MF is 2:1). With higher
additive loading, while keeping the amount of the investigated
catalysts 2a−c constant, the TON for MF declines, whereas
the TON for DMM and the selectivity improve. By using 3.13
μmol additive, the TONs for DMM of the silicon-based
triphos complexes 2a,b were 678 and 685, respectively, thus
reaching the highest activity herein (Table 2, entries 2 and 3).

Scheme 2. Synthetic Procedure towards the Tripodal
Ligands and Their Ruthenium Complexes
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Interested in the performance of the investigated catalysts
compared to the established [Ru(triphosPh)(tmm)] complex,
we conducted an additional set of experiments with the latter,
using the conditions optimized for 2a and 2b. Reaching TONs
of 658 for DMM and 343 for MF (Table 2, entry 5), the
carbon-based triphos system exhibits a similar activity in regard
of the DMM formation, within the margin of error. In contrast,
the TON for MF is notably increased for the silicon-based
complexes 2a and 2b, resulting in an overall improved catalytic
performance (Table 2, entries 2,3,7,8). P-triphos complex 2c,
however, showed considerably lower TONs for DMM, only
exceeding the triphos reference system in MF formation
(Table 2, entries 4,5,9). In general, the influence of the apex
atom on the investigated conversion is much more pronounced
in group 15, with N-triphos significantly outperforming its
phosphorus analog (Table 2, entries 1,4,6,9).
Intrigued by the high catalytic activity of catalysts 2a−c

regarding MF (Table 2, entries 7−9), we investigated its
reusability in the catalytic process. For all three catalysts, MF
was selectively converted to DMM at 90 °C and 90 bar H2 (see
the Supporting Information). These results would encourage
an industrial process for the synthesis of DMM in which the
side product MF is transformed into DMM after workup of the
catalysis products by distillation.
The exchange from carbon to silicon in the ligand backbone

has improved overall activity for 2a and 2b (Table 2, entries
2,3,5,7,8). It seems that the larger atomic radius of silicon and
the accompanying longer X−C bonds are compensated by the
higher X−C−P−Ru torsion angles (Table 1, entries 1−3). We
assume that this reduces steric effects at the catalytically active
ruthenium center. The observed difference in product

formation can thus potentially be attributed to electronic
effects, as silicon is known for strongly influencing the electron
density in neighboring groups.20 This is further supported by
the partly differing responses of the two silicon complexes 2a
and 2b to variation of the catalytic parameters in the screening
(Figure 2A,C,D, and Table 1, entries 1 and 2).
When exchanging nitrogen for phosphorus, the effects on

activity are much more pronounced. Taking the smallest X−
C−P−Ru torsion angles into account (Table 1, entries 4 and
5), the nitrogen-based ligands seem to fit ruthenium the best
among the compared complexes, coinciding with the highest
observed TON for DMM (Table 2, entry 1). Besides the
optimum sterical prerequisite, electronic effects become more
dominant by the proximity between the nitrogen and
ruthenium as well as the phosphine groups. With phosphorus
in the apex position, the larger atomic radius and the more
diffused X−C bonds are more likely to result in weaker fixation
in the ligand backbone, whereby the lower activity of 2c in
catalysis toward DMM can be rationalized (Table 2, entry 4).

■ CONCLUSIONS

We report the application of novel ruthenium hetero-triphos
complexes in the homogeneous catalysis of carbon dioxide to
dimethoxymethane and methyl formate with very high activity.
For this purpose, we prepared complexes bearing a silicon (2a
and 2b) or phosphorus atom (2c) in the apical position of the
ligand. Optimizing temperature, H2 and CO2 pressure as well
as catalyst and additive loading, maximum turnover numbers of
685 for DMM and 1370 for MF could be achieved using
complex 2b. These results are in the same range as the TONs
reported for the benchmark N-triphosPh system (DMM: 786;

Figure 1. Molecular structure of complexes 2a (A) and 2b (B) with ellipsoids drawn at the 50% probability level (hydrogen atoms are omitted for
clarity; carbon: gray; phosphorus: orange; ruthenium: turquoise; silicon: beige).

Table 1. Selected Structural Parameters for Triphos and Hetero-Triphos Ligands in Ruthenium Complexes with tmm as the
Counterion

entry liganda
space
group X−Ru dist. (Å) X−C bond lengthb (Å) X−C−P bond angleb (deg) C−X−C bond angleb (deg)

torsion angleb,c

(deg)

1 (PhSi-triphosPh) P1̅ 3.63 1.88 ± 0.00 110 ± 0 109 ± 0 −35.0 ± 1.2
2 (MeSi-triphosPh) Pna21 3.64 1.89 ± 0.00 110 ± 1 110 ± 1 37.1 ± 3.1
3 (triphosPh)18 P21/c 3.56 1.55 ± 0.00 116 ± 0 111 ± 0 −30.8 ± 2.2
4 (N-triphosPh)19 R3 3.46 1.47 ± 0.00 114 ± 0 115 ± 0 27.3 ± 0.0
5 (N-triphospTol)10 P1̅ 3.46 1.46 ± 0.00 114 ± 1 115 ± 1 −25.6 ± 3.5

aIn [Ru(ligand)(tmm)] complex. bAverage of all three observables in the compound; the standard deviation is indicated. cX−C−P−Ru torsion
angle.
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MF: 1290), which represent the highest activity to date. The
catalytic system can be tuned to either form DMM (in a ratio
of 2:1) or MF (in a ratio of 4:1) as the main product. Utilizing
the same catalyst and additive, MF can be reductively
transformed into DMM under moderate conditions. Changing
the apical atom from carbon to silicon notably enhances MF
formation without affecting TONs for DMM and thus reduces
selectivity under the given conditions. The phosphorus-based
system requires higher temperatures and catalytic activity

regarding DMM is attenuated in general. Using H2 and CO2,
PhSi-triphosPh and MeSi-triphosPh can be considered as good
alternatives to N-triphosPh as ligands for the ruthenium-
catalyzed synthesis of DMM, due to their high activity and
facile preparation.

■ EXPERIMENTAL SECTION
Detailed documentation of all experiments performed and synthetic
procedures as well as spectroscopic characterization of compounds

Figure 2. Bar plots of TONs in the catalytic investigation of the reductive transformation of CO2 to DMM and MF for the screening of reaction
parameters, such as temperature (A), H2 (B) and CO2 pressure (C) as well as catalyst (D) and additive loading (E).
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used can be found in the Supporting Information. For better
readability, simplified nomenclature instead of IUPAC names is used
for ligands 1a−c.
Novel complexes 2a−c were characterized by NMR spectroscopy,

high-resolution mass spectrometry (HR-MS), IR spectroscopy, and
elemental analysis. X-ray diffraction analysis from a single crystal was
obtained for compounds 2a and 2b (see the Supporting Information).
All catalyses and the corresponding analyses were performed two

times following a procedure previously reported by our group.10

The catalysis was also performed in the absence of a catalyst, a co-
catalyst, or both to demonstrate the need for the catalytic system for
the formation of DMM and MF. In these experiments, no significant
TONs for both of these compounds were obtained (see the
Supporting Information). Error bars shown in Figure 2 display the
standard deviation of the experiments (see the Supporting
Information).
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Identifying high-performance catalytic conditions
for carbon dioxide reduction to dimethoxymethane
by multivariate modelling†

Max Siebert, Gerhard Krennrich, Max Seibicke, Alexander F. Siegle
and Oliver Trapp *

In times of a warming climate due to excessive carbon dioxide production, catalytic conversion of carbon

dioxide to formaldehyde is not only a process of great industrial interest, but it could also serve as a means

for meeting our climate goals. Currently, formaldehyde is produced in an energetically unfavourable and

atom-inefficient process. A much needed solution remains academically challenging. Here we present

an algorithmic workflow to improve the ruthenium-catalysed transformation of carbon dioxide to the

formaldehyde derivative dimethoxymethane. Catalytic processes are typically optimised by

comprehensive screening of catalysts, substrates, reaction parameters and additives to enhance activity

and selectivity. The common problem of the multidimensionality of the parameter space, leading to only

incremental improvement in laborious physical investigations, was overcome by combining elements

from machine learning, optimisation and experimental design, tripling the turnover number of 786 to

2761. The optimised conditions were then used in a new reaction setup tailored to the process

parameters leading to a turnover number of 3874, exceeding by far those of known processes.

Introduction

In this century, our ecosystem faces severe problems such as
global warming, environmental pollution and resource depletion.
The negative impact of humankind as well as its responsibility in
solving these problems can no longer be ignored.1,2 Besides the
necessity for future-oriented global politics,3,4 both the scientic
community and the chemical industry must provide answers to
crucial questions regarding sustainable process development,
alternative energies as well as recycling of waste and pollutants.5–9

In this context, more efficient techniques must be developed and
applied in research to reduce time, cost and resources.10–12

In catalytic investigations, system optimisation is typically
approached by one-factor-at-a-time (OFAT) methods, succes-
sively screening along one parameter axis. Once optimised,
a parameter is kept constant for the subsequent experiments. In
this univariate analysis, variables are treated as being inde-
pendent of each other. Beside the vast number of experiments
that must be performed, local maxima with higher perfor-
mances might be missed. Consequently, algorithm-based
screening and optimisation techniques have been among the
fastest growing research areas in recent years.13–24 Considering

the interactions of parameters, optimised results can be ach-
ieved with minimal experimental effort.25,26

Recently, we applied a univariate optimisation approach
including several hundred catalytic reactions to improve the
selective ruthenium-catalysed transformation of carbon dioxide to
dimethoxymethane (DMM) reaching a turnover number (TON) of
786 (Scheme 1).27,28 The product DMM itself is a high value feed-
stock for biofuels, but can also be hydrolysed yielding formalde-
hyde and methanol or directly employed as a formaldehyde
synthon.29,30 Beside the desired product, only methyl formate (MF)
was formed with TONs of up to 1290 (Scheme 1).27 Previously, two
studies on the selective hydrogenation of CO2 by the group of
Klankermayer showed the formation of DMM and MF by using
a homogeneous ruthenium catalyst31 with TONs of 214 and 104 or
a cobalt catalyst32 with TONs of 157 and 37, respectively. Further
selective reductions toward the formaldehyde oxidation state were
reported utilising hydroboration,33–37 hydrosilylation,38,39 and frus-
trated Lewis pairs,40,41 however, being mainly of academic interest
due to the stoichiometric use of reducing reagents.

Scheme 1 Reductive transformation of CO2 towards the formalde-
hyde oxidation level yielding methyl formate (MF) and dimethoxy-
methane (DMM).

Department Chemie, Ludwig-Maximilians-Universität München, Butenandtstr. 5-13,

81377 München, Germany. E-mail: oliver.trapp@cup.uni-muenchen.de

† Electronic supplementary information (ESI) available: Synthetic procedures,
multivariate modelling procedure, additional tables, catalysis data, R-code. See
DOI: 10.1039/c9sc04591k

Cite this: Chem. Sci., 2019, 10, 10466

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 11th September 2019
Accepted 23rd October 2019

DOI: 10.1039/c9sc04591k

rsc.li/chemical-science

10466 | Chem. Sci., 2019, 10, 10466–10474 This journal is © The Royal Society of Chemistry 2019

Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 6

/2
3/

20
20

 8
:3

2:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

41



Inspired by previous reports, which underline the impor-
tance of a holistic view on the results obtained,13,19 we now
utilised multivariate analysis42,43 to further optimise the inves-
tigated catalysis. Based on the large amount of experimental
data and the dependency of the catalytic system on seven
different parameters, we envisioned to increase its performance
by modelling and predicting conditions optimally accounting
for parameter interaction. For this purpose, we devised a multi-
step process combining elements from machine learning,
optimisation and experimental design (design of experiments,
DoE). Fig. 1 gives a schematic overview of the easy-to-use algo-
rithmic workow, which was developed in this work and is
applicable for any catalytic screening. Experimental data
(Fig. 1(I)) was modelled using the random forest (RF) algorithm
(Fig. 1(II)) to identify promising subspaces with high catalytic
performance (Fig. 1(III)). To better understand the origin of the
exceptional activity and to extend the amount of data for further
modelling, the subspace was augmented (Fig. 1(IV)) by addi-
tional experiments (Fig. 1(V)) that were based on experimental
design. Starting from these rst experiments, an iterative
workow – consisting of DoE (Fig. 1(V) and (VI)), optimisation
(relaxation; Fig. 1(VII) and (VIII)) and evaluation (Fig. 1(IX)) –
was applied until the nal optimum was reached (Fig. 1(X)).

Results and discussion
Catalytic system

The selective transformation of CO2 to DMMwas performed using
the ruthenium catalyst [Ru(N-triphosPh)(tmm)] (tmm ¼

trimethylenemethane dianion) for hydride transfer and Al(OTf)3
to facilitate the acetalisation with methanol (Scheme 1). Bene-
cially, the robust catalyst can be obtained on a large scale in
a simple three-step procedure, which underlines its suitability for
industrial and large scale applications.27 The catalysis is mainly
affected by the reaction temperature (T), partial pressure of H2

(pH2
) and CO2 (pCO2

), reaction time (t), the amount of catalyst (ncat)
and Lewis acid (nadd) as well as the reaction volume (V).

Experimental data analysis

Following the rationale outlined in the previous section, the
optimisation started with a corpus of 49 unique settings of the
seven process factors (X: X1, X2,., X7 ¼ T, pH2

, pCO2
, t, ncat, nadd,

V), two responses (Y: Y1, Y2 ¼ TONDMM, TONMF) and 144
observations, which are measured values of the responses
(Table 1, Fig. 1(I), ESI Table 1†).27 Each setting was run as
a triple replicate, except for three settings that were realised as
simple replicates, thus making up the 144 cases of the dataset.
Goal of the optimisation was nding reaction conditions
X*: X*

1 ; X*
2 ; .; X*

7 , that maximise TONDMM (for a theoretical
introduction on this approach, see the Methods section). As
process factors, six of the previously investigated parameters,
namely temperature, partial pressure of H2 and CO2, reaction
time as well as the amount of catalyst and Lewis acid, proved
suitable for the optimisation. The inuence of varying the
nature of the Lewis acid was neglected here, because statistical
analysis of the dataset revealed Al(OTf)3 as the only promising
candidate. Instead, the volume of the catalysis solution was
considered for the multivariate analysis to account for mass
transfer phenomena and gas solubility effects (concentration
effects) potentially inuencing the performance of the catalyst.

Modelling and analysis of datasets based on empirical
optimisation (e.g. OFAT) is complex and more difficult than
estimating parametric surrogate models from well-designed
data. The difficulties arise primarily from non-linearities,
which simple parametric models cannot appropriately
describe. Furthermore, OFAT variations oen and inadvertently
lead to co-varying and thereby confounding the effects of
process parameters. For instance, in the present dataset the
process parameters ncat and nadd were found to be highly
correlated with a Pearson correlation coefficient r(ncat � nadd) ¼
0.895, rendering the data non-informative in terms of the
independent effects of ncat and nadd.

Fig. 1 Outline of the algorithm-based workflow combining experi-
mental data analysis, DoE and optimisation.

Table 1 Factors and responses of the dataset27

Entry Variable Mean Median Min Max

1 T (�C) 89.2 90 20 120
2 pH2

(bar) 82.1 90 40 100
3 pCO2

(bar) 17.9 20 5 40
4 t (h) 26.5 18 1 168
5 ncat (mmol) 1.3 1.5 0 3
6 nadd (mmol) 5.4 6.25 0 12.5
7 V (mL) 0.5 0.5 0.25 0.5
8 TONDMM 275 263 0 906
9 TONMF 145 71 0 1377
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Next, the problem for these datasets is nding an appro-
priate functional representation, f̂ (), of the target response as
a function of the process factors Xi, that is TONDMM ¼
f(T,pH2

,pCO2
,t,ncat,nadd,V) + 3, without making any prior

assumptions about the analytical form of the ‘true’ function f().
Here, we used RF as a powerful non-linear and easy-to-use
method for the empirical model building of complex datasets
(Fig. 1(II)).44,45

The RF models describe 79% of the responses' variance on
average (R2(TONDMM) ¼ 0.83; R2(TONMF) ¼ 0.74), which is
a good result given the heterogeneous nature of the dataset.
Further, tuning the RF hyperparameters using 10-fold cross
validation with consecutive blocks (mtry* ¼ 2 with R2 ¼ 0.83)
revealed that the default RF hyperparameters describe the data
appropriately. The effect structure of the models can be
conveniently explored by plotting the RF model predictions f̂ (X)
against the process factors X1, X2,., X7. Fig. 2 shows the effects
of the process parameters T, pCO2

, ncat and nadd, given the
median values pH2

¼ 90 bar, t ¼ 18 h and V ¼ 0.5 mL, as
a conditional trellis plot.

As a tree-based ensemble method, RF splits and mean-
aggregates the experimental space into hyperrectangles, the

consequence being that the RF model surface becomes non-
smooth (Fig. 2). This property of RF is a particular strength
when it comes to identifying promising domains of the exper-
imental space and was another motivation for choosing RF as
modelling technique.

Evidently, ncat and nadd exert strong non-linear, step like
negative effects on the process performance (TONDMM),
dividing the ncat � nadd space into domains of different
performance. The pressure, pCO2

, reveals a positive and
temperature, T, a small convex effect, both, however, negligible
compared to the dominant effects of ncat and nadd. At this point,
the erroneous impression may arise that the heuristic inter-
pretation of the experimental data could lead to a further
improvement by a trivial reduction of the amount of catalyst,
which is oen reduced to minimise catalyst deactivation.
However, a closer look at the experimental data shows that
a reduction in the amount of catalyst without changing other
parameters leads to a decrease in catalytic activity with respect
to DMM. This case shows exemplarily how important multi-
variate analytical methods can be, because they can easily
identify complex correlations of process parameters that are not
detectable by a univariate analysis of the scientist.

Fig. 2 Trellis plot of the random forest predictions f̂(T,pH2
,pCO2

,t,ncat,nadd,V) with pH2
¼ 90 bar, t ¼ 18 h and V ¼ 0.5 mL. Note the difference of

max(TONDMM) in the experimental data (Table 1, entry 8) and the model. The RF values are predictions causing the range of the z-axis to be
smaller than the range of the empirical data.
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With the condition TONDMM > 400 deduced from the land-
scape of TONDMM over ncat � nadd (Fig. 2), a subset of 26 obser-
vations with 9 unique settings was selected from the data
(Fig. 1(III)). In this subset, the parameters T, pH2

, pCO2
and t were

found constant at T ¼ 90 �C, pH2
¼ 90 bar, pCO2

¼ 20 bar and t ¼
18 h, thereby suggesting to conditionally optimise ncat, nadd and V
rst, while keeping T, pH2

, pCO2
and t constant for the time being.

First DoE

These 9 candidate points (identied unique settings mentioned
above) were subsequently augmented by an additional number
of 6 points to fully support all second order effects of ncat, nadd
and V (Fig. 1(IV)). The intention behind this augmentation was
to render the formerly confounded effects of ncat and nadd esti-
mable as well as, assuming high complexity, to allow for inter-
actions and non-linearities of the process parameters as a solid
basis for further optimisation (Fig. 1(V)).

The 6 augmentation trials were realised as triple replicates in
the lab, added to the 9 settings already available and the
responses (TONDMM, TONMF) were modelled as a function of the
least square parameters with stepwise ordinary least squares
(OLS; Fig. 1(VI)). Both models accurately describe the data
within the replication error and explain 91% (R2(TONDMM) ¼
0.91; DF ¼ 37) and 97% (R2(TONMF) ¼ 0.97; DF ¼ 35) of the
responses' variance with DF denoting the degrees of freedom
(number of data points minus number of estimated model
parameters).

The local effects of ncat, nadd and V are depicted in Fig. 3A as
response surface trellis plot. Again, there is a strong negative
effect for ncat along with positive effects for nadd and V. Together
with the positive, synergistic effect between nadd and V, the
effect structure suggests to decrease ncat and to increase nadd
and V to further maximise the catalytic performance beyond the
best result of the rst DoE (Fig. 4A, entry 4).

First relaxation

To optimise towards the direction of maximal improvement,
following the procedure outlined in the Methods section [eqn
(5)], the experimental space was relaxed with 10% step size. The
triple obtained from relaxing the design space together with the
achieved experimental results are listed in Fig. 4B (Fig. 1(VII)
and (VIII); see the Methods section).

The joint condition max(TONDMM), max(TONMF) was best
met by the 20% relaxation trial (Fig. 4B, entry 2), and the factor
setting n*cat ¼ 0:075 mmol, n*add ¼ 3:576 mmol and V* ¼
0.550 mL thus became the reference point for further optimi-
sation. The 30% relaxation trial was very poor, indicating that
a local maximum had been exceeded (Fig. 4B, entry 3). The
pronounced drop in activity, resulting most likely from the
reduced catalyst loading, indicates a molecular deactivation
pathway of the catalytically active species due to potential
inhibitors, such as carbon monoxide, moisture and oxygen,
which are probably present in low concentrations.

At this point, there were two alternatives to proceed: (1)
create an experimental design around n*cat, n

*
add and V* to fully

identify the topology around the relaxation point at the desired

resolution (complexity). (2) Consider n*cat ¼ 0:075 mmol,
n*add ¼ 3:576 mmol and V* ¼ 0.550 mL as locally optimal and
switch to optimising the candidates T, pH2

, pCO2
and t, which

had so far been kept constant.
The poor outcome of the third relaxation trial (Fig. 4B, entry

3) showed that not much was to be expected from exploring the
three-dimensional environment of the 20% relaxation trial any
further. Therefore, option 2 was chosen and the 20% relaxation
trial became the reference point for optimising the candidates
T, pH2

, pCO2
and t.

Second DoE

A small linear design [eqn (2)] with 5 runs in the ranges listed in
Fig. 4C was created with the reference point n*cat ¼ 0:075 mmol,
n*add ¼ 3:576 mmol and V* ¼ 0.550 mL, T* ¼ 90 �C,
p*H2

¼ 90 bar, p*CO2
¼ 20 bar bar, t* ¼ 18 h at the design centre

as replicate (Fig. 1(V); see the Methods section). The experi-
ments were realised in the lab as triple replicate to provide
a measure of accuracy (Fig. 1(VI)).

The measured responses (TONDMM, TONMF) were linearly
modelled as a function of the process parameters with stepwise
OLS. The models explain 92% (R2(TONDMM) ¼ 0.92; DF ¼ 16)
and 78% (R2(TONMF)¼ 0.78; DF¼ 18) variance of the responses
thus indicating a large signal-to-noise ratio for TONDMM and to
a lesser extent for TONMF.

Fig. 3B shows the linear effects of the process parameters on
TONDMM as trellis response surface plot. The factors T and pH2

both have strong positive effects on TONDMM, whereas t reveals
only a small positive and pCO2

a moderate negative effect on
TONDMM. Optimal conditions were found in the upper le panel
and these are the conditions of the top candidate found in the
design list with T, pH2

, t at the upper and pCO2
at the lower

bound, yielding respective TONs for DMM and MF of 2610 and
2356 (Fig. 4C, entry 4).

Second relaxation

Following eqn (5), the experimental space was relaxed in 25%
and 50% steps and the relaxation trials were experimentally
realised in the lab (Fig. 4D and 1(VII); see the Methods section).

Again, we saw a small improvement of the 25% relaxation
trial (Fig. 4D, entry 1) compared with the best candidate from
the second DoE (Fig. 4C, entry 4), whereas the 50% relaxation
candidate performed comparatively poorly (Fig. 4D, entry 2;
Fig. 1(VIII)). With these relaxation trials, we reached the tech-
nical limits of our setup regarding hydrogen gas pressure, and
therefore, the conditions of the 25% relaxation experiment can
be considered locally optimal given the constraints of technical
feasibility (Fig. 1(IX) and (X)). We would like to point out that
the catalytic conditions optimised by the here presented
strategy may still represent a local maximum. Modication of
the catalyst and the additive might also result in further
improvement, but as demonstrated in this work the identica-
tion of high-performance catalytic conditions should be
a prerequisite for a design strategy of new catalysts.

A complete overview of the results obtained at each step of
the optimisation project is given in Fig. 4E, overall tripling the
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initial TONDMM value of 786 to a nal value of 2761. As illus-
trated, the standard deviation (SD) of TONDMM tends to increase
with increasing mean value of TONDMM (Fig. 4E), which might
be a joint effect from decreasing ncat and increasing both nadd
and V over the course of the optimisation project. Decreasing
ncat and increasing V is equivalent to reducing the concentration
of the catalyst, which presumably renders the system more

susceptible to random disturbances by catalyst deactivation,
thereby providing an explanation for the observed increase of
the standard deviation. Simple Spearman rank correlation
analysis of the relationship between SD(TONDMM), SD(TONMF)
and the process parameters Xi supports this hypothesis by
revealing a negative and a positive association of SD(TONDMM)
with ncat and V, respectively (ESI Table 26†).

Fig. 3 Calculated response surfaces. (A) Trellis plot of the response surface for g3(ncat,nadd,V) from OLS modelling with T ¼ 90 �C, pH2
¼ 90 bar,

pCO2
¼ 20 bar and t¼ 18 h. (B) Response surface trellis plot of the linear OLS model for g1(T,pH2

,pCO2
,t) with n*cat ¼ 0:075 mmol, n*add ¼ 3:576 mmol

and V* ¼ 0.550 mL. For a mathematical definition of the polynomial parametric surrogates, g1,3(), see the Methods section.
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Another interesting result in Fig. 4E refers to the indepen-
dent replication error. The linear design of the second DoE
includes two independent settings of the 20% reference as
centre points with each point measured as triple replicate (ESI
Tables 11 and 17†). This sextet from the second DoE (Fig. 4C,
entry RS1) excellently matches the 20% relaxation triple (Fig. 4B,
entry 2) indicating good repeatability and reliability of the
system (Fig. 4E, ESI Tables 27 and 28†). In a similar way, the
best candidate from the second DoE (Fig. 4C, entry 4) has been
independently replicated when running the second relaxation
sequence (Fig. 4D, entry RS2) and both replicates turned out

identical within the experimental error (Fig. 4E, ESI Tables 29
and 30†).

Technical adaption

The results of the non-biased mathematical modelling
approach presented in this study revealed that a better catalytic
performance is inter alia strongly correlated to a combination of
lower catalyst loadings and higher reaction volumes. The
heuristic interpretation of this nding indicates that the poor
solubility of hydrogen gas in methanol and mass transfer might
be limiting factors within our experimental setup. We antici-
pated that a larger reaction volume, a higher surface to volume

Fig. 4 Optimisation summary. Process parameters and TONs for DMM andMF at different optimisation steps: (A) first DoE. (B) First relaxation (10,
20 and 30%). (C) Second DoE. (D) Second relaxation (25 and 50%). (E) Scatter plot TONMF versus TONDMM summarising the outcome of the
optimisation project. The results of each optimisation step are marked according to the colour code. Replication studies (RS): the circled data
points label the best hit of the first relaxation and the respective replication trials in the second DoE (RS1) as well as the best hit of the second DoE
and the respective replication trials in the second relaxation (RS2).
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ratio and improved mixing would lead to better mass transfer
and thus designed an experimental setup accordingly to
enhance the catalytic performance. With this upscale autoclave,
the TON for DMM increased to 3874, while the TON for MF
reached a value of 1445, resulting in a higher selectivity toward
DMM (ESI Table 21†). The result of this technical adaption
shows that while the reaction is already optimised to a high
degree with respect to reaction parameters, further improve-
ments can be expected by focusing on engineering aspects of
the reaction setup.

Conclusion

We demonstrated the power of multivariate optimisation for
catalytic processes over the usually applied cumbersome one-
factor-at-a-time method. In the homogeneously catalysed
transformation of CO2 to DMM (dimethoxymethane) and MF
(methyl formate) using the ruthenium-triphos complex [Ru(N-
triphosPh)(tmm)], the TON (turnover number) for DMM was
drastically increased to 2761 (with it: TONMF 1769) by an easy-to-
use algorithmic workow combined with only a small number
of catalytic experiments. Given the complexity of the trans-
formation, which depends on seven parameters, conventional
OFAT screening techniques would have been very costly and
time-consuming, with uncertain outcome.

Starting from catalytic data using RF (random forest) for
empirical model building, an experimental subspace was
identied and subsequently augmented to render the effects of
a rst set of three process factors estimable. Modelling and
optimisation, followed by relaxation led to a sequence of
relaxation trials with one candidate assumed to be locally
optimal. With this candidate as reference, a linear design of the
remaining four variables yielded another substantial improve-
ment. Relaxation of the second design further enhanced the
catalytic performance, thereby reaching the technical limits of
the setup.

The optimised conditions were used in a specically
designed experimental setup and the highest TON for DMM of
3874 (with it: TONMF 1445) was obtained, which is, to the best of
our knowledge, the by far highest value reported in the inves-
tigated catalysis.

Methods
Theoretical introduction

Experimental design (design of experiments, DoE) methods can
be used to study the joint effects of several parameters X: X1, X2,
., XI on response Y.26,42,43 This can formally be written as:

Y ¼ f(X) + 3 (1)

f() denotes the true, however unknown function, linking the
responses Y with the process conditions X: X1, X2, ., XI,
whereas 3 is a random element taken from a normal distribu-
tion with variance s2, 3 � N(0,s2) to account for experimental
uncertainties. Conceptually, nature evaluates in an experiment
the function f() known to her only at reaction conditions X, then

adds some random noise 3 and returns the experimental results
Y [eqn (1)].

Under the weak assumption that f() is smooth and contin-
uous, f() can be locally approximated as polynomial parametric
surrogates, g1,2,3(), of increasing complexity, formally:

f ðXÞy g1ðX Þ ¼ a0 þ
X

i

aiXi (2)

f ðXÞy g2ðX Þ ¼ a0 þ
X

i

aiXi þ
X

j. i

aijXiXj (3)

f ðX Þy g3ðX Þ ¼ a0 þ
X

i

aiXi þ
X

i

aiiX
2
i þ

X

j. i

aijXiXj (4)

These are linear [eqn (2)], bilinear [eqn (3)] or quadratic [eqn
(4)] parametric surrogates of the true function f(). With the
experimental values Y, X1, X2, ., XI available, the unknown
parameters ai, aii, aij can be estimated from the data using
ordinary least squares (OLS).46

Given process factors X1, X2,., XI, their ranges Xi ˛ {LB,UB}
with LB, UB denoting the lower and upper bounds of the
process factors Xi and, depending on the expected complexity,
the parametric form of the surrogate model, the design points X
(experimental design) optimally supporting the chosen model
can be calculated. However, in an early project phase it is oen
unclear which factors Xi and ranges should be chosen and what
levels of complexity must be assumed for the domain under
investigation. Therefore, DoE can benet from experimental
data analysis, with the latter helping to answer the questions
arising in the former.

Aer rst optimisation by an experimental design,
ascending in the direction of maximal improvement can be
easily achieved by increasing (relaxing) the experimental space
in discrete steps and by solving a maximisation problem subject
to a sequence of hypercubical constraints, that is

max(g(X)) subject to LB � kDX < X < UB + kDX (5)

with DX being the step size of the relaxation, here taken to be
10% of the initial factor ranges, that is DX ¼ 0.1[UB � LB], and
LB, UB denoting the lower and upper bounds of the process
factors Xi. Varying k ¼ 1, 2, ., K leads to a sequence of relax-
ation trials X*

1 ; X*
2 ; .; X*

K to be realised in the lab.

Additional information

The detailed description of all experiments, the performed
multivariate analysis, the spectroscopic data of compounds as
well as the NMR spectra of compounds and catalysis samples
can be found in the ESI.† In order to improve comprehensi-
bility, simplied names were used in some cases rather than
using exact IUPAC names.

All calculations were done using the statistical soware R.47

Random forest modelling was performed with the R-package
‘randomForest’.48 Experimental designs were calculated with
the D-optimal criterion of the function optFederov() in the R-
package ‘AlgDesign’.49 Optimisation was achieved with the
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augmented Lagrange method from the R-package ‘Rsolnp’.50

Graphics were produced with the R-package ‘lattice’.51

All catalyses and the corresponding analyses were performed
following a procedure previously reported by our group.27 The
catalysis was also performed in the absence of a catalyst, a co-
catalyst or both to demonstrate the need of the catalytic
system for the formation of DMM and MF. In all cases, no
signicant conversions for both of these compounds were
observed (ESI†).

Reproduction of modelling results

The R-code used as well as the catalytic data analysed (Excel
sheet) are available online. The multivariate analysis can be
reproduced by following the instructions in the ESI.†
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Prologue

An efficient reaction setup is presented that was designed for screening catalytic reactions
involvinggaseous reactants under inert conditions at highpressures over a broad temperature
range. The setup consists of different types of autoclaves as well as a filling system that
makes preparation in the glovebox unnecessary. Different analytic techniques can be coupled
to the autoclaves, and their modular design allows further adaption to specific needs.
Proof-of-concept examples are discussed to demonstrate the potential of the setup.
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ABSTRACT: Modern catalysis research strongly focusses on optimizing multiple reaction parameters en route to find optimal
conditions. However, a very limited number of fundamental parameter combinations, such as inert conditions, gaseous reactants,
variable temperature, and elevated pressure, can be screened in a convenient and straightforward manner. We report a ready-to-use
reaction setup that is designed for screening reactions with gaseous reactants under inert conditions in standard NMR tubes (0.5
mL) using temperatures between −40 and +100 °C and extreme pressures. Proof-of-concept reaction examples are discussed, and
the coupling to modern analytic techniques including in situ IR spectroscopy is possible.

KEYWORDS: homogeneous catalysis, asymmetric catalysis, high-pressure reactions, catalysis screening setup,
reaction mechanism elucidation, IR spectroscopy

The optimization of catalytic systems includes thorough
screening of process parameters. Although great efforts

are made to develop algorithms and computational tools to
support the screening process and to reduce the number of
experiments,1 ultimate success still relies on obtaining raw data
on reactions run under all possible conditions. Several
commercial solutions exist for screening of pressurized
reactions, but most of them are specialized to a specific
application scenario and even small adaptations of the systems
are not possible. The scale in these solutions is usually fixed
and too large for screening of numerous catalytic reactions
involving precious chemicals. In addition, it is still challenging
to use the combination of low temperatures and two different
gases under pressurized conditions. Reaction setups beyond
what is commercially available are rarely described in
publications2 and often consist of custom-made devices
hindering their reproduction and improvement. As a
consequence, some combinations of fundamental parameters
such as inert conditions, gaseous reactants, variable temper-
ature, and elevated pressure, are still screened on a “what is
possible” level rather than focusing on “what is best”.
The interplay of pressure and temperature serves as an ideal

example. For catalytic transformations, there is an optimum in
temperature regarding reactivity and selectivity.3 However,
when gaseous reactants are involved at higher pressures and
autoclaves have to be used, the screening of temperatures
becomes challengingespecially below room temperature.
The possibility to quickly and reliably screen several
combinations of pressures and extreme temperatures would
drastically improve the optimization of such reactions and lead
to superior results that would otherwise remain undisclosed.
There are numerous scenarios in which control over the

abovementioned parameters is crucial for obtaining new
information on a chemical system, and three representative
examples from our own experience shall serve as illustration.
Low-temperature hydrogenation allowed us to discover

significant differences in catalytic activity of two diastereomeric
rhodium complexes (Scheme 1A). When applying the
equilibrium catalyst with 22% de, we were able to obtain the
hydrogenation products in up to 74% ee simply by lowering the
reaction temperature to −40 °C, which would not have been
possible using standard reaction setups.4 Using the same setup,
we observed enantiodivergence5 solely as a function of reaction
conditions in a single catalytic systema rare phenomenon,
which in this case is caused by noncovalent catalyst−product
interactions (Scheme 1B). Being able to conduct catalytic
reactions at −20 °C with hydrogen gas pressures ranging from
5 to 60 bar allowed us to determine the extreme values for
both (R)- and (S)-products.6 Common to these examples is
the question whether they are actually rare or whether similar
observations are only not made because of the unavailability of
a suitable reaction setup. During a study on catalytic
conversion of CO2 to a formaldehyde derivative (Scheme
1C), the straightforward and time-efficient screening protocol
allowed us to perform over 200 catalytic reactions in
independent atmospheres. In this unusual setup with two
gases, optimized reaction conditions were identified, leading to
a 13-fold increase in activity.7

Additionally, a vast number of catalytic reactions involving
gaseous reactants need inert conditions to avoid catalyst
deactivation or decomposition. Therefore, such reactions have
to be set up in autoclaves using a glovebox, which makes the
screening process tedious and time-consuming. Although these
autoclaves can potentially be filled with several glass insets, the
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catalytic reactions all share the same parameter set and gas
atmosphere. As a consequence, the samples influence each
other over the course of the reaction and only one
combination of temperature and pressure can be screened
simultaneously.
To address these challenges and to overcome the

corresponding limitations, we designed an efficient ready-to-
use experimental setup for homogeneous catalytic reactions.
Herein, the designed autoclaves are set up, run, and analyzed
individually, allowing precise yet rapid screening in independ-
ent atmospheres. The entire setup is built from standard parts
(see the Supporting Information for all details) and allows gas
pressures between 5 and 155 bar as well as reaction
temperatures from −40 to 100 °C, thereby covering the
majority of catalytic transformations. The temperature and
pressure ranges refer to the here tested reaction conditions and
could even be extended up to the manufacturer’s specifications
for the individual components.
Depending on the application and the respective require-

ments, several different types of autoclaves have been designed
and built, ranging from 0.5 mL (NMR tube) to 10 mL of
reaction solution with gas volumes of 10−35 mL, respectively
(Figure 1A). In the smallest type, the catalysis proceeds in an
NMR tube inside the autoclave, which allows direct analysis
before and after the reaction and thus speeds up catalytic
screening (Figure 1A-1; see the Supporting Information). The
larger autoclaves allow better mixing, thereby improving mass
transfer within the catalytic system if, for instance, gas
solubility in the solvent is low (Figure 1A-3; see the
Supporting Information).7a Although it is challenging to
perform catalytic gas reactions at low temperatures of up to

−40 °C with commercially available autoclave setups, such
reactions were easily performed using our autoclaves and a
standard cryostat or cooling mixture. Additionally, high
temperatures of up to 100 °C were applied. Each reaction is
performed in a fully independent atmosphere, allowing precise
adjustment and screening of the reaction parameters.
Fully independent reactions also allow to measure reaction

kinetics. For this purpose, we built an autoclave, in which the
total pressure is measured via a pressure transducer and by
which the reaction kinetics of such catalytic gas reactions can
directly be determined (Figure 1A-2; see the Supporting
Information). Furthermore, we constructed an autoclave to
directly measure in situ IR spectroscopy during high-pressure
reactions in a wide temperature range (Figure 1A-4; see the
Supporting Information). The flexibility of our modular
autoclave system is additionally extended by coupling the
two just mentioned tools in a single autoclave (Figure 1A-5;
see the Supporting Information). Combined in situ IR
spectroscopy analysis and on-line pressure measurements
allow for the simultaneous identification of reaction
intermediates and the determination of reaction kinetics of
complex transformations.
The central element of the setup is an inert gas pressure line

connected to a vacuum pump, an inert gas supply as well as
two gas cylinders (Figure 1B). It is advantageous of this system
that the connected autoclave can be conditioned (vacuum and
inert gas) and filled with the desired reaction gases safely
without disconnecting in between (see the Supporting
Information). The installed three-way valves prevent a short
circuit of the pressured parts with the vacuum or inert gas line
(Figure 1C). In contrast to commercially available standard

Scheme 1. Examples for the Use of the Experimental Setup
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autoclaves, which are normally filled through their “head”, the
key feature of these designed autoclaves is the connector at its
“body” (Figure 1D; see the Supporting Information). As a
result, the catalysis mixture can be transferred into the
autoclave in counterflow while it is still connected to the
inert gas pressure line, which makes preparation in the
glovebox unnecessary. Thus, no cumbersome reaction
preparation is required and a catalytic reaction can be set up
in less than 15 min.
To demonstrate the applicability of our setup, we addressed

the asymmetric hydrogenation reaction of prochiral α-
substituted acrylic acids catalyzed by a Ru(II)−BINAP
complex (Scheme 2).

First, we used our autoclaves for screening and determining
the kinetics of the reaction by using the asymmetric
hydrogenation of 2-phenylacrylic acid as model reaction
(Figure 2A−C). The conversion was analyzed directly after
the catalysis using NMR spectroscopy without the need for
further workup. The products were directly quantified by
simply adding an internal standard prior to catalysis (Figure
2A). The change in the total pressure (Figure 2B) as well as
the decrease and increase of substrate and product (Figure
2C), respectively, was monitored allowing for the determi-
nation of reaction kinetics. Another feature is the temperature
measurement by the IR probe within the autoclave, which
permits an even more precise determination of rate constants
and thermodynamic parameters as the Gibbs free energy
(Figure 2C).
For the addressed asymmetric hydrogenation reaction of

prochiral α-substituted acrylic acids, which was intensively
studied by Noyori (Scheme 2), significant variations of the ee
have been observed as function of changes in hydrogen gas
pressure.8 However, systematic studies remained tedious and
have since been only scarcely performed. For this Ru(II)-
catalyzed reaction, the enantioselectivity is strongly dependent
on the hydrogen gas pressure and even enantiodivergence is
obtained for certain substitution patterns in substrates. For 2-

Figure 1. Overview of the designed autoclaves and the workflow. (A) From left to right: NMR tube autoclave with 7 in. NMR tube (green box)
(1); NMR tube autoclave for on-line pressure measurements (2); large tube autoclave (3); medium-sized tube autoclave for in situ IR
measurements (4); medium-sized tube autoclave for in situ IR and on-line pressure measurements (5). (B) Inert gas pressure line with vacuum
(black stripes) and inert gas supply (blue stripes), two high-pressure gas lines (red stripes) as well as a connected Schlenk tube (blue box) and an
NMR tube autoclave (orange box). (C) Connecting the Schlenk tube to the inert system by switching a single three-way valve (blue box) and the
autoclave by adjusting four three-way valves (orange boxes), whereas only one has to be switched for exchanging the atmospheres. (D + E) After
transferring the catalysis solution into the glass inset inside the autoclave, the connector (D) and the proportional relief valve (E) are installed. (F)
Purging of the gas line and adjusting the working pressure (blue box) by using the green pressure regulator (orange box). (G) Pressurizing the
autoclave using two three-way valves (blue boxes) and releasing the pressure using the green pressure regulator (orange box). (H) Once the
autoclave is disconnected from the system, any temperature can be set from a wide range and the catalysis can proceed.

Scheme 2. Asymmetric Hydrogenation of Prochiral α-
Substituted Acrylic Acids
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phenylacrylic acid and dehydronaproxen, a higher enantiose-
lectivity for the (S)-enantiomer was observed at higher
hydrogen gas pressures using the (S)-BINAP ligand yet no
(R)-enantiomer was obtained so far.
We used our setup to perform hydrogenation reactions at

five different combinations of hydrogen gas pressure and
temperature for both substrates (Figure 3). Increasing the
hydrogen gas pressure from 10 to 100 bar led to a higher
enantioselectivity in favor of the (S)-enantiomer going from 28
to 68% ee for 2-phenylacrylic acid and from 14 to 58% ee for
dehydronaproxen (Figure 3A,B). Both products are now
significantly enriched in favor of their (S)-enantiomer, but
the optical purity obtained is still too low for further useful
application.
Besides the pressure dependence, we hypothesized that an

additionaland previously unknowninfluence of the tem-

perature on the enantioselectivity could be observed under
high-pressure conditions. The anticipated extreme reaction
conditions can be easily screened with the here-presented
setup (Figures 1 and 2). Intriguingly, we observed that the
influence of temperature on enantioselectivity is even stronger
than the investigated influence of pressure. At 100 bar, the
enantioselectivity for the (S)-enantiomer decreased drastically
upon an increase in temperature to 100 °C, reaching only 2%
ee for dehydronaproxen (Figure 3B). For 2-phenylacrylic acid,
even the (R)-enantiomer was obtained with 9% ee, thereby
revealing an enantiodivergent behavior of the catalytic system
(Figure 3A). When the temperature was decreased to 0 °C, the
selectivity significantly increased for both substrates, yielding
89% and 90% ee of the (S)-enantiomer for 2-phenylacrylic acid
and dehydronaproxen, respectively (Figure 3A,B).

Figure 2. Versatile analysis options in the catalysis workflow. (A) NMR spectra of 2-phenylacrylic acid and its hydrogenation product 2-
phenylpropionic acid measured with an internal standard (IS) directly before (top) and after (bottom) asymmetric hydrogenation. (B) Pressure
gradient of the asymmetric hydrogenation of 2-phenylacrylic acid. (C) Reaction progress of the asymmetric hydrogenation of 2-phenylacrylic acid
monitored with in situ IR spectroscopy. 2-Phenylacrylic acid at 1689 cm−1 (orange) and 2-phenylpropionic acid at 1727 cm−1 (blue). The
temperature at the IR probe is given as black line.
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In conclusion, the designed ready-to-use experimental setup
allows rapid yet precise screening of homogeneous catalytic
reactions with gases at 5−155 bar total pressure and reaction
temperatures between at least −40 to 100 °C. Catalytic
reactions are set up quickly without the need for a glovebox.
Qualitative and quantitative analysis by NMR spectroscopy can
be performed before and after the catalysis, with no workup in
between. The coupling to modern analytic techniques as in situ
IR and on-line pressure measurements give access to reaction
kinetics and intermediate identification. Because our setup is
exclusively built from standard components, it can be easily
assembled, and the modular design of the autoclaves allows the
user to adapt them to best fit the needs. We demonstrated all
features of our fast and reliable screening setup in an important
model reaction as well as its potential by revealing a previously
unknown temperature dependence of the enantioselectivity in
the Ru(II)-catalyzed asymmetric hydrogenation of two
prochiral α-substituted acrylic acids.
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Part II

Catalytic Isocyanate Trimerization
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5 Introduction

Understanding of reaction mechanisms is crucial for process optimization, especially when
considering industrial applications in which small improvements scale tremendously with
regard to profit. Several catalytic processes applied in industry, however, are still not fully
understood at the molecular level, despite the fact that they have been used for production
over decades.Amongother things, thismaybedue to the fact that the underlyingmechanisms
are often complex, and that the investigation of suchmechanisms is costly and the knowledge
gained does not necessarily lead to improvements.

The formation of isocyanurates from isocyanates dates back to the middle of the 19th

century and since then has been widely used in industry. While the net reaction – the
reaction of three equivalents of isocyanate followed by cyclization – seems rather simple,
the reaction mechanism strongly depends on the catalyst employed and proved to be quite
complex for the few examples already investigated. Interestingly, the well-studied systems
in academia do not represent the systems used in industrial processes. The latter are mostly
still considered to be black box chemistry, with optimization based on empiricism at the
macroscopic level. Understanding the underlying mechanisms could, however, drastically
improve currently used processes. By identifying limiting steps within the catalysis, the
catalyst design can be efficiently adapted, and by revealing undesired catalysis pathways
and side-products, their suppression or separation can be optimized, respectively.
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Isocyanates are important chemical compounds, whether in the laboratory or on an in-
dustrial scale, and can be used in a variety of reactions. They show high reactivity due to
the electrophilic carbon and the relatively nucleophilic nitrogen atom, providing optimal
prerequisites for the reaction with nucleophiles carrying active hydrogen atoms. In this con-
text, isocyanates are automatically associated with polyurethane chemistry. Polyurethanes
(PUs) are extremely versatile polymers whose properties can be easily controlled and are
suitable for a wide range of applications, being applied as foams, coatings, elastomers, fibers,
adhesives, and sealants in the automotive, furniture, and mattress industries. Polyurethanes
are produced by reacting polyisocyanates with polyols, although other nucleophiles carrying
active hydrogen atoms are also partly used while still referring to polyurethane products. In
general, isocyanate monomers with two isocyanate functionalities are employed. If water
is present in the formulation, amines may be formed during the polymerization process
due to isocyanate hydrolysis and CO2 loss. The gas formation is important for certain
applications that require foaming. Additionally, the amines formed react with isocyanates to
give ureas (Figure 6.1). Since the urethane and urea bonds still contain active hydrogen atoms
themselves, cross-linking reactions may take place to form allophanate and biuret groups.
These reactions are often necessary for the application and allow the precise adjustment
of desired properties. The high atom efficiency and yield of the reaction of an isocyanate
group with nucleophiles containing active hydrogen atoms are of great benefit in industrial
applications.[141]

However, isocyanates are often highly toxic and volatile, which makes special safety
precautions necessary. One strategy to minimize these negative properties is the polymer-
ization of isocyanates to polyisocyanates if the following application allows, or even favors,

[141]G. Brereton et al. in Ullmann’s Encyclopedia of Industrial Chemistry, Wiley-VCH, 2019.
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these polymerized structures.[142,143] The degree of polymerization as well as the product
composition depends on various parameters, such as temperature and reaction time, as
well as on the substrate and catalyst used. Beside the previously discussed biurets, the
three most prominent polyisocyanates (Figure 6.2) are isocyanurates (symmetrical trimer),
iminooxadiazinediones (asymmetrical trimer), and uretdiones (dimer).[142] 14 When using
isocyanurates instead of monomeric diisocyanates, the resulting polymers show improved
mechanical properties, as for instance dimensional stability and compressive strength, and
generally exhibit superior fire retardancy.[141,144,145] To control the cross-linking density,
low-functionality polyols are used to avoid increased brittleness.[141] The asymmetric trimer
[142]M. Widemann et al., ACS Sustain. Chem. Eng. 2018, 6, 9753–9759.
[143]H. J. Laas et al., J. Prakt. Chem. 1994, 336, 185–200.
[144]U. Meier-Westhues et al., Polyurethanes: Coatings, Adhesives and Sealants, 2nd ed., Vincentz Network, Hanover,

2019.
[145]A. Goldschmidt, H.-J. Streitberger, BASF Handbook Basics of Coating Technology, 3rd ed., Vincentz Network,

Hanover, 2018.

14 The widely used polymeric MDI (methylene diphenyl diisocyanate) does not refer to a polymerized form of
MDI but instead describes the MDI homologues with more than one methylene bridge and consequently
more than two isocyanate functionalities.
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is of high interest to the industry due to its comparatively low viscosity while still providing
high functionality.[144] The dimer has an even lower viscosity but also a lower functionality.
Furthermore, it is not thermostable, leading to ring opening at elevated temperatures. It is
mostly used as blocked isocyanate that enables heat-activated cross-linking.[141,144]

N N
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Isocyanurate
(symmetrical trimer)
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(dimer)

Figure 6.2: Schematic representation of the isocyanurate (symmetrical trimer), iminooxadiazinedione (asymmetrical trimer),
and uretdione (dimer) structural element.
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6.1 Industrial Relevance of Isocyanates for Polyurethanes

The global polyurethane consumption was about 22.8 × 106 t/a in 2017 (Figure 6.3), with
ridged and flexible foams accounting for the largest part of the overall market (73%). The
remaining market shares can be attributed to coatings (8%), microcellular materials (5%),
elastomers (4%), fibers (4%), thermoplastic polyurethane elastomers (TPU, 3%), or adhesives
and sealants (3%). The global polyurethane consumption can also be related to the individual
components used (Figure 6.3). For the isocyanate components (9.2 × 106 t/a), the aromatic
diisocyanatesmethylene diphenyl diisocyanate (MDI, 6.6 × 106 t/a) and toluene diisocyanate
(TDI, 2.3 × 106 t/a) cover the largest part, whereas aliphatic and specialty isocyanates
(0.3 × 106 t/a) account for a relatively small proportion. For the polyols (10.0 × 106 t/a),
the market share is dominated by polyether polyols (7.8 × 106 t/a) and polyester polyols
(2.2 × 106 t/a). The remaining market share is represented by additives (3.7 × 106 t/a).[141]

Adhesives and sealants
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Polyurethane

Consumption
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TDI
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Aliphatic and 
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Figure 6.3: Global consumption of polyurethanes in 2017 broken down by technology type (left) and raw materials (right).

The wide range of properties of the polyurethane products are mostly determined by the
polyols, especially by their chemical composition and molecular mass. Beside the mostly
used polyether and polyester polyols, small quantities of polycarbonate and polycaprolactone
polyols are utilized for high-performance coating, adhesive, and elastomer applications.
Although isocyanates are as relevant for polyurethane formation, comparatively little
innovation with regard to this application is found within the substance class. In this context,
isocyanates represent commodity chemicals, and optimization efforts are mostly focused
on reducing production costs. Consequently, only a small number of different isocyanates
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is used for polyurethanes at all, as can be seen by the market analysis (Figure 6.3). Their
production costs are relatively low, and their raw materials are readily available.[146]

Aromatic isocyanates represent the largest part of isocyanates employed forpolyurethanes,
and almost exclusively MDI and TDI are being used (Figure 6.4). Aromatic isocyanates
result in polyurethanes with better mechanical properties, and they are primarily used
for foams but also coatings, elastomers, and adhesives. Aliphatic isocyanates account for
only a very small proportion, with hexamethylene diisocyanate (HDI) and isophorone
diisocyanate (IPDI) being the most relevant representatives (Figure 6.4). These isocyanates
yield polyurethanes that are resistant to weathering, i.e. they show no undesirable coloration
when exposed to heat or light. As a result, the resulting polyurethanes are primarily
intended for outdoor applications or as coating materials.[141,146] In case of coating materials,
utilization of trimerized aliphatic isocyanates (isocyanurates) as cross-linkers in polyurethane
formation increases the coating properties, yielding coatings with outstanding chemical
and mechanical resistance.[144,145]

NCOOCN

NCO

NCO

NCO
OCN

NCO

NCO

MDI TDI HDI IPDI

Figure 6.4: Chemical structures of MDI, TDI, HDI, and IPDI.

[146]M. F. Sonnenschein, Polyurethanes: Science, Technology, Markets, and Trends, John Wiley & Sons, Hoboken,
2014.
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6.2 Catalytic Studies on the Trimerization of Isocyanates

For the trimerization of isocyanates to isocyanurates, a wide range of catalysts – including
organometallic compounds, metal complexes, salts, or neutral Lewis bases – have been
employed so far.15 The generally proposed mechanism differs depending on the catalyst
used. For organometallic compounds[199–202] and metal complexes,[203,204] some mechanistic
studies were published that mostly describe the characterization of intermediates, and only
few of these cover an extended mechanistic investigation. In case of the widely employed
nucleophilic bases, the proposed reaction mechanism consists of the successive addition of
three equivalents of isocyanate to the catalyst to give linear intermediates, followed by a
back-biting reaction and cleavage of the catalyst while generating the cyclic isocyanurate
(Figure 6.5).[141,205] However, the catalysis does not always adhere to this pattern, and in
some cases unprecedented catalysis pathways are followed, or unexpected catalyst migration
or activation takes place.

Some examples of mechanistic studies on nucleophilic bases published in literature shall
be discussed in the following to shed light on the undoubtedly large differences between
the investigated systems and thus motivate the investigation of industrially used, but so
far only little explored systems. The given examples used monoisocyanates in order to
avoid higher polymerization products that would further complicate clarification of the
underlying mechanisms.

One of the first examples that showed high efficiency in the catalytic trimerization of
isocyanates employed proazaphosphatrane catalysts (Figure 6.6A). These catalysts showed
high activity in the formation of isocyanurates starting from aromatic isocyanates.[206–208]

[199]W. Yi et al., Organometallics 2011, 30, 5809–5814.
[200]L. Orzechowski, S. Harder, Organometallics 2007, 26, 2144–2148.
[201]O. Blacque et al., J. Organomet. Chem. 2001, 634, 47–54.
[202]L. Mao et al., Organometallics 1997, 16, 3711–3714.
[203]S. G. Lee et al., Dalton Trans. 2015, 44, 6537–6545.
[204]F. Paul et al., J. Am. Chem. Soc. 2007, 129, 7294–7304.
[205]H. E. Reymore et al., J. Cell. Plast. 1975, 11, 328–344.
[206]S. M. Raders, J. G. Verkade, J. Org. Chem. 2010, 75, 5308–5311.
[207]J. Tang et al., J. Org. Chem. 1994, 59, 4931–4938.
[208]J.-S. Tang, J. G. Verkade, Angew. Chem. Int. Ed. 1993, 32, 896–898.

15 Examples of catalytic systems for the cyclotrimerization of monoisocyanates based on organometallic
compounds,[147–159] metal complexes,[160–172] salts,[173–179] neutral Lewis and Brønsted bases[180–186] or
acids,[187] anion radicals,[188,189] or combinations of these[190–198] can be found in literature.
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The high activity in this catalysis is attributed to the high basicity of the catalyst at the
phosphorus atom,[209,210] which can be attributed to the donation of electron density from the
neighboring nitrogen atoms and the transannulation of the basal nitrogen to the phosphorus
upon protonation.[211–213] For the catalysis, the mechanism stated above was postulated,
supported by NMR spectroscopic as well as mass spectrometric results, indicating the
formation of the zwitter-ionic mono-adduct.[207,208] A computational study on the catalytic
system using methyl isocyanate also predicted the sequential addition of isocyanate and
formation of only zwitter-ionic, acyclic intermediates. In these computations, significant
transannulation was found for all intermediates, and its presence was correlated to the high
basicity and the therefrom resulting potency of the catalyst.[214]

When tri-n-butylphosphine was used as catalyst for the trimerization of aliphatic iso-
cyanates, an analogous zwitter-ionic di-adduct intermediate was initially proposed based
on NMR experiments, indicating a similar mechanism as in the case of the proazaphospha-
trane catalysts (Figure 6.6B, top).[215] However, following NMR spectroscopic experiments

[209]P. B. Kisanga et al., J. Org. Chem. 2000, 65, 5431–5432.
[210]J. Tang et al., J. Am. Chem. Soc. 1993, 115, 5015–5020.
[211]J. G. Verkade, P. B. Kisanga, Tetrahedron 2003, 59, 7819–7858.
[212]J. G. Verkade, Coord. Chem. Rev. 1994, 137, 233–295.
[213]J. G. Verkade, Acc. Chem. Res. 1993, 26, 483–489.
[214]J. N. Gibb, J. M. Goodman, Org. Biomol. Chem. 2013, 11, 90–97.
[215]Z. Pusztai et al., Angew. Chem. Int. Ed. 2006, 45, 107–110.
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combined with a computational study revealed different results. Several cyclic pentaco-
ordinated phosphorous intermediates were proposed, and the spectroscopic data of the
intermediate previously declared as zwitter-ionic were assigned to a cyclic intermediate
with a phosphorus-nitrogen bond (Figure 6.6B, bottom).[216]

For another nucleophilic phosphorous compound, the 2-phosphaethynolate anion,
the catalytic trimerization of aromatic isocyanates was stated to proceed via five- or six-
membered heterocycles that represent the actual catalysts as it was shown by experimental

[216]J. Helberg et al., Chem. Eur. J. 2018, 24, 14387–14391.
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and computational studies (Figure 6.6C). In addition to the 2-phosphaethynolate anion
itself, both these types of heterocycles successively add three equivalents of isocyanate via
nucleophilic attacks before isocyanurate is released after cyclization.[217]

In 2018, thorough mechanistic experiments were performed on a catalytic system
consisting of an acetate catalyst and an alcohol for the cyclotrimerization of aromatic
isocyanates, thereby approaching industrially used systems (Figure 6.7). The latter mostly
consist of complex carboxylate catalysts together with functionalized counter-anions and
use additives such as alcohols. As acetate was found to be too reactive for the study,
trifluoroacetate was used as catalyst. The formation of intermediates was monitored using
NMR spectroscopy both in the presence or absence of the alcohol.Without adding an alcohol,
the catalysis is proposed to proceed via the generally assumed mechanism (Figure 6.7 black
cycle). In the presence of diethyleneglycol monomethyl ether, however, the catalysis proceeds
preferentially through the formation of the isocyanate-alcohol carbamate and successive
formation of allophanate, which reacts readily with the catalyst-isocyanate mono-adduct
species to finally give the isocyanurate product (Figure 6.7 green cycles).[218] Previous kinetic
studies on complex systems consisting of carboxylate catalysts and alcohol co-catalysts
demonstrated that the alcohol leads to an significant increase in reactivity.[219–221]

These mechanistic findings demonstrate that no general mechanism applies to the
different catalytic systems employed for this catalysis and that each system has to be studied
individually. But beside these mechanistic investigations on intermediates, pre-catalyst
activation might even increase the complexity of the system. It has been shown or proposed
for several catalysts, that the mono-adduct is the actual catalyst for the trimerization reaction.
This, however, is not considered to be of equal relevance in terms of pre-catalyst activation
as in the case discussed in the following. An example of such an activation is known for
hexamethyldisilazane (HMDS) in the catalyzed trimerization of aliphatic isocyanates (Figure
6.8). When HMDS is used, a silylated alkyl amine is formed by addition of an equivalent of
alkyl isocyanate to HMDS, migration of one trimethylsilyl (TMS) group within the formed

[217]D. Heift et al., Chem. Sci. 2015, 6, 4017–4024.
[218]A. Al Nabulsi et al., Polym. Chem. 2018, 9, 4891–4899.
[219]K. Schwetlick, R. Noack, J. Chem. Soc., Perkin Trans. 2 1995, 395–402.
[220]M. Špírková et al., J. Appl. Polym. Sci. 1994, 53, 1435–1446.
[221]I. S. Bechara, R. L. Mascioli, J. Cell. Plast. 1979, 15, 321–332.
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urea derivative, and elimination of TMS isocyanate. The silylated alkyl amine represents the
actual catalyst for the catalytic trimerization.[222]

These results indicate that the catalytic systems need to be studied in great detail.
Especially since the resulting isocyanurates must meet extremely high quality standards,
and already few impurities can have a major impact on product performance.

[222]M. Roman et al., Tetrahedron 2011, 67, 1506–1510.
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7 Objectives

The trimerization of isocyanates to isocyanurates is of high industrial importance. The few
mechanistic studies published so far are not fully representative for the catalytic systems
employed in industry, and a better understanding of these is highly needed. Investigating the
catalysis on themolecular level could enable process optimization due to the identification of
undesired catalysis pathways and side-products or by improved catalyst design adapted to
the catalysis mechanism. Industrial systems consist of rather complex carboxylate catalysts
together with functionalized counter-anions as well as additives such as alcohols. Initial
mechanistic investigations, however, can start at reference systems of reduced complexity
and still make important contributions to the overall understanding.

The objective of this part of the dissertation is the investigation into the trimerization
reaction of aliphatic isocyanates to isocyanurates using a carboxylate catalyst. To achieve
adequate complexity, hexyl isocyanate shall be used instead of diisocyanates together with
tetrabutylammonium acetate as catalyst and toluene as non-nucleophilic solvent. Starting
from a first mechanistic evaluation based on quantum chemical computations (BASF),
the actual catalytic mechanism shall be experimentally determined using several analytic
techniques, including NMR spectroscopy and Orbitrap mass spectrometry.

N
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N N

N O
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C6H13

C6H13H13C6

Intermediates?

Mechanism?toluene

Figure 7.1: Model system for the carboxylate-catalyzed trimerization of aliphatic isocyanates, consisting of hexyl isocyanate
and tetrabutylammonium acetate. The mechanism for the product formation shall be investigated, and intermedi-
ates shall be identified (purple).
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The mechanism of the acetate-initiated catalytic trimerization of aliphatic isocyanates to
isocyanurates was investigated by experimental and computational methods. Because this
model system is of great industrial relevance, a microscopic understanding was highly
needed. An unexpected complexity of the system was revealed, in which acetate only acts
as pre-catalyst, initiating catalysis with a deprotonated amide. From this cycle, a further
catalyst migration takes place to result in the final deprotonated urea catalysis.
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ABSTRACT: The acetate-initiated aliphatic isocyanate trimeriza-
tion to isocyanurate was investigated by state-of-the-art analytical
and computational methods. Although the common cyclo-
trimerization mechanism assumes the consecutive addition of
three equivalents of isocyanate to acetate prior to product
formation, we found that the underlying mechanism is more
complex. In this work, we demonstrate that the product, in fact, is
formed via the connection of two unexpected catalytic cycles, with
acetate being only the precatalyst. The initial discovery of a
precatalyst activation by quantum chemical computations and the
resulting first catalysis cycle were corroborated by mass
spectrometric and NMR experiments, thereby additionally
revealing a catalyst migration to the second catalytic cycle. These
results were further confirmed by computations, completing the full mechanistic understanding of this catalytic system. Identification
of a side product with undesired properties for final coating applications allows for process optimization in the chemical industry.

■ INTRODUCTION
Isocyanuratesformed via the cyclotrimerization of isocya-
nateshave been widely used in important industrial
applications since their first report in 1858.1−3 Whereas
aromatic diisocyanates are often polymerized into polyisocya-
nurate (PIR) foams with excellent mechanical and insulating
properties,4−6 the controlled trimerization of aliphatic
diisocyanates leads to isocyanurate cross-linkers for high-
performance polyurethane coatings.7,8 When considering
monomers such as hexamethylene diisocyanate (HDI) or
isophorone diisocyanate, the higher molecular weight and
functionality of the corresponding aliphatic isocyanurate is
advantageous both in terms of health hazard (lower vapor
pressure) and coating properties (high cross-linking density).
The stable isocyanurate ring coupled with aliphatic hardeners
is ideal for the creation of UV-resistant coatings with
outstanding chemical and mechanical resistances.8,9

In the commonly assumed cyclotrimerization mechanism, a
catalyst reacts consecutively with three equivalents of
isocyanate via nucleophilic attacks at the electrophilic carbon
of the isocyanate. A final back-biting reaction takes place,
which leads to the formation of isocyanurate and the
regeneration of the catalyst.10,11 The catalysis, however, does
not always follow this generally accepted mechanism and
highly depends on the applied catalyst, additives, and solvent.
Although alcohols are well known to increase the reactivity via
a resulting urethane cocatalyst,12−14 recent work showed that
the formation of aromatic isocyanurates could occur via an
allophanate intermediate.15 When hexamethyldisilazane is used

as a catalyst, the catalytic cycle is governed by an intermediate
species (silylated amine) generated after the reaction of the
silazane with an alkyl isocyanate and the following elimination
of trimethylsilyl isocyanate.16 Furthermore, it was demon-
strated that the cyclotrimerization using phosphane could
proceed either via zwitterionic17−20 or cyclic21 intermediates.
Although in the academic literature a wide variety of

organometallic compounds,22−28 bases,29−34 and even anion
radicals35 are used as catalysts, patents mostly claim the
production of HDI-based isocyanurate cross-linkers via the use
of carboxylate catalysts.36−40 The latter are industrially favored
because of their easy synthesis and handling as well as the low
color obtained for the products, which is of utmost importance
for clear-coat applications. A mechanistic investigation of the
cyclotrimerization of aliphatic isocyanates using carboxylate
catalysts is not reported yet, which is surprising, as this could
enable a better control of the reaction in terms of reactivity and
selectivity (uretdione, carbodiimide, or iminooxadiazinedione
are well-known side-products41). Motivated by the promising
benefits as well as the scale of application, we performed
quantum chemical calculations on the bulk cyclization of an

Received: April 16, 2020
Published: June 8, 2020

Articlepubs.acs.org/joc

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acs.joc.0c00944
J. Org. Chem. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

L
M

U
 M

U
E

N
C

H
E

N
 o

n 
Ju

ne
 2

3,
 2

02
0 

at
 0

7:
21

:3
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

76



aliphatic isocyanate using acetate as a catalyst and supported
the results with state-of-the-art analytical methods. By

combining both approaches, we comprehensively investigated
the mechanism that revealed unexpected complexity.

Figure 1. Overview of the different catalytic cycles of the acetate-initiated isocyanate trimerization and their connections as well as the computed
activation free energies (ΔG‡) for all TSs and reaction free energies (ΔG) for all intermediates. When calculating energy differences with the
rounded values given in the text, there may be deviations from the values shown in the figure by 1 kJ/mol, as the exact values were taken for the
latter. The results refer to 80 °C in hexyl isocyanate as reaction conditions and were obtained at the B3LYP-D3/def2-QZVP+COSMO-RS level. All
values are given in kJ/mol. R is propyl in the computations (note that in the experiments, hexyl isocyanate was used). The color coding (red,
yellow, green) refers to the amount of isocyanurate 6 that is formed within the respective catalytic cycle (red = none, yellow = some, green = most).
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■ RESULTS AND DISCUSSION
To gain a first insight into the mechanism of the acetate-
catalyzed aliphatic isocyanate trimerization in bulk, a quantum
chemical study on the density functional theory (DFT) level
with a quadruple-zeta (QZ) basis set (B3LYP42−45-D346−48/
def2-QZVP49+COSMO-RS50−53) was carried out (see the
Experimental Section). The mechanistic picture with all
computed activation and reaction free energies is shown in
Figure 1. In the experiments, we used hexyl isocyanate instead
of HDI to avoid cross-linking and polymerization to higher
oligomers within the analytical tools and tetrabutylammonium
acetate as the catalyst (Scheme 1). For the computations, the

isocyanate was modeled as propyl isocyanate to reduce the
system size and save computational time. This is not expected
to affect the reactivity of the NCO groups and the occurring
intermediate species. So far, the common view of the acetate-
catalyzed nucleophilic mechanism was quite simple and limited
to the first catalytic cycle shown (Figure 1, red cycle): The
acetate catalyst 1 successively undergoes the addition of three
isocyanate molecules 2, the system cyclizes, isocyanurate 6 is
formed, and the catalyst 1 is regenerated. However, our DFT
computations indicated that the catalysis does not run through
this cycle and that acetate is not the actual catalyst for the
experimentally observed formation of isocyanurate 6.
Computational Studies: From Carboxylate to Depro-

tonated Amide Catalysis. The first addition of isocyanate 2
to the acetate 1 is endergonic because of the loss of
delocalization of the negative charge with a reaction free
energy (ΔG) of 55 kJ/mol and has an activation free energy
(ΔG‡) of 86 kJ/mol. On the first glance, this seems counter-
intuitive because the system size increases. The resulting
structure, however, is not planar, and the delocalization
between two equivalent oxygens in acetate 1 is stronger than
that between oxygen and nitrogen in acetylcarbamate 3. The
second addition of isocyanate 2 has a slightly lower free energy
of activation (61 kJ/mol) and is thermoneutral (ΔG ≈ 0 kJ/
mol). Nevertheless, as the first step is endergonic, the relative
activation free energy for the second step compared to the
starting point is 117 kJ/mol. For a fast catalysis at 80 °C,
however, the activation free energy of the rate-limiting step
should not exceed 100 kJ/mol. In general, the activation free
energies of the addition steps are quite sensitive to the
molecular conformation and easily differ by ±10 kJ/mol
depending on the conformer used. Further, the choice of the
DFT functional has a small influence. B3LYP-D3/def2-QZVP
and M06-2X54/def2-QZVP usually agree within 5 kJ/mol for
the activation free energies and 15 kJ/mol for the reaction free
energies (Table S2). Within this error of 10−15 kJ/mol, the
second addition step is reasonable for a rapid catalysis at
80 °C.

The third isocyanate addition would have a high activation
free energy (100 kJ/mol), but this reaction step will not take
place. Instead, the acetylallophanate 4 rearranges and a
subsequent decarboxylation occurs (Figure 1, blue pathway).
Both reaction steps are barrierless. The rearrangement is
exergonic by −70 kJ/mol, and the decarboxylation is
thermoneutral. The resulting acetylureate 8 can also be
envisioned as a result of the addition of isocyanate 2 to a
deprotonated acetamide 12, thereby representing an inter-
mediate within a new catalytic cyclethe deprotonated amide
cycle (Figure 1, yellow cycle). Therefore, the first two
isocyanate additions and the subsequent loss of carbon dioxide
can be considered as precatalyst activation of acetate 1,
revealing the deprotonated acetamide 12 as the actual catalyst.
Within the deprotonated amide cycle, the activation free

energies of the first two isocyanate additions are similar and
around 65 kJ/mol. The third one has a higher ΔG‡ of 79 kJ/
mol. The first addition is exergonic (ΔG = −25 kJ/mol)
because of a higher delocalization of the negative charge in
acetylureate 8 compared to the deprotonated acetamide 12,
whereas the second and third additions are thermoneutral. The
following cyclization step to form an isocyanurate-catalyst
adduct 11 has a ΔG‡ of 64 kJ/mol and is exergonic by −28 kJ/
mol. In the final step, the catalyst is regenerated via
dissociation and isocyanurate 6 is formed. This step has only
a small free energy of activation (26 kJ/mol) and is exergonic
by −72 kJ/mol. Already at this point, the calculations revealed
new catalytic pathways and a necessary extension of the
existing mechanism.

Experimental Studies: From Carboxylate to Depro-
tonated Urea Catalysis. In order to confirm the results of
the calculations indicating a transition to the deprotonated
amide cycle, we initially focused our experiments on the
detection of carbon dioxide upon precatalyst activation. In a
completely inert trimerization reaction in anhydrous dimethyl
sulfoxide (DMSO) using 55 and 14 mmol of isocyanate 2 and
acetate catalyst 1, respectively, an intensive gas formation was
observed directly after isocyanate addition to the catalyst
solution at 80 °C. The gas formed was passed through baryta
water, and after the reaction was completed, argon was flushed
through the entire system to transfer the remaining gas
atmosphere to the wash bottles. The formation of a colorless
suspension indicated that carbon dioxide was formed during
the catalysis (Figures S1−S4). Nearly one equivalent of barium
carbonate with regard to the precatalyst ammonium acetate
was obtained, thereby strongly indicating a precatalyst
activation including the release of carbon dioxide.
Next, we aimed to identify key intermediates of the

deprotonated amide cycle by using high-resolution mass
spectrometry (MS). Orbitrap-MS seemed to be the perfect
tool for analyzing the catalysis mixtures, as the samples can
directly be injected into the ion source without the need for
further purification or derivatization. For this purpose, we
performed the catalysis at 80 °C in anhydrous and degassed
toluene and took samples after certain periods. ESI mass
spectra of samples measured after 15 min provided strong
evidence for the deprotonated amide cycle as the deprotonated
amide 12 (142.1223 m/z) as well as both its mono- and di-
isocyanate adducts 8 and 9 (269.2231 and 396.3227 m/z)
were observed as characteristic peaks in the negative mode
(Figure S62). However, the dominant presence of ureate 18
(227.2122 m/z) and its mono-isocyanate adduct 20 (354.3123
m/z) was not in accordance with our expectations and allowed

Scheme 1. Model Reaction for the Catalyzed Trimerization
of Isocyanate to Isocyanurate
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three potential conclusions: (1) The intermediates of the
deprotonated amide cycle are unstable under the conditions of
MS analysis and decompose to give ureate fragments in mass
spectra. (2) The intermediates of the deprotonated amide
cycle can degrade over the course of catalysis by which ureate
species are formed. (3) Water is present during the catalysis,
leading to carbamic acid formation from isocyanate, which
readily loses carbon dioxide and forms ureate species upon loss
of a proton and addition of a second equivalent of isocyanate.
In order to rule out certain scenarios, NMR spectroscopy

was chosen as additional experimental tool to identify
intermediates by characteristic signals. For this purpose, we
performed the catalysis at 80 °C in J. Young NMR tubes in a
closed atmosphere under inert conditions using anhydrous and
degassed toluene-d8 as the solvent and mesitylene as the
internal standard. The catalysis was monitored by 1H and 13C
NMR spectroscopy after cooling the J. Young NMR tube to
0 °C at defined reaction times in order to stop the catalysis
(Figure 2A). Over time, three different dominant species
formed, of which only one had NBu4

+ as the countercation, as
determined by DOSY experiments (Figure S57). The most
intense signal in the final 1H NMR spectrum refers to the
desired product isocyanurate 6. Surprisingly, the intensity
decrease of the singlet signal of the acetate 1 methyl group at
2.19 ppm did not match with the increase of the only arising
singlet at 3.47 ppm. This would have been necessary for any
intermediate of the deprotonated amide cycle, as all structures
possess a characteristic methyl group. However, the intensity
of the initial singlet to the final one was in a ratio of 3:2.
Further, multiplicity edited HSQC (HSQC-ME) experiments
showed that the new singlet signal refers to a CH2 group, and
with the help of carbon-coupled HSQC-ME experiments, the
1JC−H coupling was determined to be approximately 160 Hz,
indicating an olefinic character (Figure S59). This was in
agreement with the downfield shifts for the 1H and 13C NMR

signals at 3.47 and 69.0 ppm, respectively. Its symmetric
molecular structure derived from the intensity ratio of 2:4:2 for
the signals at 3.47, 3.62, and 3.89 ppm, together with a similar
diffusion coefficient as the symmetrical trimer and 2D NMR
experiments, concluded that the cyclic olefinic structure 16 is
formed. Already after 60 min, this species reached its final
concentration under complete consumption of the acetate 1
(Figure 2A).
At this point, we explained the formation of olefin 16 to be

as follows: In addition to further running through the catalytic
cycle, the deprotonated amide di-isocyanate adduct 9 can
undergo cyclization. The thus-formed alkoxide 13 is
protonated, most likely by a catalytic amount of protons
from ppm traces of water, potentially followed by elimination
of water, leading to the olefinic product 16. The thermody-
namic driving force for this reaction could be the formation of
water thatunder these conditionsshould react with
isocyanate to carbamate 17, thereby regenerating the proton
and closing the catalytic protonation cycle. Then, carbamate
17 could form the ureate 18 under elimination of carbon
dioxide and addition of a second equivalent of isocyanate 2.
Even though the remaining signals between 3.0 and 4.4 ppm

in the 1H NMR spectra do not refer to ureate 18, they can be
assigned to amidocarbamate 19, which is formed by the
reversible addition of carbon dioxide to ureate 18 in an
equilibrium reaction (see the Supporting Information for 2D
NMR experiments necessary for the assignment). Amidocar-
bamate 19 is the only remaining negatively charged species
with NBu4

+ as countercation, which can potentially act as a
catalyst (Figure S57). Considering the nucleophilicity of ureate
18 compared to amidocarbamate 19, however, only the former
acts as a catalyst for the trimerization reaction, while the latter
gives stabilization as the resting state. Thus, the negatively
charged amidocarbamate 19 loses CO2, and the resulting
ureate 18 forms isocyanurate 6 by consecutive addition of

Figure 2. Analysis of the acetate-initiated catalytic trimerization of hexyl isocyanate. (A) Reaction monitoring by 1H NMR spectroscopy in a J.
Young NMR tube. The gray shapes are used to assign the signals to the corresponding structures (square: isocyanurate 6; dots: cyclic olefin 16;
rotated square: amidocarbamate 19). Mesitylene was used as the internal standard (IS) for quantification. (B) Orbitrap-MS analysis of a reaction
mixture after 1155 min without an internal standard in negative (top) and positive (bottom) mode. The bold numbers refer to the experimentally
observed masses, whereas the numbers in brackets give the exactly calculated masses.
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three equivalents of isocyanate 2, followed by cyclization, and
elimination of the product. Ureate 18 is released again and
immediately stabilized as the amidocarbamate 19 by the
addition of CO2 (Figure 1, green cycle).
Overall, one equivalent of olefin 16 is formed per equivalent

of precatalyst 1, thereby enabling the formation of one
equivalent of ureate 18. By this, five equivalents of isocyanate 2
are consumed in total, which equals already 50% of isocyanate
2 in case of the 10 mol % catalyst used. The remaining 50% of
isocyanate 2 are converted to isocyanurate 6. This derived ratio
and the resulting overall mass balance is confirmed by
quantification in the 1H NMR spectrum of our final catalysis
mixture (Table S1).
In a further NMR experiment, the catalysis was performed in

a standard NMR tube, which was opened during heating to
80 °C, allowing carbon dioxide to gas out of the catalytic
system during precatalyst activation and ureate 18 formation.
Interestingly, the amidocarbamate 19 is still formed as
dominant resting state at the beginning, but over the course
of catalysis as isocyanate is consumed, the respective ureate
species 18 becomes visible in the NMR spectra. After complete
conversion, amidocarbamate 19 is nearly depleted, yielding
ureate 18 as the only prominent catalytic species (Figures
S53−S56).
Additionally, the first NMR experiment in a closed

atmosphere was repeated without an internal standard,
demonstrating that mesitylene had no influence on the
catalysis (Figures S49−S52). Analysis of the catalysis solution
after complete conversion by Orbitrap-MS further confirmed
that only the catalytic species of the deprotonated urea cycle
(Figure 1, green cycle) are present (Figure 2B). In the negative
ESI mode, most dominantly ureate 18 (227.2123 m/z) and
amidocarbamate 19 (271.2026 m/z) were present, as well as
the ureate-mono-isocyanate adduct 20 (354.3125 m/z) and
hexylcarbamate 17 (144.1017 m/z) to a smaller extent. All
remaining peaks can also be identified as adduct species of the
catalytic cycle, which are formed during mass spectrometric
analysis (18 + HCN, 2·18 + H+, 19 + H2O and 18 + 19 + H+).
In positive mode, the countercation NBu4

+ (242.2837 m/z)
and the cyclic olefinic structure 16 (380.3266 m/z) gave the
most intense signals, whereas the positive counterpart of ureate
(18 + 2H+, 229.2271 m/z) and the ureate-mono-isocyanate
adduct (20 + 2H+, 356.3263 m/z) are present to a low extent.
Again, a dimeric adduct formed in the Orbitrap-MS was
observed for the ureate (2·18 + 3H+). Interestingly, the
detection of NHBu3

+ (186.2214 m/z) indicates that at 80 °C,
catalyst decomposition takes place, most likely via nucleophilic
attack at a butyl group and formation of NBu3 and the
deactivated butylated nucleophile. In conclusion, all dominant
signals in the mass spectra were assigned to species of the
deprotonated urea cycle indicating the high plausibility of the
proposed reaction mechanism.
Computational Studies: Deprotonated Urea Cataly-

sis. For full validation of the experimentally derived catalyst
migration to the deprotonated urea cycle (Figure 1, purple and
green cycles), we performed further DFT calculations and
determined activation and reaction free energies for all relevant
steps and intermediates, respectively. This catalyst migration
consists of the transformation of the deprotonated amide di-
isocyanate adduct 9 to olefin 16 and the formation of
carbamate 17 and its subsequent reaction with isocyanate 2 to
ureate 18.

The catalyst migration (Figure 1, purple cycle) starts with
the cyclization of the deprotonated amide di-isocyanate adduct
9 to alkoxide 13, which competes with another addition of
isocyanate 2 to form the tri-isocyanate adduct 10. The former
pathway has a slightly lower activation free energy of 62 kJ/
mol, compared to 79 kJ/mol for the isocyanate addition.
However, the irreversible elimination reaction that concludes
the catalyst migration requires a high activation free energy of
118 kJ/mol with respect to alkoxide 13 (see below). Ring
opening of alkoxide 13 back to 9 and addition of isocyanate 2
is a competing alternative, as the total activation free energy is
only 95 kJ/mol with respect to alkoxide 13. This is consistent
with experimental evidence that both the deprotonated amide
and deprotonated urea cycle contribute to the product
formation.
Several of the following transformations involve deprotona-

tion and protonation, which is enabled by proton-transfer
catalysis. To identify a suitable acid/base catalyst pair, the pKa
values for the conjugated acids of the occurring anionic species
in hexyl isocyanate were computed (Table S3). Within the
deprotonated amide cycle (Figure 1, yellow cycle), amide 12 +
H+ has the highest computed pKa value of 22.6, and thus, it is
the most probable protonated species. The traces of the
proton-transfer catalyst 12 + H+ are initially formed via the
reaction of isocyanate 2 with the deprotonated amide 12 and
water (the few ppm of water present even under such inert
conditions are sufficient to initiate the catalytic proton transfer
cycle). In addition, the tautomer 17* of carbamate 17 is
formed. This transformation is exergonic (ΔG = −40 kJ/mol)
with an activation free energy of 75 kJ/mol. The tautomer
rearranges to carbamate 17. The rearrangement is barrierless
and exergonic with a ΔG of −56 kJ/mol.
For the subsequent formation of the experimentally

observed olefin 16, different pathways were evaluated: (1)
protonation of alkoxide 13 by water and a consecutive
deprotonation−elimination reaction (12/12 + H+ as base/
acid) under loss of water, (2) protonation of alkoxide 13 by 12
+ H+, followed by deprotonation (12 as base) and
simultaneous transfer of an intermediary hydroxide anion to
isocyanate 2, or (3) addition of an isocyanate 2 to alkoxide 13,
protonation by 12 + H+, and a subsequent deprotonation−
elimination reaction (12/12 + H+ as base/acid). The first two
possibilities have rate-limiting steps with activation free
energies over 150 kJ/mol and can therefore be ruled out.
The latter pathway is both kinetically and thermodynamically
plausible and consistent with experimental findings.
Isocyanate 2 is added to alkoxide 13 in an endergonic

reaction (ΔG = 24 kJ/mol), forming carbamate 14. This step
has an activation free energy of 86 kJ/mol, which is only
slightly higher than those for the isocyanate addition reactions
in the deprotonated amide cycle. Next, 14 is protonated (12 +
H+ as acid) to yield 15. The protonation is barrierless and
thermoneutral. The following deprotonation−elimination
reaction (12 as base) results in olefin 16, additionally releasing
carbamate 17. The activation free energy is 95 kJ/mol, and the
reaction step is exergonic (ΔG = −30 kJ/mol). Finally,
isocyanate 2 is added to carbamate 17, CO2 dissociates
simultaneously, and the ureate catalyst 18 is formed. The last
step has a ΔG‡ of 74 kJ/mol and is endergonic (ΔG = 21 kJ/
mol). As the system is closed, CO2 cannot escape and
associates with the ureate 18 to form the catalyst resting state
amidocarbamate 19. The addition of CO2 is barrierless and
strongly exergonic with a reaction free energy of −84 kJ/mol.
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For the deprotonated urea catalysis, all activation free
energies are higher compared to the deprotonated amide
catalysis. The first isocyanate addition has a computed ΔG‡ of
83 kJ/mol, the second addition has a ΔG‡ of 112 kJ/mol, and
the third addition has a ΔG‡ of 80 kJ/mol. Thus, the second
isocyanate addition has the highest activation free energy in the
deprotonated urea cycle and is the rate-limiting step. The
reason for this is an intramolecular hydrogen bond that
stabilizes the ureate-mono-isocyanate adduct 20. These
activation free energies are in agreement with the NMR and
MS analyses because species 20 was observed as the only
adduct intermediate. The thermochemistry of the first addition
is exergonic (ΔG = −59 kJ/mol) and the second and third
additions are slightly endergonic. The exergonic cyclization
step (ΔG = −50 kJ/mol) follows with an activation free energy
of 78 kJ/mol. The isocyanurate 6 formation and catalyst
regeneration have a low ΔG‡ of 31 kJ/mol and are also
exergonic (ΔG = −39 kJ/mol). Overall, these calculations are
in good agreement with the experimental results, thereby
proving the deprotonated urea cycle as the actual catalytic
cycle.
Further, the formation of uretdione 24, which is observed as

a side-product with several oligomerization catalysts, was
computed for all three potential catalysts (1, 12, and 18), but it
always had a high activation free energy, which matches its
absence in the experiments. As catalyst deactivation was
observed in the NMR and MS analyses, we performed
calculations on two different catalyst deactivation pathways:
(1) the nucleophilic attack of the catalyst anion at a propyl
group of the tetrapropylammonium model countercation to
form NPr3 and the propylated nucleophile and (2) the
abstraction of a proton from the propyl group by the catalyst
anion and formation of propene and NPr3. Both pathways are
highly exergonic but have high activation free energies of more
than 130 kJ/mol for all three catalysts, which is in agreement
with the very small amount of the decomposed catalyst formed
(Tables S1 and S4).

■ CONCLUSIONS
We investigated the acetate-initiated aliphatic isocyanate
trimerization to isocyanurate by state-of-the-art analytical and
computational methods. Astonishingly, we found that acetate is
only a precatalyst, which is activated to a first active catalytic
species by isocyanate addition, rearrangement, and carbon
dioxide cleavage. While only a limited amount of isocyanurate
is formed in the resulting deprotonated amide cycle, a catalyst
migration pathway leads to the formation of a catalytically
inactive olefin and a carbamate species. The latter reacts with
isocyanate to form the main ureate catalyst. In this “bicyclic
ride”, both catalytic cycles contribute to the final product,
whereas their contribution to product formation shifts over
time because of the irreversible catalyst migration. Besides
achieving mechanistic understanding, the knowledge about the
formation of the olefinic side-product can lead to improve-
ments in industrial applications. Because such olefinic
structures can react further, leading to unwanted by-products
and increased color in the final coating, the process and
workup can now be optimized to minimize their negative
influence.55−57

■ EXPERIMENTAL SECTION
General Procedures. Air- and moisture-sensitive syntheses and

catalyses were carried out under an argon atmosphere under exclusion

of air and moisture. All glassware were flame-dried prior to use, and
standard Schlenk techniques were applied. For reactions at NMR
scale, all compounds (substrate, catalyst, internal standard) were
added using stock solutions. All reactions that required heating were
conducted with a temperature-controlled oil bath. The temperature of
the oil bath was stable within ±0.1 °C after the reaction vessel had
reached the desired temperature. The given yields refer to isolated
and purified products.

Solvents and Reagents. Toluene (Chromasolv for HPLC,
99.9%) was purchased from Honeywell (Honeywell International
Inc., USA), dried in a MB SPS-800 system (M. Braun Inertgas-
Systeme GmbH, Germany), and stored under nitrogen. Anhydrous
DMSO (≥ 99.9%) and anhydrous toluene-d8 (≥ 99.0%, 99.6 atom %
D) were purchased from Sigma-Aldrich (Sigma-Aldrich, Inc., USA)
and stored under an argon atmosphere under exclusion of air and
moisture. All anhydrous solvents were further degassed by four
freeze−pump−thaw cycles. The anhydrous and degassed solvents
were stored under an argon atmosphere over molecular sieve (3 Å).
Acetonitrile (HiPerSolv CHROMANORM for HPLC, ≥99.9%) for
Orbitrap-MS analysis was purchased from VWR (VWR International,
LLC., USA). Argon gas (Ar 5.0) was purchased from Air Liquide (Air
Liquide Deutschland GmbH, Germany) and dried by silica gel and
molecular sieve (4 Å). All other solvents and chemicals were
purchased from manufacturing and trading companies (Sigma-
Aldrich, Inc., USA and TCI Europe N.V., Belgium) and stored
according to the respective instructions.

Commercially purchased n-hexyl isocyanate was distilled under
inert conditions and stored under an argon atmosphere under
exclusion of air and moisture at 5 °C. Commercially purchased
tetrabutylammonium acetate was always weighed and stored under an
argon atmosphere under exclusion of air and moisture. Isolated
compounds were stored under argon and, if needed, at 5 or −20 °C.

Analytical Methods. NMR spectra were recorded on a 400 MHz
Bruker AVANCE III HD spectrometer, 400 MHz Bruker AVANCE
III HD spectrometer with a CryoProbe Prodigy, or 800 MHz Bruker
AVANCE III HD spectrometer with a CryoProbe (Bruker
Corporation, USA). The NMR spectra during reaction monitoring
were exclusively recorded on the 400 MHz Bruker AVANCE III HD
spectrometer with a CryoProbe Prodigy. NMR spectra of air- and
moisture-sensitive compounds were measured using J. Young NMR
tubes. Reactions at NMR scale (reaction monitoring) were performed
in J. Young NMR tubes under an argon atmosphere under exclusion
of air and moisture unless otherwise noted. The solvent residual
signals were used for internal calibration.58 Chemical shifts δ are
reported in ppm, and coupling constants J are reported in Hz. The
different multiplicities are defined by s (singlet), t (triplet), and m
(multiplet). The assignments in 13C NMR spectra refer to proton-
decoupled experiments. The assignment of signals was realized by
two-dimensional NMR spectroscopy (inter alia 1H−1H-COSY,
1H−13C-HSQC-ME and 1H−13C-HMBC experiments) and partly
by DOSY experiments. For data processing, the software TopSpin 4
(Bruker Corporation, USA) was used. For visualization of the reaction
monitoring, the software OriginPro 2018G (OriginLab Corporation,
USA) was used.

For the reaction monitoring in the presence of an internal standard,
1H NMR spectra were obtained with a pulse width of 3.6 μs (30° flip
angle), acquisition time of 4.1 s, and delay time of 5.0 s. For
qualitative analysis, 1H NMR spectra were obtained with a pulse
width of 3.6 μs (30° flip angle), acquisition time of 4.1 s, and delay
time of 1.0 s. For the DOSY experiments, a gradient distance
(diffusion time) big delta Δ of 49.9 ms and a diffusion gradient length
little delta δ of 4.0 ms were chosen.

Mass spectrometric measurements were performed on a Thermo
Scientific Finnigan LTQ Ultra FT-ICR or on a Thermo Scientific Q
Exactive Plus mass spectrometer (Thermo Fisher Scientific Inc.,
USA). The investigations of the catalysis mixtures were carried out
exclusively on the last-mentioned mass spectrometer. Electrospray
ionization was used as the ionization technique. The mode (positive/
negative) of the experiment, solvent used to dissolve the sample, and
method of injection together with potential solvents are listed. In case
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of the catalysis mixtures, a syringe pump was used to continuously
inject the diluted sample into the ion source. For compound
characterization, the m/z value of the most abundant or characteristic
peak is given in comparison to the calculated m/z value. For Orbitrap-
MS analysis of catalysis mixtures, all relevant m/z values are given in
comparison to the calculated m/z values. If isotopic patterns are
pronounced, the most intensive peak is indicated. Molecular ions are
abbreviated as M. For data processing, the Qual Browser of the
Thermo Scientific Xcalibur 4.1 software suite (Thermo Fisher
Scientific Inc., USA) was used. For visualization of the mass spectra,
the software OriginPro 2018G (OriginLab Corporation, USA) was
used.
For the analysis of reaction intermediates with the Thermo

Scientific Q Exactive Plus mass spectrometer, Full MS (scan type) was
performed in a scan range of 50 to 750 m/z. A resolution of 140,000
with an automatic gain control target of 1 × 106 was set, and no
additional fragmentation was induced.
Elemental analyses were performed using an Elementar vario

MICRO cube instrument (Elementar Analysensysteme GmbH,
Germany).
Investigation of Precatalyst Activation. A three-necked

Schlenk flask was equipped with a dropping funnel and Dimroth
condenser. The upper end of the condenser was connected by a hose
to three gas washing bottles connected in series, the two rear ones of
which were filled with saturated barium hydroxide solution (baryta
water). The inert setup was closed off with a pressure relief valve
behind the gas washing bottles.
Tetrabutylammonium acetate 1 (4.15 g, 13.8 mmol, 0.25 equiv)

was dissolved in dry DMSO (80 mL) and added to the Schlenk flask.
The catalyst solution was heated to 90 °C. A solution of n-hexyl
isocyanate 2 (7.00 g, 8.01 mL, 55.0 mmol, 1.00 equiv) in anhydrous
DMSO (20 mL) was added to the catalyst solution via the dropping
funnel over a period of 30 min. The reaction mixture was stirred for 2
h at 90 °C. An intensive gas formation as well as a yellow coloration of
the solution was visible upon addition of the isocyanate solution. After
no further gas formation could be observed, the gas formed was
passed through the gas washing bottles with the help of a gentle argon
gas flow, leading to the formation of a milky suspension with high
turbidity and a colorless precipitate. After filtration of the suspension
solids, washing with water, and drying at 100 °C for 24 h, the solid
was weighed. By this, nearly 1 equiv of barium carbonate (2.39 g, 12.1
mmol, 88%) with regard to the precatalyst tetrabutylammonium
acetate 1 was obtained, thereby strongly indicating a precatalyst
activation including the cleavage of carbon dioxide.
Synthesis of Reference Compounds. Compounds 6 and 24 are

literature known and were synthesized according to a reported
procedure.21

Neat n-hexyl isocyanate 2 (5.09 g, 5.83 mL, 40.0 mmol, 1.00 equiv)
was heated to 60 °C, and tri-n-butylphosphine (405 mg, 500 μL, 2.00
mmol, 0.05 equiv) was added. The reaction mixture was stirred for 4
h at 60 °C and 15 h at room temperature. Dimethyl sulfate (252 mg,
190 μL, 2.0 mmol, 0.05 equiv) was added, and the reaction mixture
was stirred for 1 h at 60 °C. The products were purified by distillation
(24: 0.05 mbar and 170 °C; 6: 0.05 mbar and 210 °C) followed by
flash column chromatography (silica, DCM/n-pentane 1:5/1:3/1:0).
Both products n-hexyl isocyanurate 6 (785 mg, 2.06 mmol, 15%) and
n-hexyl uretdione 24 (331 mg, 1.30 mmol, 7%) were obtained as
colorless oils.
Characterization of Compounds. Tetrabutylammonium Ac-

etate 1. 1H NMR (toluene-d8, 400 MHz, 298 K): δ [ppm] = 0.99 (t,
3JH−H = 7.3 Hz, 12H), 1.33−1.44 (m, 8H), 1.52−1.66 (m, 8H), 2.22
(s, 3H), 3.27−3.54 (m, 8H). 13C{1H} NMR (toluene-d8, 101 MHz,
298 K): δ [ppm] 14.1 (s, 4C), 20.3 (s, 4C), 24.6 (s, 4C), 27.1 (s, 1C),
58.6 (s, 4C), 173.9 (s, 1C).
n-Hexyl Isocyanate 2. 1H NMR (toluene-d8, 400 MHz, 298 K): δ

[ppm] 0.82 (t, 3JH−H = 7.3 Hz, 3H), 0.95−1.03 (m, 4H), 1.05−1.18
(m, 4H), 2.62 (t, 3JH−H = 6.6 Hz, 2H). 13C{1H} NMR (toluene-d8,
101 MHz, 298 K): δ [ppm] 14.1 (s, 1C), 22.8 (s, 1C), 26.4 (s, 1C),
31.4 (s, 1C), 31.5 (s, 1C), 42.8 (s, 1C), 123.1 (s, 1C).

n-Hexyl Isocyanurate 6. 1H NMR (toluene-d8, 400 MHz, 298 K):
δ [ppm] 0.77−0.90 (m, 9H), 1.11−1.27 (m, 18H), 1.48−1.69 (m,
6H), 3.71−3.86 (m, 6H). 13C{1H} NMR (toluene-d8, 101 MHz, 298
K): δ [ppm] 14.2 (s, 3C), 23.0 (s, 3C), 26.8 (s, 3C), 28.3 (s, 3C),
31.8 (s, 3C), 42.9 (s, 3C), 149.0 (s, 3C). HR-MS (ESI+, CHCl3, FIA:
ACN/H2O) m/z: [M + H]+ calcd for C21H40N3O3

+, 382.3064; found,
382.3066. EA (%): calcd for C21H39N3O3: C, 66.11; H, 10.30; N,
11.01; found: C, 66.34; H, 10.32; N, 11.98.

n-Hexyl Uretdione 24. 1H NMR (toluene-d8, 400 MHz, 298 K): δ
[ppm] 0.79−0.85 (m, 6H), 1.02−1.11 (m, 8H), 1.12−1.20 (m, 4H),
1.31−1.40 (m, 4H), 2.80 (t, 3JH−H = 7.1 Hz, 4H). 13C{1H} NMR
(toluene-d8, 101 MHz, 298 K): δ [ppm] 14.1 (s, 2C), 22.9 (s, 2C),
26.7 (s, 2C), 28.9 (s, 2C), 31.5 (s, 2C), 40.5 (s, 2C), 157.8 (s, 2C).
EA (%): calcd for C14H26N2O2: C, 66.11; H, 10.30; N, 11.01; found:
C, 66.23; H, 10.31; N, 12.12.

Cyclic Olefin 16. 1H NMR (toluene-d8, 400 MHz, 298 K): δ [ppm]
3.47 (s, 2H), 3.58−3.66 (m, 4H), 3.86−3.91 (m, 2H). 13C{1H} NMR
(toluene-d8, 101 MHz, 298 K): δ [ppm] 42.5 (s, 1C), 44.7 (s, 2C),
69.0 (s, 1C), 140.1 (s, 1C), 148.9 (s, 2C). The NMR assignments are
based on the spectra from the reaction monitoring. Because of the
complexity between 0.6 and 1.8 ppm in the 1H NMR spectra and
between 12 and 34 ppm in the 13C{1H} NMR spectra, no assignments
were possible for several nuclei.

Amidocarbamate 19. 1H NMR (toluene-d8, 400 MHz, 298 K): δ
[ppm] 1.87−1.99 (m, 2H), 3.15−3.29 (m, 8H), 3.39−3.45 (m, 2H),
4.12−4.21 (m, 2H), 11.24 (t, 3JH−H = 10.9 Hz, 1H). 13C{1H} NMR
(toluene-d8, 101 MHz, 298 K): δ [ppm] 30.9 (s, 1C), 40.5 (s, 1C),
44.1 (s, 1C), 58.3 (s, 4C), 158.8 (s, 1C), 159.4 (s, 1C). The NMR
assignments are based on the spectra from the reaction monitoring.
Because of the complexity between 0.6 and 1.8 ppm in the 1H NMR
spectra and between 12 and 34 ppm in the 13C{1H} NMR spectra, no
assignments were possible for several nuclei.

Reaction Monitoring via NMR with an Internal Standard.
Tetrabutylammonium acetate 1 (6.03 mg, 20.0 μmol, 0.10 equiv) and
mesitylene (2.16 mg, 2.50 μL, 18.0 μmol, 0.09 equiv) were dissolved
in anhydrous toluene-d8 (0.5 mL) in a J. Young NMR tube, and n-
hexyl isocyanate 2 (25.4 mg, 29.1 μL, 200 μmol, 1.00 equiv) was
added (see Section S3.1). The sealed J. Young NMR tube was heated
to 80 °C for 1155 min. After defined time periods, the NMR tube was
taken out of the heating bath and cooled to 0 °C, and immediately, a
1H and 13C NMR spectrum was measured.

Reaction Monitoring via NMR without an Internal Stand-
ard. Tetrabutylammonium acetate 1 (6.03 mg, 20.0 μmol, 0.10
equiv) was dissolved in anhydrous toluene-d8 (0.5 mL) in a J. Young
NMR tube (see Section S3.2.1) or standard NMR tube (see Section
S3.2.2). Next, n-hexyl isocyanate 2 (25.4 mg, 29.1 μL, 200 μmol, 1.00
equiv) was added. The sealed J. Young NMR tube or opened standard
NMR tube was heated to 80 °C for 1155 min. After defined time
periods, the NMR tube was taken out of the heating bath and cooled
to 0 °C, and immediately, a 1H and 13C NMR spectrum was
measured.

Qualitative comparison of the two sets of NMR spectra
demonstrates that in case of the opened NMR tube, the amount of
ureate increases while the amount of the stabilized form
amidocarbamate decreases over the course of catalysis. This is easily
rationalized by the fact that carbon dioxide is released from the
catalysis mixture as soon as the ureate is formed from the
amidocarbamate, which is necessary for catalysis to proceed. Further,
the amount of symmetrical trimer is significantly lower in case of the
opened NMR tube as the volatile isocyanate also evaporates during
heating.

Analysis of Reaction Mixtures via Orbitrap-MS, Analysis
after the Short Reaction Time (15 min). Tetrabutylammonium
acetate 1 (60.3 mg, 200 μmol, 0.10 equiv) was dissolved in anhydrous
toluene (6.5 mL). The catalyst solution was heated to 80 °C before n-
hexyl isocyanate 2 (254 mg, 291 μL, 2.00 mmol, 1.00 eq.) was added.
The reaction mixture was stirred for 15 min at 80 °C. An aliquot of
the reaction mixture was diluted in ACN and directly analyzed via
Orbitrap-MS. Both intermediates from the deprotonated amide as
well as the deprotonated urea cycle are present in the analyzed sample
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(Figure S62). For an overview of the exact masses of all intermediates,
see Figure S65.
Analysis of Reaction Mixtures via Orbitrap-MS, Analysis

after the Complete Reaction. The Orbitrap-MS analysis was
performed on the reaction mixture of the J. Young NMR tube without
an internal standard after complete conversion.
Tetrabutylammonium acetate 1 (6.03 mg, 20.0 μmol, 0.10 equiv)

was dissolved in anhydrous toluene-d8 (0.5 mL) in a J. Young NMR
tube, and n-hexyl isocyanate 2 (25.4 mg, 29.1 μL, 200 μmol, 1.00
equiv) was added. The sealed J. Young NMR tube was heated to 80
°C for 1155 min. After the reaction was completed, an aliquot of the
reaction mixture was diluted in ACN and directly analyzed via
Orbitrap-MS. Exclusively, the intermediates of the deprotonated urea
cycle are present in the analyzed sample (Figures S63 and S64). For
an overview of the exact masses of all intermediates, see Figure S65.
Computational Details. For the mechanistic investigations, hexyl

isocyanate was modeled as propyl isocyanate to reduce the system size
and save computational time. This should not affect the reactivity of
the NCO group and the occurring intermediate species. The
tetrabutylammonium countercation was reduced to a tetrapropylam-
monium cation. The countercation was omitted for the investigation
of the catalytic cycles and taken into account only for the
computations regarding the catalyst decomposition pathways.
All quantum chemical computations were performed on the DFT

level using the TURBOMOLE 7.3 program package.59,60 The
structures of all species and transition states (TSs) were optimized
on the BP86 level61−63 employing the triple-zeta basis set def2-
TZVP,49 the cosmo continuum solvation model50 with epsilon equals
infinity, and the D3 dispersion correction48 with Becke−Johnson
damping.46,47 For all structural optimizations as well as all single-point
energy computations, the resolution-of-identity approximation for the
Coulomb integrals was applied using matching default auxiliary basis
sets.64−66 Conformational searches were carried out with an in-house
tool that rotates around specified bonds in an iterative fashion to find
the nearest local minimum structure and subsequently submits the
necessary structural optimizations on the BP86-D3-cosmo/def2-
TZVP level. Here, the propyl chains were kept frozen in a straight
arrangement and all other single bonds were rotated by 120°. Only
the energetically lowest conformers were used further, for example, to
compute single-point energies.
Initial guess structures for the TSs were either built manually or

obtained via scans of the potential energy surface along certain bonds.
These structures were then optimized using eigenvector following as
implemented in TURBOMOLE. The resulting TS geometries were
subjected to a conformational search (as described above) with a
frozen TS region. The energetically lowest conformer was again
optimized using eigenvector following. All minimum and TS
geometries were confirmed as such by the vibrational frequencies.
The activation and reaction free energies were obtained as a sum of

three contributions: (1) the gas-phase activation/reaction energy on
the B3LYP-D3/def2-QZVP or M06-2X/def2-QZVP level, (2) the
difference in zero-point vibrational energies and thermostatistical
contributions for products and reactants on the BP86-D3-cosmo/
def2-TZVP level, and (3) the difference in solvation free energies for
products and reactants computed with the COSMO-RS solvation
model:

ad (1) Single-point energies in the gas phase were computed for the
optimized structures on the B3LYP42−45-D3 and M06-2X54

level using the QZ basis set def2-QZVP.49 For such a large
basis set, the basis set superposition error almost vanishes and
no special treatment, for example, a computationally
demanding counter-poise correction, is required.

ad (2) Computations of the harmonic vibrational frequencies on the
BP86-D3-cosmo/def2-TZVP level were performed numeri-
cally and used to calculate the zero-point vibrational energy
and the thermostatistical corrections to obtain a free energy at
finite temperature (80 °C).

ad (3) The COSMO-RS solvation model51,52 was used as imple-
mented in COSMOtherm 201553 employing the 2015 BP86/
def-TZVP parametrization. To obtain the solvation free

energies in hexyl isocyanate at 80 °C, the standard procedure
with two single-point calculations, one in the gas phase and
one in an ideal conductor (cosmo with epsilon equals infinity)
on the default BP86/def-TZVP level of theory, was performed
and the results were used as the input for COSMOtherm. The
thermodynamic reference state for computing the solvation
free energies is 1 mol L−1.

For the computation of pKa values (in isocyanate), 2,6-
dimethylpyridine/2,6-dimethylpyridinium was used as a reference
system, and free energies for the protonation reaction of 2,6-
dimethylpyridine to 2,6-dimethylpyridinium and the corresponding
base of the acid used were computed according to the workflow
described above. The resulting free energy was transferred to pKa
units, and the experimental pKa value of the reference system (4.46 in
DMSO) was subtracted to obtain the desired pKa value of the acid.
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Werke Hüls AG, 1979.
(38) Kirchmeyer, S.; Wolfrum, C.; Müller, H. P. Isocyanate-
Trimerization Catalyst. International Patent WO1993012153A1,
Bayer AG, 1991.
(39) Kohlstruk, S.; Kreczinski, M.; Lomölder, R. Verfahren zur
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List of Abbreviations

Abbreviation Full Name

a annum
ACN acetonitrile
Add. additive
AF alkyl formate

BINAP 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl
BP Becke-Perdew (functional)
Bu butyl

B3LYP Becke, 3-parameter, Lee–Yang–Parr (functional)
CA cyclic acetal
Cat. catalyst

CCDC Cambridge Crystallographic Data Centre
COD cyclooctadiene
cosmo conductor-like screening model

COSMO-RS conductor-like screening model for real solvents
COSY correlation spectroscopy
Cy cyclohexyl

DAM dialkoxymethane
DCM dichloromethane
DF degrees of freedom
DFT density functional theory
DMF dimethylformamide
DMM dimethoxymethane
DMSO dimethyl sulfoxide
DoE design of experiments
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List of Abbreviations

Abbreviation Full Name

DOI digital object identifier
DOSY diffusion-ordered spectroscopy
D3 atom-pair wise (atom-triple wise) dispersion correction
EA elemental analysis

EDTA ethylenediaminetetraacetic acid
ESI electronic supplementary information

ESI (MS) electrospray ionization
Et ethyl

FT-ICR fourier transform ion cyclotron resonance
Gt gigatonne
HDI hexamethylene diisocyanate

HMBC heteronuclear multiple-bond correlation
HMDS hexamethyldisilazane
HPLC high-performance liquid chromatography
HR high-resolution

HSQC heteronuclear single-quantum correlation
HSQC-ME heteronuclear single-quantum correlation multiplicity-edited

IPDI isophorone diisocyanate
IR infrared
IS internal standard

IUPAC International Union of Pure and Applied Chemistry
LB lower bound
LTQ linear ion trap quadrupole
m multiplet

MDI methylene diphenyl diisocyanate
Me methyl
Mes mesityl
MF methyl formate
MM methoxymethanol
MS mass spectrometry
M06 Minnesota 06 (functional)
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List of Abbreviations

Abbreviation Full Name

n normal
NMR nuclear magnetic resonance

o ortho
OFAT one-factor-at-a-time
OLS ordinary least squares
OME oxymethylene ethers
p para
Ph phenyl
ppm parts per millions
Pr propyl
PU polyurethane
py pyridyl
RF random forest
RS replication study
rt room temperature
s singlet
SD standard deviation
SI supporting information
SPS solvent purification system
t triplet

TDI toluene diisocyanate
Tf triflyl

THF tetrahydrofuran
TMEDA tetramethylethylenediamine
tmm trimethylenemethane dianion
TMS trimethylsilyl
Tol tolyl
TON turnover number
TPU thermoplastic polyurethane elastomer

triphos 1,1,1-tris(diphenylphosphinomethyl)ethane
Ts tosyl
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List of Abbreviations

Abbreviation Full Name

TS transition state
TZVP valence triple-zeta polarization
UB upper bound
UV ultraviolet
QZ quadruple-zeta

QZVP valence quadruple-zeta polarization
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