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Goals & outline

Catalysts are an essential tool in the transition to sustainable industries. In the chemical industry,
they are indispensable because they enable, control and accelerate the production of products
we use every day. Hence, scientists continuously seek to improve catalyst performance. The quest
to improve the design, robustness and recyclability of catalysts has brought research to the
heterogenization of metal complexes on nanoporous support materials. At the end of previous
century, the field of nanoporous materials was truly revolutionized by the introduction of reticular
chemistry. This concept, in which molecular building blocks are assembled into well-ordered
frameworks held together by strong bonds, has led to a wealth of possible and tailor-made
nanoporous materials. The covalent triazine frameworks, or CTFs, are a prime example which are
at the forefront of materials science. These porous materials are made exclusively from organic

building blocks and are receiving great attention due to their chemical and thermal robustness.

In order to make progress in the field of reticular materials at Ghent University, an alliance was

formed between three research groups:

- the Synthesis, Bioresources and Bioorganic Chemistry Research Group
(SynBioC, Department of Green Chemistry and Technology, Ghent University),
- the Centre for Ordered Materials, Organometallics and Catalysis
(COMOC, Department of Chemistry, Ghent University),
- the Center for Molecular Modeling (CMM, Ghent University).

As part of the collaboration, the PhD thesis in hand focuses on the exploration of covalent triazine
frameworks as next-generation materials in heterogeneous catalysis. Their high specific surface
area, modular design and outstanding thermal and chemical stability make them ideal candidates
as support materials to enhance the performance of metal catalysts. By carefully selecting the CTF
building blocks, the pore size, shape and functionality of the CTFs can be tailored to a specific
application. To ensure that the active metal complexes do not leach, they should be anchored to
the support material with strong and stable bonds. Particularly attractive for this purpose are CTFs
where polydentate ligands have been used as molecular building blocks to provide robust binding

sites within the framework. The surface then acts as one of the ligands in the coordination sphere
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of the metal center. The immobilization of metal complexes on solid supports is intended to
preserve the reactivity of the homogeneous metal complexes, while improving the separability of

the catalysts and enabling their reuse.

The primary goal of this work is to investigate the potential of CTFs in heterogeneous catalysis
through the synthesis of CTF-based catalysts followed by their characterization and application in
chemical reactions. In particular, the focus is on CTFs containing nitrogen ligands as ubiquitous
ligands in coordination chemistry. A comprehensive evaluation of the catalysts in batch reactions
is complemented by a study on the practical application of the catalysts in continuous flow

reactions.

This PhD thesis consists of five chapters. An introduction to the research topic is given in
Chapter 1, then the research results are presented in Chapters 2-4, followed by the Conclusions

and Outlook in Chapter 5.

Chapter 1 provides a general introduction to CTFs and discusses the main synthetic strategies for
obtaining these materials. A brief historical overview of porous materials shows how CTFs stands
out from other materials. In addition, a literature review sheds light on their application in

heterogeneous catalysis, with an emphasis on thermocatalytic reactions.

Chapter 2 describes the synthesis of a series of new N-heterocyclic ligands functionalized with
cyano groups. The cyano functionalities allow these compounds to be used as valuable building
blocks in the synthesis of CTFs, while the nitrogen functionalities enrich the materials with
numerous chelating sites to firmly anchor active metal complexes. By expanding the set of
experimentally available building blocks, CTFs with distinct properties can be developed, which

may lead to improved materials for catalysis.

Chapter 3 reports on the immobilization of a Rh complex on a bipyridine-based CTF and the
application of the heterogeneous catalyst for the transfer hydrogenation of N-heteroarenes to
prominent scaffolds in drug design. Hydrogenation in water with sodium formate as a hydrogen
source is an attractive alternative to traditional hydrogenation with high-pressure hydrogen gas
due to the mild reaction conditions and operational simplicity. Complexes based on Rh are among
the most active catalysts for this reaction but are very expensive. The development of a
heterogeneous analog that can be reused is therefore considered highly desirable. In addition, the

transfer hydrogenation with the CTF catalyst in continuous flow is described.

Since heterogeneous catalysts are particularly well suited for use in continuous flow chemistry,
Chapter 4 presents an exploratory study of CTFs in flow oxidation reactions. The ability of these
nitrogen-rich frameworks to activate molecular oxygen is exploited for the liquid-phase oxidative

coupling of benzylamine as a model reaction. Transferring the batch oxidation reaction to flow
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offers advantages such as improved mass transfer of oxygen gas and safety. Besides, catalyst

separation steps are avoided as the CTF remains located in the packed-bed reactor.

Chapter 5 concludes on the main findings in this dissertation and provides an outlook on this area

of research.






Chapter 1

Infroduction to covalent triazine
frameworks in catalysis

Abstract | This chapter introduces covalent triazine frameworks, or CTFs, and presents a literature
review concerning their application in heterogeneous catalysis. The emphasis here is placed on
their use as support materials in thermocatalytic reactions. A brief chronicle of the evolution of
porous materials outlines the emergence of CTFs and is followed by a discussion of the main

synthetic strategies. Firstly, attention is given to the general concept of catalysis.
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1 Catalysis

Our modern-day society relies heavily on the chemical industry. It provides us with medicines,
fertilizers, food additives, fuels, synthetic materials, etc., products that have become
indispensable in our daily lives. At the same time, however, the industry threatens human health
and the environment through its emissions, waste disposal and consumption of resources. To
address these threats, the concept of green chemistry and its twelve principles have been
established. The goal of green chemistry is to find safer chemicals and novel processes that reduce
the overall footprint of the production industry and eliminate the use of hazardous substances.!
The importance of catalysis in this concept is highlighted by the ninth principle, which recognizes
the superiority of catalysts over stoichiometric reagents.? Catalysts are essential to the chemical
industry and are used today in more than 85% of all chemical processes.3* Their importance will
only increase as the need for sustainability is recognized, along with the need for processes that
are less energy intensive and produce less waste. Hence, scientists continuously seek to improve

catalyst performance in terms of activity, selectivity, and durability.

But what makes catalysts so special? The classic definition of a catalyst is: a substance that
accelerates a chemical reaction without itself being consumed. It does this by providing an
alternative reaction pathway that is much more energetically favorable, as illustrated in
Figure 1.1.>® As the reactants interact with the catalyst, the alternative pathway passes through
various transition states that require significantly less activation energy (E,). The activation energy
to overcome is usually provided by thermal energy. Therefore, catalysts allow chemical
transformations to occur at lower temperatures, thereby reducing the energy required for

heating.

m

uncatalyzed
reaction

«---->

D —_ e R
>
@

reactants

Gibbs free energy

products

Reaction coordinate

Figure 1.1. Schematic energy diagram for an uncatalyzed and catalyzed reaction. The overall activation energy required for
the catalyzed reaction is much lower than that for the uncatalyzed reaction.
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In addition to accelerating reactions, catalysts also control the selectivity of reactions that might
otherwise give mixtures of products. The preferential promotion of one of the possible pathways

maximizes yield and produces fewer unwanted side products.

Historically, the field of catalysis has been divided into three sub-disciplines: homogeneous
catalysis, heterogeneous catalysis and biocatalysis. The latter involves the use of nature’s
catalysts, enzymes, to catalyze transformations. Enzymes exhibit excellent activities near room
temperature and can catalyze reactions with exquisite selectivity, which arises from the specific

three-dimensional structure of their active site.”2

In homogeneous catalysis, the catalyst and reactants are in the same phase during the reaction.
Coordination complexes are a prominent example. These catalysts generally consist of a discrete
metal center surrounded by stabilizing organic ligands (Figure 1.2). The ligands provide the ability
to fine-tune the catalytic performance with respect to activity, selectivity and stability, and range
from a simple to highly sophisticated design.®'° Homogeneous metal complexes are typically well-
defined compounds because their structure is easy to determine. Based on an understanding of
their structure—activity relationship, a rational design of such catalysts can be achieved. However,
being in the same phase as the reactants and products, separation and reuse of these expensive

catalysts are often troublesome.*!

homogeneous catalyst heterogeneous catalyst

_— metal nanoparticle

support

Figure 1.2. Two main types of catalysts: a metal complex as a homogeneous catalyst and a supported nanoparticle as a
heterogeneous catalyst.

Heterogeneous catalysts are solids that catalyze reactions between molecules in the gas or liquid
phase. The reaction then takes place at the interface. These catalysts have the advantage of being
robust and easy to recover and reuse. In addition, they are more suitable for continuous processes
because they can be fixed, for example, in a packed-bed reactor. In classical heterogeneous metal
catalysis, the reaction takes place at the active sites of a solid metal surface. Since heterogeneous
catalysis is a surface phenomenon, the activity of catalysts depends on the exposed surface area.
To increase the surface area, particles are downsized to the nanoscale (1-10 nm). However, such
nanoparticles tend to agglomerate and are therefore dispersed on high-surface-area solid

supports (Figure 1.2).12 Until recently, studies of heterogeneous catalysts have been largely
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empirical, and a lack of understanding of the actual active sites has hampered the rational design
of selective heterogeneous systems.’31% One strategy that bridges homogeneous and
heterogeneous catalysis and combines the advantages of both is to anchor well-defined metal
complexes on solid supports.’>*® Typically, highly porous materials are used to host the metal

complexes, as they provide a large surface area that allows for a high density of catalytic sites.

2 Nanoporous materials

Functional porous materials are of great interest because of their ability to interact with atoms,
ions and molecules over a large internal surface area. Such materials have been widely exploited
in a multitude of applications, covering gas adsorption, separation, catalysis, and sensing.'® The
pores in the materials are classified by the International Union of Pure and Applied Chemistry
(IUPAC) according to their size: micropores have a diameter of less than 2 nm, mesopores between
2 and 50 nm, and pore sizes above 50 nm are classified as macropores.?’ Another way to group
porous materials is by composition, with a distinction being made between inorganic, inorganic—
organic composite, and organic materials. Here, a short historical overview of some breakthroughs
in porous materials is given and how their evolution has contributed to the development of CTFs
(Figure 1.3).

i@ {%igﬁ

periodic Al
synthetic zeolites mesoporous organosilicas covalent organic frameworks
1940s 1999 2005

: T :

1992 1999
mesoporous silicas metal-organic frameworks

Figure 1.3. Milestones in the history of functional nanoporous materials.
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Perhaps, the most representative material from the inorganic class of porous materials is zeolites.
Zeolites are three-dimensional crystalline aluminosilicates with uniform pores of molecular
dimensions (0.5-1.2 nm).2322 They occur naturally, but have been primarily produced synthetically
since the 1940s and are widely used in catalytic cracking, adsorption and ion exchange
applications.?® Zeolites are the workhorses of today’s chemical industry. However, their use is
restricted by the limited ability to tailor the functionality of the material. In addition, their limited
pore size makes zeolites inadequate for catalytic transformations involving bulky or branched
molecules larger than their pore size. These shortcomings have led to an active search for
materials which exceeded this pore-size limitation and are more amenable to rational synthesis.
A real milestone was reached in 1992 when researchers at Mobil were able to prepare ordered
mesoporous silicas by using micelles as template.?*2¢ Materials could now be synthesized with
unprecedented control over the pore size. The large pores of mesoporous silicas (2-50 nm) are
able to accommodate much larger (bio)molecules, such as enzymes, and facilitate mass transfer.?’-
2 Two well-established members of this family are MCM-41 and SBA-15.2>303! These purely
inorganic materials were soon followed by two prominent classes of hybrid organic—inorganic
materials. The integration of organic moieties greatly expanded the diversity of porous materials
and opened new avenues for tailoring the functionality toward high-end applications. One class
consists of the periodic mesoporous organosilicas (PMOs), which were independently pioneered
by Inagaki,3? Stein,®* and 0zin34in 1999. Their synthesis is very similar to that of MCM-type or SBA-
type materials but employs organic bis-silane building blocks instead. Accordingly, the organic
moieties are homogeneously distributed in the pore wall as an integral part of the framework.3>
36 A second class of hybrids includes the metal-organic frameworks or MOFs. By the work of Yaghi,
a MOF whose pores did not collapse upon evacuation of their content made its debut in 1999.37
Inspired by coordination chemistry, MOFs are composed of metal ions or metal clusters and rigid
organic ligands that link the metallic centers to form crystalline, three-dimensional networks.
Typical organic building blocks are carboxylic acids, N-heterocycles (especially imidazoles),
phosphonic acids and sulfonic acids. By choice of the building blocks, different functionalities can
be introduced and pores sizes can be tuned from microporous to mesoporous of almost 10 nm.3¥
39 The materials are known for their record-breaking surface areas (>6000m?g™) and are
therefore very promising in gas storage applications.*®*! However, the use of MOFs in catalysis is
limited to mild reactions because, with few exceptions, these materials generally have poor
hydrothermal stability and are less chemically stable than zeolites.*?** In 2005, Yaghi et al.
reported the successful synthesis of two crystalline, porous organic frameworks obtained by the
condensation of phenylboronic acids.* Unlike MOFs, these materials did not contain any metal
ions in their framework, but were composed entirely of rigid organic building blocks held together
by strong covalent bonds. This pioneering research sparked the development of a new class of
porous materials called covalent organic frameworks, or COFs, which will be discussed further in

the following section.
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In contrast to PMOs, where porosity is induced by a templated synthesis, porosity in MOFs and
COFs is created by the self-templating of rigid building blocks into extended networks through
strong covalent bonds. This so-called reticular synthesis approach allows a precise control of the
pore size, topology, and functionalities of the materials, which are directed by the size,
connectivity and geometry of the building blocks used in the assembling.*>**¢ This concept allows
materials to be designed with the best properties for their applications in mind. The modular
construction and flexibility with which geometry, size and functionality of the building blocks can
be varied, has led to an explosive growth of new porous materials having a diversity previously

unknown.

3 Covalent organic frameworks

As mentioned above, COFs are entirely constructed from organic building blocks that are
covalently linked together to form infinite network structures. Their constitution of only light
elements, such as carbon, nitrogen, oxygen, boron and sulfur, makes them low-density materials,
while the robust covalent bonds contribute to their high thermal and chemical stability. Depending
on the geometry of the building blocks and their connectivity, COFs adopt either a two-
dimensional (2D) or three-dimensional (3D) framework.*”->° 2D COFs appear as layered structures
as a consequence of the n—t stacking interactions between the large conjugated 2D sheets.’! Due
to their low weight, high specific surface area and modularity, COFs have been widely investigated
in a multitude of potential application areas, including gas adsorption and separation,®>>3 energy

storage,”*>> heterogeneous catalysis,”®>’ photocatalysis,*®>° sensing.t%-6!
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Scheme 1.1. Synthesis of the first COFs by condensation reaction with boronic acids.

For photocatalytic applications in particular, it is important that materials have a high degree of
crystallinity. Amorphous materials generally perform worse as photocatalysts because the defects
in the material disrupt the conjugation and prevent efficient charge separation and charge carrier
mobility. In early studies, COF synthesis relied on the highly reversible condensation reaction with
boronic acids to obtain crystalline frameworks (Scheme 1.1). During the synthesis, the reversibility
of the bonds between the building blocks, or linkages, allowed self-correction of defects, resulting
in highly crystalline structures. Unfortunately, the high reversibility was also reflected in the poor
chemical stability of the material.***° Hence, a trade-off had to be made between the degree of
crystallinity and the chemical stability, which limited the applications. Since then, a myriad of
linkage chemistries have been explored to result in COFs with improved chemical stability without
(much) sacrifice of crystallinity.52%3 A selection of these linkages is shown in Figure 1.4. To achieve
crystallinity, reaction conditions need to be identified under which the building blocks can be

linked with sufficient reversibility, which is in most cases a process of trial and error.
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In addition to well-ordered organic frameworks, amorphous analogs have been actively developed

as well, and are all grouped under the umbrella of porous organic polymers (POPs). As crystallinity

is no longer pursued in these polymers, additional linkage chemistries become available for their

preparation, such as irreversible metal-catalyzed coupling reactions. POPs all share the

characteristics of being highly porous, composed of lightweight elements, and bound by strong

covalent bonds to hold their 2D or 3D structure.®® The polymers are classified according to the

type of linkage (Figure 1.5). One of the earliest POPs are the hypercrosslinked polymers (HCPs),

which date back to the 1970s and are formed when solvent-swollen linear polystyrene chains are

crosslinked by rigid bridges. A high degree of crosslinking prevents the collapse of the microporous

structure. The crosslinking is typically achieved by a Friedel—Crafts reaction.®> Polymers of intrinsic

12
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microporosity (PIMs) were introduced in 2002 and are one-dimensional polymers composed of
rigid twisted monomers that prevent an efficient packing of the chains and thereby induce
microporosity.®®®” Unlike typical POPs, PIMs can be soluble in solvents, which facilitates their
solution processability, for example into thin films for batteries.®® Conjugated microporous
polymers (CMPs) are, as the name implies, fully conjugated in their backbone.®® These polymers
can be considered as the amorphous equivalent of COFs and their synthetic chemistries comprises
the same condensation reactions as COFs, with the addition of metal-catalyzed coupling
reactions.®* A first example was developed in 2007 by the synthesis of poly(aryleneethynylene)
network CMP-1 via a Sonogashira cross-coupling reaction. Closely related to CMPs are porous
aromatic frameworks (PAFs), which are mainly synthesized via a Ni-catalyzed Yamamoto coupling
reaction. However, PAFs do not possess extended m-conjugation due to the inclusion of sp3-
hybridized tetraphenylmethane nodes.®#’® The Yamamoto coupling of tetrakis(4-
bromophenyl)methane led in 2009 to PAF-1 as a first example. The polymer had an impressively
high surface area of 5600 m?g™.”! The silane, phosphorus, tin, antimony and bismuth analogs of

PAFs are called element organic frameworks (EOFs).”>74

Figure 1.5. Examples of the different classes of POPs.

4 Covalent triazine frameworks

Of all the linkages explored, the triazine ring is one of the most stable ones, which prompted the
development of an entire subclass of COFs, the covalent triazine frameworks (CTFs). These
frameworks were first described in 2008 by Thomas and co-workers, who synthesized them from
the trimerization of aromatic nitriles under ionothermal conditions (Scheme 1.2).”> However, the
formation of triazine oligomers by heating aromatic dinitriles was reported as early as 1962 by
Toland, who used a series of metal halides as catalysts.”® The method was further utilized by Vogel
(Minnesota Mining and Manufacturing Co.)”” in 1972 and by Miller (Texaco Inc.)”® in 1973 to
fabricate curable polymers. Thirty-five years later, Thomas et al. took up the polymerization

concept and were the first to exploit the porosity of the triazine frameworks.

13
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Scheme 1.2. lonothermal trimerization reaction to synthesize CTF-1.

Due to the high strength of the triazine linkage, CTFs outperform many other COFs in terms of
thermal and chemical stability. Thermal decomposition occurs only at temperatures above 400 °C
and neither in strong acidic nor in basic environments do the materials show signs of degradation,

as was demonstrated by Schiith et al.”-%
5 Synthetic strategies for CTFs

5.1 lonothermal synthesis

While solvothermal methods are commonly used to prepare crystalline MOFs and COFs, an
ionothermal approach was used to synthesize the first CTFs by Thomas et al. in 2008.7>8182 |n this
approach, the 1,3,5-triazine ring is formed by cyclotrimerization of aromatic nitrile monomers in
the presence of excess zinc chloride (ZnCl,). A temperature of or above 400 °C is used to ensure
sufficient reversibility of the polymerization reaction. At these temperatures, ZnCl, melts and acts
as both a solvent and as a Lewis acid that promotes the formation of triazine linkages.” To prevent
escape of the aromatic building blocks by sublimation, the reaction is typically carried out in flame-
sealed quartz ampoules, making the preparation of multiple reactions very time-consuming.
Typical reaction times exceed 40 h to complete the polymerization process. Unfortunately, above
400 °C, decomposition reactions rapidly gain importance and provoke undesired carbonization of
the polymeric scaffold, resulting in structural defects.8¥#2 Consequently, the obtained CTFs
present low degrees of crystallinity and appear as black powders. CTFs prepared by this method
are generally amorphous with the exception of three examples so far, i.e., CTF-0,% CTF-1,7° and

CTF-2.8% These three CTFs are known to exhibit some degree of long-range order and are

14
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respectively prepared from benzene-1,3,5-tricarbonitrile 5, benzene-1,4-dicarbonitrile 3 and

naphthalene-2,6-dicarbonitrile 6 (Figure 1.6).

CN
NC CN NC NC
5 3 6
for CTF-0 for CTF-1 for CTF-2

Figure 1.6. Building blocks which give crystalline CTFs in the ionothermal synthesis.

Lowering the reaction temperature to 300 °C reduces the degree of carbonization and yields
yellowish CTFs, but requires extremely long reaction times. Even a period of seven days was not
sufficient to complete the polymerization.®® Instead, further increasing the synthesis temperature
(> 600 °C) increases the surface area and mesoporosity of the CTFs. At higher temperatures,
reopening of the triazine linkages can lead to local expansion of the network. Irreversible C—C bond
formation then traps the locally expanded network with the formation of larger pores.8%8¢
However, this comes at the expense of nitrogen content and structural integrity, which hinders
the application as photocatalysts since the structural defects in the frameworks serve as charge

carrier recombination sites.?>

Although CTFs prepared by ionothermal polymerization generally lack a high degree of
crystallinity, the CTFs possess high porosity and large specific surface areas. Accordingly, they
show excellent performance in gas storage, % liquid-phase adsorption,®>°° and as catalyst
supports.® Various building blocks have been introduced into CTF materials, resulting in CTFs with
different pore sizes and geometries, surface areas and functionalities. Figure 1.7 shows an

overview of the most common building blocks.

15
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Figure 1.7. Common building blocks employed in the construction of CTFs.

Until recently, ionothermal synthesis was the conventional method for making CTFs.
Unfortunately, the harsh conditions disrupt the long-range order of the materials and impose
restrictions on the building blocks that can be used. In addition, the complete removal of metal
residues (ZnCl,) from the framework remains a challenge. Furthermore, due to carbonization,
ionothermal CTFs are obtained as black powders with many structural defects and are hence
excluded from applications involving interactions with visible light. It was therefore imperative to
find new synthetic methods that require milder conditions. Over the past decade, other synthetic
strategies have been developed, such as a phosphorus pentoxide-catalyzed method, a superacid-

catalyzed method, amidine-based polycondensations, and a Friedel—Crafts method.
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5.2 Condensation of amides

Instead of using nitriles to synthesize CTFs, Baek et al. (2018) employed aromatic primary amides
as precursors and phosphorus pentoxide (P4010) as the catalyst.®? This approach produced highly
ordered CTF-1 with a very high specific surface area of 2034 m? g™!. However, it requires
temperatures as high as in the ionothermal synthesis (400 °C), which inevitably leads to some
degree of carbonization. P4O1p is known to convert amides into nitriles by dehydration and has
also been reported to promote the trimerization of nitriles into triazines.?>** Hence, this method
can also be applied with nitriles as monomers.%> However, the crystallinity and porosity were
higher for CTFs synthesized from amides than for CTFs synthesized from nitriles. Therefore, it was
questioned whether the conversion of amides into CTFs involved the nitriles as intermediate or
not. Subsequent research by Baek et al. (2021) indicated that direct condensation of the amides
into triazine rings is the main pathway, rather than an indirect pathway in which the amides are
first dehydrated to nitriles followed by the trimerization into triazine rings (Figure 1.8).°> The
condensation of amide monomers produces water, which reacts with P4O1o to form phosphoric
acid (HsPOa). The presence of these acidic protons has been shown to be beneficial for the
crystallinity of the framework and may explain the discrepancy in crystallinity between amide- and
nitrile-derived CTFs. This was recently also confirmed by Xu and co-workers (2022), who identified
polyphosphoric acid (HsP4013) as a cheap yet highly efficient catalyst for CTF synthesis.’® A series
of highly ordered, albeit black-colored, CTFs with high specific surface area could be prepared by

heating the nitrile monomers with a slight excess of polyphosphoric acid at 400 °C.

Nd\[\l
N
O _NH e o
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®
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Figure 1.8. Amide trimerization occurs via direct condensation rather than via an indirect pathway to yield crystalline CTFs.
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5.3 Superacid-catalyzed approach

In 2012, Cooper’s group and Dai’s group independently reported an alternative method for the
synthesis of CTFs.””*® They employed the Brgnsted superacid trifluoromethanesulfonic acid
(TfOH) to activate the nitrile groups for trimerization. The synthesis can be done at room
temperature, or with microwave irradiation (110 °C) for shorter reaction times. The building blocks
can be used as such or dissolved in a solvent such as chloroform. This method offers several
advantages over the ionothermal method, such as a reduction of reaction time from > 40 h to
10 min—16 h, circumvention of carbonization, and the removal of metal residues (Zn) is no longer
anissue. CTFs produced by this approach appear as colored solids and have fluorescent properties,
giving them potential in optoelectronic devices, photocatalysis and sensing applications.®
However, most of the resulting CTFs suffer from a poor crystallinity. Moreover, specific surface

areas and pore volumes are generally lower than those of CTFs obtained by ionothermal synthesis.

To overcome these shortcoming, a number of modified acid-catalyzed methods have been
reported, including the use of silica templates in combination with TfOH vapors at 100 °C to form
highly porous hollow or mesoporous CTFs.1%%-101 Another method yielded highly ordered CTFs with
high surface areas after a two-step transformation. In this method, neat monomers were first
exposed to TfOH vapors at 250 °C for 12 h, followed by a brief thermal treatment of the material
at 350 °C for 2 h.2%% In a recent advance, Xu’s group was able to shorten the process by using
microwave irradiation. Mixtures of monomer and TfOH were heated under constant microwave
irradiation to obtain crystalline CTFs within 20 minutes.?® High temperatures of 225 °C were
reached for only a few minutes, thereby preserving the structural order. Reproducibility and

scalability up to the hundred-gram level highlight the industrial viability of this method.

5.4 Amidine-based polycondensation approach

In 2017, Tan et al. developed a synthesis in solution based on the polycondensation between
amidine hydrochlorides and aldehydes.1%1% The reaction is typically carried out with cesium
carbonate (Cs;CO3) as the base and dimethyl sulfoxide (DMSO) as the optimal solvent, and
proceeds under gradual gentle heating (from 60 to 120 °C) for more than four days, without the
need for an inert atmosphere. The formation of triazine linkages involves the reversible formation
of a Schiff base and Michael adduct, followed by an irreversible cyclization and dehydrogenation
(Scheme 1.3). This method proceeds without carbonization and vyields colored CTFs, but the

materials generally lack long-range order and are amorphous in nature.

18



Introduction to CTFs

CI®® ©\H/ O\f Y@
NHz/—\O) Cs,CO0g3 (NH \ H,N  HN \_’\jH
O P05 ek
27 28

29
Schiff base Michael addition !
formation 30
O D O
’ | ’
NN [0] N NH
- -
DMSO — NH;
oxidation cyclization
CTF 31

Scheme 1.3. Cascade reactions in the formation of CTFs from amidine hydrochloride and aldehyde precursors.

Later, the same group developed strategies to slow down the nucleation process and crystal
growth in order to produce crystalline CTFs. Accordingly, amidine hydrochloride monomers are
used in combination with benzylic alcohols. The corresponding aldehyde is then slowly generated
in situ by oxidation of the alcohol in DMSO0.1% Another key factor affecting the reaction rate is
temperature. It is critical to keep the polymerization reaction at a low temperature (100 °C) in the
initial step to ensure slow oxidation of the alcohol. Subsequently, an elevated temperature
(180 °C) promotes crystal growth and improves the crystallinity of the material. This strategy yields
highly crystalline CTFs with improved photocatalytic performance compared to amorphous CTFs.
A second strategy to reduce the number of nuclei in the reaction system involves the controlled
addition of one of the monomers. For example, the slow feeding of aldehyde into the system

produces materials with excellent crystallinity.107-108

Besides benzylic alcohols, benzylic amines can also be employed in the polycondensation reaction,
thereby extending the range of suitable monomers available.!%? In this method, the crystallinity of
the CTFs is also significantly influenced by the selected base, as the base adjusts the reversibility
of the Schiff base formation and Michael addition reaction steps. A trend toward higher
crystallinity for stronger bases was observed by Zhang et al., reaching the highest crystallinity with

KOtBu as the strongest base in the screening.1®®

Due to the relatively low temperatures and practical setup, the amidine-based polycondensation
method represents a highly promising methodology for the synthesis of CTFs in future research.
The CTFs synthesized by this method are well-ordered and retain their photoactive properties

which unlocks their use in photocatalysis. However, a drawback of this method is the limited
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availability of commercial amidines. Thus, the amidine monomer has yet to be synthesized, which

can be quite challenging.'1®

5.5 Friedel-Crafts reaction

Porous CTFs have also been synthesized by a simple Friedel-Crafts reaction of cyanuric chloride
32 and electron-rich aromatic building blocks.'*'13 The polymerization proceeds via electrophilic
aromatic substitution and is typically carried out in dichloromethane under reflux conditions with
an excess of anhydrous AICl; or methanesulfonic acid as the catalyst (Scheme 1.4).11* Unlike the
aforementioned approaches, in this method the triazine moiety is introduced from the beginning
and not generated during the synthesis of the CTF. Since the building blocks do not have the
requisite of bearing functional groups, they are often readily available and inexpensive. The

resulting materials have high surface areas (> 1000 m? g!) but are completely amorphous.

A mechanochemical Friedel-Crafts method was applied by Troschke et al. (2017) for the synthesis
of a series of CTFs. By performing the reaction in a ball mill, frameworks with specific surface areas
up to 590 m? g! and a narrow pore size distribution were obtained in quantitative yields in less
than 3 h. The method has the advantage of being solvent-free and is therefore promising for scale-

up production.t®®
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Scheme 1.4. Synthesis of CTF-1 via Friedel-Crafts reaction of cyanuric chloride 32 and benzene.

6 CTFs as support materials in catalysis

The high nitrogen content and excellent robustness of CTFs make them particularly attractive for
catalytic applications.2%°! In catalytic reactions, a CTF can act either as a catalyst itself or as a

support material for active metal species.!'®17 A typical reaction in which CTFs have been used as
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catalysts themselves, is the cycloaddition of CO, with epoxides to form cyclic carbonates.?3118-121
The oxidation of benzylic alcohols and imines and the reduction of nitroarenes have also been
reported.?2124 |n addition, CTFs have also been developed for photocatalysis, for example in the
photocatalytic water splitting.12>126 As a support, the numerous nitrogen functionalities improve
the metal-support interaction and thus the resistance of metal particles to agglomeration and
associated deactivation.'?” The modular nature of CTFs allows the embedding of ligand motifs in
the backbone, to which metal complexes can firmly coordinate and mimic their homogeneous
analog. This allows the reactivity and selectivity of the metal complex to be maintained while

improving the separability and durability of the catalyst.

The following part concerns a review of the literature wherein CTFs have been applied as metal
supports in thermocatalytic reactions. The CTFs for these applications are usually synthesized by

the ionothermal synthesis method, unless otherwise stated.

A first example demonstrating the potential of CTFs as metal support was reported by Schith and
co-workers.”>*?8 The authors prepared a CTF from 2,6-dicyanopyridine 10 and took advantage of
the numerous 2,2’-bipyridine motifs in the framework to coordinate PtCl, using KyPtCls as a
precursor (Scheme 1.5). In this way, the resulting heterogeneous Pt catalyst resembled the known
molecular Periana’s catalyst 37.1%° Pt-CTF exhibited similar high activity (turnover numbers (TONs)
~300) and selectivity as the homogeneous catalyst for the direct, low-temperature oxidation of
methane by SOs in fuming sulfuric acid at 215 °C. The catalytic reaction yields methanol as methyl
bisulfate. The electron-withdrawing effect of the sulfate group provides product protection by
inhibiting further oxidation. Hydrolysis of methyl bisulfate liberates the desired methanol.
Remarkably, despite the drastic reaction conditions, the activity of the catalyst was well
maintained over at least six catalytic runs. This illustrates the remarkable strength of the CTF

material and its strong coordination ability towards metal cations.
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Scheme 1.5. (a) Synthesis of Pt-CTF as heterogeneous analog of Periana’s catalyst 37. (b) Selective oxidation of methane to
methanol via the methyl bisulfate intermediate.

Thomas and co-workers immobilized Pd nanoparticles on CTF-1 (Pd/CTF) and compared its
catalytic performance in the oxidation of glycerol 38 with that of Pd nanoparticles on activated
carbon (Pd/AC) (Scheme 1.6).13° Both catalysts showed similar activity in the first run. However,
upon reuse, a strong deactivation was already observed for Pd/AC, while Pd/CTF showed a
decreasing activity only after the fourth run. The activity loss of both materials was attributed to
the agglomeration of Pd particles as observed by transmission electron microscopy (TEM). For
Pd/CTF, however, the agglomeration was slowed down due to the numerous nitrogen

functionalities that improve the interaction of the nanoparticle with the support.

1) O,, Pd/CTF-1 (0.1 mol% Pd)
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Scheme 1.6. Oxidation of glycerol catalyzed by Pd/CTF-1.

The synthesis of CTFs makes support materials with a high nitrogen content readily accessible. The
beneficial effect of the nitrogen functionalities was further demonstrated by Chan-Thaw et al.3!
Pd nanoparticles stabilized on CTF-1 and nitrogen-doped carbon nanotubes were smaller and
more uniform in size than those on activated carbon and carbon nanotubes. This in turn enhanced

their catalytic activity as illustrated for the aerobic oxidation of benzyl alcohol to benzaldehyde.
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Due to the higher nitrogen content, the durability of Pd/CTF was superior to that of Pd on nitrogen-

doped carbon nanotubes.

The superior catalytic activity of CTF-supported Pd nanoparticles over activated-carbon-supported
Pd nanoparticles was also highlighted by He et al. in the hydrogenation of N-heteroarenes with
H,.132 For each N-heteroarene, the reaction with Pd/CTF-1 proceeded faster than with
conventional Pd/AC, up to 3.6 times faster in the case of N-methylpyrrole hydrogenation. The
superior reactivity of Pd/CTF-1 was also reflected in the hydrogenation of 1,10-phenanthroline 42
(Scheme 1.7). In contrast to Pd/AC, the hydrogenation with Pd/CTF-1 afforded the further
hydrogenated octahydro-product 44. TEM images of Pd/CTF-1 showed well-dispersed Pd
nanoparticles that were significantly smaller than those on activated carbon. The high activity of
Pd/CTF-1 was further attributed to the increase in electron density on the Pd nanoparticles

governed by the electron-rich nitrogen functionalities in the CTF.

H, (30 bar) H, (30 bar)
4 - [/ Ny —
=N HN Pd/AC —N N= Pd/CTF-1 NH HN
43 (97%) 42 44 (99%)

Scheme 1.7. Hydrogenation of 1,10-phenanthroline with Pd/AC and Pd/CTF-1.

Motivated by the high efficiencies of half-sandwich Ru, Rh, Ir—bipyridine complexes for the
homogeneous reduction of CO; to formic acid and for the reverse reaction, considerable efforts
have been devoted to immobilize these metal complexes on CTFs as efficient and reusable

heterogeneous catalysts.3

Gascon et al. anchored a molecular Cp*Ir(lll) complex (Cp* = n°-pentamethylcyclopentadienyl
anion) onto a mixed-linker CTF for the production of hydrogen gas from aqueous formic acid
(Scheme 1.8).33* The CTF was constructed from 2,6-pyridinedicarbonitrile 10 and
4,4’-biphenyldicarbonitrile 12 in a 1/2 ratio. While the biphenyl monomer induced mesoporosity
to enhance reactant diffusion, the pyridine moieties introduced bipyridinic coordination sites with
inherent basicity. The air-stable Cp*Ir@CTF proved to be highly active and durable, achieving
record-high turnover frequencies (TOFs) up to 27 000 h™! and attaining TONs up to 1.06 x 10°
under continuous feeding. Interestingly, no auxiliary base was required for the catalyst to operate
efficiently, as the deprotonation of formic acid was mediated by the pyridinic moieties in the

framework.

23



Chapter 1

NAN
~ )
0
1 L1 QD ®
~. _N S N X, N N._.-
¥ NN NS Y
N.__N N.__N NN NN
€] Z "N N7
o LD O ®
2@,— 7S
@OTf Cp* /N _N O O
Ir
7 leo’ S? |
\\“/N\ \N |N\ X NI\N N/IN
N _N NN /J\N/ O O \N)\‘
Z "N N
AN A N
o ([
N N NN

Y he
- CpHIr@CTF !

Scheme 1.8. Schematic representation of Cp*Ir@CTF.

Later, in an attempt to bring the CTF-based catalyst one step closer to real-life applications, the
CTF powder was shaped into spherical particles using the polyimide Matrimid® as a binder.*3> This
resulted in @ more mechanically robust and tractable material. Even though polymer penetration
into the CTF led to substantial pore blockage, the CTF spheres were still porous and could be
loaded with a Cp*Ir(lll) complex. Both CTF powder and shaped spheres were applied for the
hydrogenation of CO; to formate. Unfortunately, the CTF spheres showed much lower activity

than the CTF powder, but could be recovered without any loss of material.

The next stage of technical refinement addressed the issue of diffusion limitations in porous
particles. To this end, CTFs were coated on highly open monolith supports (Figure 1.9).13¢ To
achieve a thin film of coating, the monoliths were immersed in a solution of monomers and ZnCl,
in acetone and subjected to ionothermal polymerization conditions (500 °C for 10 h).
Characterization of the materials showed that the CTF coatings were of the same in nature as the
powdered CTFs. The CTF-coated monolith functionalized with a Cp*Ir(lll) complex showed
enhanced catalytic activity in the dehydrogenation of formic acid compared to the CTF powder,
achieving an unprecedented TOF of 207 200 h™* at 80 °C. The authors attributed the enhanced
catalytic performance to the shorter diffusion path length in the monolith coating and to the
improved mass transfer from the bulk liquid to the coated channel wall. In addition, the
recyclability of the catalyst also benefited from the coating on monoliths, as the high TOF value
was consistently achieved in five reaction runs. Much better performance was also obtained for a
CTF-coated monolith functionalized with PtCl; in the oxidation of methane to methanol. Both

examples illustrate the importance of catalyst formulation.
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@monolith 500 pm

Figure 1.9. Scanning electron microscopy (SEM) image of a CTF-coated monolith. The coating layer is indicated by the arrows.
(Adapted from ref. 136)

In the same period, Yoon’s group immobilized a Cp*Ir complex and a Cp*Rh complex on a similar
CTF to catalyze the aqueous-phase hydrogenation of CO; to formate.3’-13 To obtain a CTF with
embedded bipyridinic sites, the authors synthesized 2,2’-bipyridine-5,5’-dicarbonitrile 16 as a
building block directly containing the bipyridine motif (Scheme 1.9). Bipyridine CTF (bpy-CTF) had
high porosity and abundant bipyridine sites for coordination with [Cp*IrCl:]; and [Cp*RhCl;].. In
the hydrogenation of CO,, higher activity was observed for Cp*Ir@bpy-CTF than for Cp*Rh@bpy-
CTF. At 120 °C and 80 bar equimolar CO/H; in aqueous triethylamine solution, Cp*Ir@bpy-CTF
reached an initial TOF of 5300 h™! and a maximum TON of 5000 after 2 h. These values were the
highest values reported for a heterogeneous system at that time. Nevertheless, a progressive loss
of activity of about 10% in each cycle was observed for Cp*Ir@bpy-CTF during recycling, probably

due to the leaching of Ir species, as demonstrated by ICP-OES analysis.
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Scheme 1.9. Synthesis of Cp*M@bpy-CTF.
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[Ru(CeMes)Cl2]2 (CsMes = hexamethylbenzene) immobilized on bpy-CTF gave a lower TOF of
2640 h! than Cp*Ir@bpy-CTF under identical reaction conditions.’®® During recycling tests, a
similar gradual decrease in activity was also observed for (CsMes)Ru@bpy-CTF. Consequently, the
group conducted a computational study for the Cp*Ir@CTF, to gain insight into the leaching
mechanism of Ir species.!® Density-functional theory (DFT) calculations suggested that the
dissociation of the Ir—bpy bond was likely induced by proton transfer to bipyridine upon H;
hydrogenolysis at Ir sites (Scheme 1.10a). Based on these findings and assuming a similar
decomposition pathway for the Ru analog, the authors suggested the replacement of the Cp* and
CsMeg ligands by oxyanionic ligands such as acetylacetonate (acac™), capable of intercepting the
proton transfer to bipyridine (Scheme 1.10b). Therefore, a Ru(lll)—acac complex immobilized on
bpy-CTF was synthesized. [bpy-CTF-Ru(acac),]Cl attained a high TOF of 22 700 h™* at 120 °C under
80 bar COz/H: in aqueous triethylamine. Moreover, the catalyst indeed showed excellent

recyclability without loss of activity over four consecutive runs.
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Scheme 1.10. (a) Proposed mechanism for the cleavage of Ir-bpyCTF induced by the protonation of the bipyridine ligand. (b)
Design strategy with oxyanionic ligand(s) to intercept the proton transfer and prevent dissociation of bipyridine. (Adapted
from ref. 139)

In a previous effort to enhance the activity of the immobilized Cp*Ir complex for CO;
hydrogenation, the group introduced cationic imidazolium moieties into the CTF.24° Based on X-ray
photoelectron spectroscopy (XPS) studies, the imidazolium moiety was assumed to act as an
N-heterocyclic carbene (NHC) ligand for the Cp*Ir complex upon treatment of the CTF with
triethylamine (Scheme 1.11). Ir-NHC-CTF showed impressive catalytic activity for the
hydrogenation of CO; to formate. At 120 °C and 80 bar CO,/H>, the catalyst achieved an initial TOF
of 16 000 h™%, which is three times higher than that of Cp*Ir@bpy-CTF under identical conditions.
The authors attributed the excellent catalytic activity to the increased electron density on the Ir

sites conferred by the strong o-donating and weak rt-accepting abilities of the NHC ligand. Despite
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the ability of NHC ligands to form strong bonds with metals, approximately 7% of the initial Ir

loading leached from the CTF over three reaction cycles.
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Scheme 1.11. Synthesis of Ir-NHC-CTF.

In parallel work, the bpy-CTF-supported Rh and Ir catalysts were applied for the transfer
hydrogenation of carbonyl compounds 52 to alcohols 53 (Scheme 1.12, method A).}*! The
reactions were carried out in water using inexpensive and environmentally benign formic
acid/sodium formate as the hydrogen source. This attractive reduction method avoids the use of
stoichiometric toxic metal hydrides (NaBH4, LiAlH4) and the need for special equipment when
using flammable hydrogen gas as the reducing agent. The catalysts showed pH-dependent activity,
reaching their highest activity at pH 3.5. A small series of acetophenone derivatives were
converted at a slightly elevated temperature. As expected, electron-withdrawing substituents on
the phenyl ring accelerated the reaction while the opposite was true for electron-donating groups.
Here, the Rh catalyst showed superior activity to the Ir analog. However, the Ir catalyst largely

maintained its activity during four consecutive runs, unlike the Rh catalyst.

The search for an industrially viable heterogeneous catalyst led the researchers to the
immobilization of the simple, less expensive RuClz-xH,0 complex. Its immobilization on bpy-CTF
resulted in a simple, yet very effective heterogeneous catalyst for the transfer hydrogenation of
carbonyl compounds (Scheme 1.12, method B).}*2 Whereas hardly any activity was observed for
[bpy-CTF-RuCls] at pH 3.5, maximum activity was achieved at pH 7.0. The supported Ru catalyst
showed higher activity than the supported Ir and Rh catalysts, however the latter two catalysts
were operated at 40 °C while the former catalyst was operated at a higher temperature of 80 °C,
which may enhance its catalytic activity. The high activity of the Ru catalyst was well maintained

during the recycling experiments, with only an 8% loss in conversion after five reaction cycles.
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Scheme 1.12. Transfer hydrogenation of carbonyl compounds with Ir, Rh or Ru catalysts supported on bpy-CTF.

[bpy-CTF-RuCls] was also found to have high activity for the hydrogenation of CO, to formate.!#®
The catalyst selectively converted CO, to formate with an unprecedented initial TOF of 38 800 h™?
and a TON of 20 000 in 2.5 h. Remarkably, the heterogenized Ru complex exhibited higher catalytic
activity in the reaction than the homogenous RuCls complex. XPS measurements after
immobilization showed a shift of the Ru 3d signal toward lower binding energies, indicating the

formation of electron-rich Ru centers upon coordination with the bipyridine ligand.

Because of the outstanding catalytic activity, simplicity and good recyclability of the Ru-based
system, Yoon and co-workers developed a continuous CO; hydrogenation process in a trickle-bed
reactor.'** A cost-effective CTF support was obtained by mixing the expensive 2,2’-bipyridine-5,5’-
dicarbonitrile monomer with a large amount of inexpensive benzene-1,4-dicarbonitrile 3 (or
terephthalonitrile, TN). In addition, the TN monomer improved the porosity of the framework and
brought about a doubling of the specific surface area (1251 m? g! vs. 684 m? g1)143-144
Ru/bpyTN-30-CTF manifested outstanding stability, reaching a total TON of 524 x 103 without
significant deactivation after 30 days of continuous operation at 120 °C and 120 bar CO/H;
pressure. Such a robust and efficient immobilized Rh catalyst demonstrated a high feasibility for

the practical manufacture of formate from CO2/H,.

Isolated metal species are prone to agglomeration to nanoparticles under reducing conditions,
which result in a deactivation. Very recently, lemhoff et al. demonstrated the stability of Ir species
on CTF under strongly reducing conditions.}* When immobilized Ir(acac)(cod) complex was
exposed to a H, atmosphere at 400 °C, the Ir complexes did not form nanoparticles, but
transformed upon loss of the acac ligand into a single-atom Ir catalyst stabilized by the CTF
(Scheme 1.13). Interestingly, this catalyst showed greatly increased activity and selectivity for the
dehydrogenation of formic acid compared to Ir(acac)/CTF. The reductive treatment also

significantly improved the stability of the Ir catalyst during recycling. However, reducing conditions
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above 400 °C induced the formation of small metal clusters accompanied by a decrease in the

catalytic activity.
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Scheme 1.13. Functionalization of CTF-1 with Ir(acac)(cod) and subsequent reduction under hydrogen atmosphere. (Adapted
from ref. 145)

The superior CO; uptake capacities of CTFs, due to the high affinity of the greenhouse gas to
triazine units, make them attractive materials for carbon capture and utilization (CCU). This was
demonstrated by Zhang et al. who prepared a new CTF derived from di(4-cyanophenyl)ethyne
(CTF-DCE) in which Ag nanoparticles were embedded.'*® The CTF itself exhibited an excellent
capacity for CO; capture of 4.3 mmol g™t at 273 K and 1 bar. Subsequently, CTF-DCE-Ag was applied
for the direct carboxylation of phenylacetylenes 54 with CO, under atmospheric pressure,
achieving excellent yields (81-91%) (Scheme 1.14).
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Scheme 1.14. Carboxylation of terminal alkynes with CO,.

The catalytic activity of a biphenyl CTF functionalized with Pd nanoparticles was investigated in
the double carbonylation of aryl iodides with amines by Wang et al.1*” The CTF was prepared by
the Brgnsted superacid method with TfOH, which gave the CTF as a yellow solid. Various aryl
iodides 56 could be applied in the double carbonylation with different amines 57 to afford

o-ketoamides 58 (Scheme 1.15). Aryl iodides with electron-withdrawing groups gave much lower
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yields and poor selectivity. At a reaction temperature of 70 °C, amide 59 was obtained in small
amounts as a side product, but became the main product when the temperature was raised to
100 °C. The conversion was efficient under CO at atmospheric pressure, whereas much higher
pressures are generally required. Initially, Pd/CTF showed no change in its activity during the
cycling experiment, but then the activity slightly decreased during the subsequent use due to the

aggregation of the nanoparticles as evidenced by a TEM investigation.

1
PA/CTF, K,COs o R
c R b e
700 _—
CHaCN, 70 °C, 24 h )
e | . 58 (18-90%)
() v 200 + N T
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CH3CN,100°C, 24 h Ry R2
59 (79-97%)

R = H, o-Me, p-Me, m-OMe, p-OMe, p-Cl, p-Br, p-CN, benzo[b]
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Scheme 1.15. Pd/CTF-catalyzed double carbonylation with amines at 70 °C and aminocarbonylation at 100 °C.

Yoon’s group prepared the bimetallic [bpy-CTF-AlI(OTf);][Co(CO)4] system for the ring-expansion
carbonylation of propylene oxide to B-butyrolactone (Scheme 1.16a).1* To immobilize the metals,
bpy-CTF was treated with an excess of Al(OTf)s in methanol under hydrothermal conditions at
100 °C. OTf™ anions could be exchanged for [Co(CO)4]” by using a K[Co(CO)4] solution at room
temperature. Though, ICP-OES analysis revealed a much lower Co concentration than expected,
indicating that not all OTf™ counterions could be exchanged. The Al** ions in the framework act as
a Lewis acid, activating propylene oxide, while the Co(CO)4 anions effectuate the ring opening at
the least hindered carbon, followed by the migratory insertion of CO. The catalyst allowed the
complete conversion of the epoxide in 24 h and 60 bar of CO pressure with 90% selectivity and
with acetone as the only side product. Upon reuse, the catalyst slightly lost activity and selectivity,

which may arise from partial discharge of [Co(CO)a4]™ anions.

The group utilized the same CTF to immobilize [Co(CO)4]” anions within the pores,'* thereby
obtaining a mimic of the [imidazolium][Co(CO)a] ionic liquids which have been studied for epoxide
carbonylation.® The [Co(CO)s]” anions were easily introduced into the materials by anion
exchange with K[Co(CO)s]. The ionic liquid-based cobaltate CTF was active for the direct ring-
opening carbonylation of propylene oxide 60 in methanol to methyl 3-hydroxybutyrate 62 with

86% selectivity (Scheme 1.16b). Full conversion was achieved after 24 h of reaction with the CTF,

30



Introduction to CTFs

while it was achieved after 11 h with the homogeneous counterpart at a lower temperature and
lower CO pressure. The recycling test demonstrated that the catalyst could be reused, but with a
15% decrease in conversion over five runs. Therefore, in a subsequent study, Yoon and co-workers
designed a bis-imidazolium-based CTF to improve to the stability of the [Co(CO)4]™ anions during
the catalytic process (Scheme 1.16c). [Bis-imidazolium-CTF][Co(CO)4] showed increased activity

and selectivity, and its activity was maintained longer during recycling.

a ! ©
[bpy-CTF-AI(OTf),][Co(CO),] o o6 OTf Co(CO)4
o) (3.3 mol% Co) o ' . \AI/ ,
A 20 )_Jr : N N N= N=(
60 (60 bar) DME, 50 °C, 24 h ; N, N—¢ N N
61(90%) ! = =/ 7 N4

b
[imidazolium-CTF][Co(CO),] E \ o :
2.5 mol% Co OH O - ! ’
° . co ( 6 Co) P Co(CO), N
-~ (60 bar) MeOH, 90 °C, 24 h OMe : '\ _ Y /N ® /[
60 62 (86%) b - NAN N

[imidazolium-CTF][Co(CO),]

[bis-imidazolium-CTF][Co(CO)4] :
o] co (2.5 mol% Co) OH O ! Co(CO
MeOH, 75 °C, 11 h )\/U\OMe ; Q/ \)
60 | o o,

62 (92%)

[bis-imidazolium-CTF][Co(CO),]

Scheme 1.16. Co-catalyzed ring-expansion (a) and ring-opening (b, c) carbonylation of propylene oxide 60.

Palkovits and co-workers prepared several CTFs based on four different aromatic building blocks.
Coordination of molecular RuCls-xH,0 followed by a reduction resulted in a high metal dispersion
of Ru(0) species on the frameworks. The catalysts were applied for the oxidation of
5-(hydroxymethyl)furfural 63 (HMF) with air and in absence of a base (Scheme 1.17).2** HMF, a
biomass-derived platform chemical, could be selectively oxidized to furan-2,5-dicarbaldehyde 64
using methyl tert-butyl ether as the solvent at 80 °C and 20 bar of air pressure. In contrast, in water
and at 140 °C, HMF was selectively converted to furan-2,5-dicarboxylic acid 66.1°> Microporous
CTFs showed lower activities than mesoporous CTFs and the fine dispersion of the Ru(0) species
on the CTFs had a positive effect on the activity compared to the commercial Ru/AC and Ru/Al,Os.
In addition, the high nitrogen content of the CTFs imparted higher hydrophilicity to the materials,
which had a further positive effect on the catalytic performance in water. However, the deposition
of HMF and (polymeric) products on the catalysts posed an obstacle in both reactions.
Furthermore, in the recycling experiment, the catalysts had to be reactivated under harsh

conditions (350 °C, H; flow) due to the oxidation of the Ru nanoparticles.
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Scheme 1.17. Oxidation of 5-(hydroxymethyl)furfural 63.

Abednatanzi et al. applied a bipyridine CTF, bipy-CTF, as a support for a Cp*Ir(lll) complex to
catalyze the aerobic oxidation of alcohols.?>3 The oxidation reaction was performed in toluene at
100 °C in the presence of Cs;CO3 and molecular oxygen as a green oxidant. Interestingly, the
activity of the heterogeneous catalyst far exceeded that of its homogeneous counterpart due to
the abundant nitrogen sites in the CTF activating molecular oxygen and the alcohol substrates.
High conversions were generally achieved for a wide range of benzylic alcohols (38—99%), while
aliphatic alcohols gave much lower conversions (14-22%). High conversions (> 89%) were also
obtained in ethyl acetate and in water, adding to the environmental friendliness of the reaction.
However, in the case of ethyl acetate, the possible occurrence of the transesterification reaction

was not mentioned.'®* The catalyst maintained its high activity for at least seven catalytic runs.
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Scheme 1.18. Aerobic oxidation of benzyl alcohols 67 and aliphatic alcohols 68 with Ir@bpy-CTF as the catalyst.

The same Cp*Ir(lll) complex was immobilized on a CTF prepared from 2,6-pyridinedicarbonitrile
by Liu et al. and the catalyst was applied for the N-methylation of amines with methanol in a
hydrogen autotransfer process (Scheme 1.19a).1*° Herein, methanol was first dehydrogenated to
formaldehyde with the formation of an Ir-hydride species. Condensation between amine 71 and
formaldehyde resulted in the formation of the imine intermediate, which was subsequently
hydrogenated by the Ir—hydride species to afford N-methylated amine 72/73. The reaction was
carried out in methanol at 125 °C in the presence of Cs,COs to obtain very high yields (80-94%).
Both aromatic and aliphatic amines readily underwent transformation, with the difference that
aliphatic amines underwent N,N-dimethylation due to their higher nucleophilicity. The catalyst
could be recycled at least six times with retention of the high activity. The scope could be further
expanded to the N-methylation of sulfonamides 74, again yielding the methylated product 75 in
high yields (Scheme 1.19b).
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Scheme 1.19. N-methylation of (a) amines 71 and (b) sulfonamides 74 with methanol catalyzed by Cp*Ir@CTF.

In a follow-up study, the catalysis of Cp*Ir@CTF was generalized to the alkylation of
aminobenzenesulfonamides 76 with various aliphatic and benzylic alcohols 77 (Scheme 1.20).1%®
The reaction with secondary alcohols gave lower yields (56—60%) than with primary alcohols (80—
91%) and the alkylation occurred selectively on the sulfonamide. The CTF for anchoring the Ir
complex was slightly modified. By using pyrazine-2,5-dicarbonitrile as the monomer, a CTF with
more uniform coordination sites was obtained. The heterogeneous catalyst could be reused in the

reaction for at least six cycles without obvious loss of activity.
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Scheme 1.20. N-alkylation of aminobenzenesulfonamides with alcohols catalyzed by Cp*Ir@ pyrazine-CTF.

Van Der Voort et al. functionalized bipyridine-CTF with [Ir(OMe)(cod)]2 (cod = cycloocta-1,5-diene)
toward a stable and efficient catalyst for the C—H borylation of arenes 79 and heteroarenes 80
with bis(pinacolato)diboron (B,pinz) 81 (Scheme 1.21). The direct conversion of aryl C—H bonds to
aryl C-B bonds yielded valuable intermediates for organic synthesis, most notably used in the
Suzuki—Miyaura cross-coupling reaction. Ir(l)@bpyCTF showed excellent regioselectivity in the
borylation of aryl C—H bonds, which was governed by the steric accessibility of the C—H bonds. In
contrast, the regioselectivity for heteroarenes depended more on electronic effects. The catalyst
exhibited high stability in the recycling test of five consecutive runs, although a gradual decrease

in catalytic activity was observed.
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Scheme 1.21. C—H borylation of arenes 79 and heteroarenes 80 catalyzed by Ir(l)@bipyCTF.

Away from the platinum-group metals, Van Der Voort and co-workers anchored Cu(OAc); to CTF
containing 5,6,11,12,17,12-hexaazatrinaphthylene (HATN) moieties. The rigid and planar tris-
bidentate building block was synthesized via the condensation between hexaketocyclohexane 84
and 3,4-diaminobenzonitrile 85 (Scheme 1.22a). The Cu@HATN-CTF showed good catalytic activity
for the Henry reaction between aromatic aldehydes 87 and nitromethane to produce PB-
nitroalcohols 88 (Scheme 1.22b). Higher yields were obtained for benzaldehydes with electron-
withdrawing substituents on the phenyl ring. The acetate ligands on Cu(ll) facilitate the
deprotonation of nitromethane and proved to be very important in the catalysis, as no reaction
was observed for HATN-CTF coordinated to CuCl,. CUu@HATN-CTF was highly reusable as no loss

of activity was observed during eight consecutive reactions.
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Scheme 1.22. (a) Synthesis of CUu@HATN-CTF and (b) Henry reaction of benzaldehydes 87 with nitromethane catalyzed by
Cu@HATN-CTF.

Oxygen-containing ligands have also been incorporated into CTFs. For example, Van der Voort et
al. introduced the acetylacetone (acac) motif into a CTF by the trimerization of
4,4'-malonyldibenzonitrile 91 (Scheme 1.23a). A strong carbonyl stretching band in the infrared
spectrum confirmed the presence of the acac group after the ionothermal synthesis and infrared
spectroscopy, solid-state NMR spectroscopy and XPS analysis confirmed the successful
coordination of VO(acac), with the acac groups in the CTF. V@acac-CTF showed outstanding
activity in the modified Mannich-type reaction between equimolar amounts of various
2-naphthols or phenols 92 and N-methylmorpholine N-oxide 93 (Scheme 1.23b).%*’
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Scheme 1.23. (a) Synthesis of V@acac-CTF and (b) V@acac-CTF-catalyzed Mannich-type reaction.

7 Conclusion

Covalent triazine frameworks (CTFs) have attracted much attention as an emerging class of highly
nanoporous materials. Their functional versatility and high stability make them attractive to serve

as heterogeneous catalysts or catalyst supports, providing benefits in recovery and reuse.

While the ionothermal synthesis at > 400 °C dominates early research, mild synthetic methods are
beginning to take over. The substantial efforts of recent years to develop CTF syntheses that avoid
carbonization have led to the amidine-based polycondensation method as most promising for
further development of CTFs. This method has made well-ordered CTFs accessible at low
temperatures, which unlocked more advanced applications of CTFs, such as photocatalysis.
Nevertheless, ionothermally synthesized CTFs have shown great promise as versatile hosts for
both molecular and nanoparticulate catalytic species, as discussed in this chapter. Their success
as catalyst supports results from their intrinsic nitrogen-rich scaffold, which provides strong

coordination of metal complexes and efficient stabilization of nanoparticles.

In addition to the nitrogen-rich triazine moieties, well-known ligands such as (bi)pyridine,
N-heterocyclic carbene and acetylacetone have been incorporated into CTFs by polymerization of

the corresponding nitriles. However, the incorporation of various other nitrogen ligands remains

36



Introduction to CTFs

untouched due to the challenging synthesis of the building blocks, but is addressed in this PhD

thesis by the development of synthetic routes.

Significant progress has been made in the mild synthesis of CTFs, but there is still room for further
improvement to bring CTF synthesis to large-scale production in a cost-effective and sustainable
manner. In addition, while most of the reported catalytic reactions with CTFs have been
performed in batch mode, the use of CTF catalysts in continuous flow setups is from an industrial
point of view much more relevant than in batch reactors. Flow reactions offer the advantages of
improved mass and heat transfer, shorter reaction times, consistent product quality and process
safety. Therefore, this PhD thesis aims to investigate the applicability of CTFs in continuous flow

reactions.
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Synthesis of CTF building blocks

Abstract | Covalent triazine frameworks (CTFs) based on polydentate ligands are highly promising
supports for anchoring catalytic metal complexes. The modular nature of CTFs allows tailoring of
the composition, the pore size and shape, and functionality of the material to the chosen
application. Access to a wide range of chelating building blocks is therefore essential. In this
regard, we have expanded the available set of CTF building blocks with new cyano-functionalized
N-heterocyclic ligands. This work presents the synthesis of the six ligands which vary in their
denticity and the extent of their aromatic system. By expanding the set of experimentally available
building blocks, CTFs with distinct properties can be developed, which may aid in the rational

design of improved materials for catalysis.

Based on | J. Everaert, M. Debruyne, F. Vanden Bussche, K. Van Hecke, T. S. A. Heugebaert, P. Van Der Voort,
V. Van Speybroeck, C. V. Stevens. Synthesis of nitrile-functionalized polydentate N-heterocycles as building
blocks for covalent triazine frameworks. Synthesis 2023, 55, 333-340. (Published online in 2021)

Contributions | Methodology, synthesis, and characterization: JE, MD, FVB — Crystallography: KVH —
Conceptualization and supervision: TH, PVDV, VVS, CS.
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1 Introduction

1,4-Diazadiene ligands, such as 2,2’-bipyridine, 2,2’-biquinoline and 2,6-
bis(benzimidazolyl)pyridine, are among the most widely used ligands in the construction of metal
complexes.®81% This family of ligands strongly chelates many transition metal ions, resulting in
highly stable complexes that often exhibit interesting photophysical and photoredox properties as
a result of the metal-to-ligand charge transfer (MLCT).1®® Thus, these scaffolds have found
applications in many areas of chemistry, including fine chemical synthesis,'! CO, reduction,®?
water splitting, 16314 solar cell development,®> electroluminescent devices,'®® and cancer
therapy.'®” The introduction of functional groups on the ligands not only allows fine-tuning of the
activity of the complex, but also allows the ligands to be incorporated into macromolecular
structures. Indeed, functionalized 1,4-diazadienes have attracted widespread attention in
supramolecular chemistry and materials science.3%168173 An example of materials that are gaining
traction are the covalent triazine frameworks (CTFs). These extended porous organic frameworks
are derived from the cyclotrimerization of aromatic nitriles to triazines, which gives them superior
chemical and thermal stability.”>%%” Trimerization is typically accomplished either by the
ionothermal synthesis in molten ZnCl, or by catalysis of triflic acid.”>®”'%2 A more recently
developed method involves the polycondensation of an amidine, often prepared from the nitrile,
and an in situ generated aldehyde.%41% Using cyano-functionalized 1,4-diazadiene ligands as
building blocks in the CTF synthesis provides frameworks with strong coordination sites to anchor
catalytic metal complexes.'’47¢ This, together with their remarkable robustness, makes CTFs

attractive as metal supports in the design of heterogeneous catalysts.®?

The modular nature of CTFs allows the framework to be tailored to the application in mind by
varying the building blocks. Access to a wide range of building blocks is thus essential and brings
further advances in the tailored design of CTFs. Nonetheless, very few polydentate N-ligands with
cyano substituents are commercially available, and some are exceedingly expensive. In addition,
efficient synthetic protocols for the synthesis of these ligands, especially with cyano
functionalities, have seldomly been described in the literature. Therefore, synthetic routes to new

chelating CTF precursors are highly relevant.

In our research on the development of CTFs as metal supports, the lack of diversity in the available
building blocks prompted us to expand the range of accessible chelating building blocks. To this
end, we synthesized a set of six cyano-functionalized N-heterocycles suitable as building blocks in
CTF synthesis (Figure 2.1). In this chapter, we report the synthetic methods toward the
N-heterocycles, which were developed with a view to their practical use in multigram synthesis.
Once the N-heterocycles are assembled into CTFs, a variety of frameworks are obtained that differ
in pore sizes and denticity of the coordination sites. Eventually, the expanded spectrum of building

blocks will enhance the diversity of engineered CTF materials and foster their further application.
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Figure 2.1. Set of synthesized cyano-functionalized N-heterocyclic ligands.

2 Results and discussion

2,2’-Bipyridine is the most simple member of the polypyridine ligand family, and therefore
perhaps the most widely used one.'® 2,2’-Bipyridine-5,5’-dicarbonitrile 1 is a commonly used
building block in CTF synthesis®>*174175 and is commercially available, but at very high prices (e.g.,
€ 500/g at Sigma-Aldrich’”). We therefore sought an efficient way of synthesizing bipyridine 1.
Early synthetic methods relied on the dehydration of 2,2’-bipyridine-5,5’-dicarboxamide as
described by Baxter and Connor and by Janiak et al.}’8'7° However, it was found that a twofold
sublimation was necessary to obtain the product in satisfactory purity, resulting in a diminished
yield of 43%. Besides, three additional reaction steps are required starting from commercially
available and affordable 5,5-dimethyl-2,2’-bipyridine to obtain 2,2’-bipyridine-5,5’-
dicarboxamide.’® An elegant and more direct approach has been reported by Duan and co-
workers, which proceeded via the reductive homocoupling of 2-bromo-5-cyanopyridine under

nickel catalysis.'®!

In contrast to conventional coupling methods, which require high loadings of
ligand,*®%183 the authors took advantage of the in situ formed Ni—bpy complex, which could
efficiently catalyze the coupling in the absence of external ligand. The latter is of interest because

it could avoid a tedious purification step.

Following Duan’s procedure, we synthesized bipyridine 1 using 2-bromo-5-cyanopyridine 8 in a
reductive coupling with 5 mol% NiCl,:6H,0 in the presence of activated zinc dust at 60 °C. Full
conversion was already achieved within 30 minutes as determined by LC-MS analysis. After
workup by extraction with chloroform and precipitation, bipyridine 1 was isolated in 93% yield as
a pure product according to *H NMR analysis. Unfortunately, difficulties were encountered in
reproducing this result on a regular basis when using the described conditions. In some of our
attempts, the formation of a side product occurred to a large extent. Based on H and 3C NMR

spectroscopy and the detected mass-to-charge ratio (m/z) of 182 [M + H]* in LC-MS analysis, the
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side product was identified as 2,2’-bipyridine-5-carbonitrile 8 (Figure 2.2). The mechanism of the

decyanation, however, was not elucidated.
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Figure 2.2. 'H NMR spectrum (CDCl3) of the crude reaction mixture containing monocyanobipyridine 7 (*) and
dicyanobipyridine 1 () in a 46/54 ratio. Ni-catalyzed reductive homocoupling of 2-bromopyridine-5-dicarbonitrile 8 under
the reaction conditions described by Duan et al.18! yielded inconsistent formation of undesired monocyanobipyridine 7.

Attempts to suppress this capricious side reaction by varying the amounts of nickel precursor, zinc
or LiCl were unsuccessful. Instead, the temperature of the exothermic reaction was found to play
a key role in the reaction outcome. By keeping the temperature at 50 °C instead of the prescribed
60 °C and using a temperature controller to prevent temperature overshoot, the formation of side
product was avoided and full conversion to bipyridine 1 was achieved in a consistent manner
(Scheme 2.1). The use of 2-chloro-5-cyanopyridine in the optimized homocoupling was also
possible, but resulted in a sluggish reaction, reaching 83% conversion after 18 h, due to the lower

reactivity of the 2-chloropyridine.

5 mol% NiCly-6H,0

NC 1.2 eq Zn, 1 eq LiCl
/
— . p—
N N

Br dry DMF, 50 °C, 30 min

8 1(91%)

Scheme 2.1. Optimized synthesis of 2,2’-bipyridine-5,5’-dicarbonitrile 1.

In addition to the optimized synthesis of bipyridine 1, five new N-heterocyclic ligands were
synthesized. The first new ligand we targeted first was the extended bipyridine congener, bis(4-
cyanophenyl)-2,2’-bipyridine 2. The use of extended bipyridine building blocks in the CTF synthesis
could create mesopores that facilitate mass transfer in the catalytic process. For the synthesis of
bipyridine 2, an approach in which the 2,2’-bipyridine core is brominated and subsequently

elongated through a cross-coupling reaction was considered as the most straightforward route.
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To selectively brominate the bipyridine scaffold at the C5 and C5’ positions, 2,2’-bipyridine 9 was
first converted to its dihydrobromide salt 10 using aqueous HBr as shown in previous reports
(Scheme 2.2).18%185 Ssybsequent heating of bipyridine salt 10 in neat bromine at 170 °C for 72 h in
a sealed pressure tube, afforded a crude product containing mono- and dibromobipyridine 11/12
in an average ratio of 43/57. Crystallization from a DMF/ethanol mixture gave the pure dibromo
derivative 12 in a yield of 46%, based on the initial amount of bipyridine 9. The residue with
partially reacted bipyridine could be recycled in the next run of the reaction. Prolonging the
reaction time to seven days did not result in appreciably higher yields (48%) of dibromobipyridine
12, whereas raising the temperature or the number of bromine equivalents led to polybrominated
derivatives which could not be separated from dibromobipyridine 12 by crystallization. Finally,
Suzuki-Miyaura cross-coupling with 4-cyanophenylboronic acid 13 under Pd(PPhs)s catalysis,
successfully effected the extension of bipyridine 12 and afforded bis(4-cyanophenyl)-2,2’-
bipyridine 2 in 92% yield.

1) 3 eqBr,
170°C,72h
2.05eq HBraq / \ sealed tube / \
/ Br
MeOH, rt 2) work-up with
20 min 2 HBr NaOH 12 (46%)
10 (quant.)
HO,
o
HO
13 (2.5 eq)

4 mol% Pd(PPh3),
— 5 eq K2003
oo
—N N 5/1 dioxane/H,0

90 °C, 24 h

2 (92%)

Scheme 2.2. Synthesis of 5,5'-bis(4-cyanophenyl)-2,2’-bipyridine 2.

Bipyridine 2 gave only a low ionization signal in LC-MS analysis and the low solubility of the
compound in common NMR solvents made it difficult to confirm the structure of the reaction
product. Therefore, the structure of bipyridine 2 was unambiguously established by single-crystal

X-ray analysis (Figure 2.3).
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Figure 2.3. Molecular structure of bipyridine 2, showing thermal displacement ellipsoids* at the 50% probability level.

As a third bidentate N-ligand, we aimed to synthesize 2,2’-biquinoline-6,6’-dicarbonitrile 3, a
dibenzo analog of bipyridine 1. Due to the fused rings, the ligand is a more sterically demanding
than bipyridine. The synthesis of biquinoline 3 was started from quinolin-6-ol 14 because of the
wide availability of the reagent compared to 6-haloquinolines (Scheme 2.3). To replace the
6-hydroxy group with a cyano group, the group was activated as a triflate by treating quinoline 14
with triflic anhydride. After workup, the crude triflate 15 was subjected to Pd-catalyzed cyanation
using Zn(CN), as the cyanide source. Chromatographic purification afforded pure quinoline-6-
carbonitrile 16 in a yield of 89% over the two reaction steps. Next, quinoline 16 was converted to
the quinoline N-oxide derivative 17 with mCPBA to increase its reactivity and to facilitate the C2-
homocoupling. A yield of 84% was obtained when mCPBA in dichloromethane was used for the
oxidation of quinoline 16, which is much higher than the yield reported for H,0, in acetic acid (24%
yield).'®® The C2-homocoupling of quinoline N-oxide 17 was carried out via a deoxygenative
homocoupling reaction mediated by LiOtBu, as described in the literature for similar quinoline
N-oxides.'®7-188 |nterestingly, instead of the expected biquinoline N-oxide, the homocoupling of N-
oxide 17 directly and almost exclusively afforded deoxygenated 2,2’-biquinoline-6,6'-
dicarbonitrile 3 as the coupling product. Only traces of the biquinoline N-oxide were observed in

the crude product by LC-MS analysis.

1.3 eq Tf,O 1 eq Zn(CN),
Hom 1.2 eq pyridine Tfom 4 mol% Pd(PPhg), Ncm
N” CH,Cl, NG DMF, 120 °C, 2 h N
14 0°C>rt,3h 15 16

(89% over 2 steps)

2.5 eq LiOtBu Ncm 1.3 eq mCPBA
/ \ -
NC O NN O CN toluene, 90 °C, 6 h NG CH,Clz, 1t, 3 h
Lo

17 (84%)

Scheme 2.3. Synthesis of 2,2'-biquinoline-6,6'-dicarbonitrile 3.

* Thermal displacement ellipsoids indicate the magnitudes and directions of the thermal vibration of atoms in crystal
structures. The size of the ellipsoids represents the space in which there is a 50% probability of finding the electron density
of the atom.
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With the synthesis of 2,2’-(pyridine-2,6-diyl)bis(1H-benzimidazole-5-carbontrile) 4, we aimed to
add a tridentate building block in our collection. Building block 4 was prepared by the
condensation of 3,4-diaminobenzonitrile 18 and pyridine-2,6-dicarbaldehyde 19 in the presence

of p-benzoquinone as oxidant and was isolated by precipitation in a yield of 53% (Scheme 2.4).

NC \N/(jw 2 eq p-benzoquinone j/(j\r
EtOH, A, 18 h Q/ \Q

18 (2 eq)
(53%)

Scheme 2.4. Condensation reaction toward tridentate 2,2’-(pyridine-2,6-diyl)bis(1H-benzimidazole-5-carbontrile) 4.

Tridentate coordination sites can also be generated in situ during the synthesis of the CTF. For
example, 2-cyanopyridyl moieties in the cyclotrimerization reaction results in the formation of
terpyridyl coordination sites within the obtained framework. With 6-cyanoquinoline N-oxide 17 in
hand, selective cyanation of the N-oxide at the C2 position would yield quinoline-2,6-dicarbonitrile
5 containing such a 2-cyanopyridyl moiety.'8¢ In this regard, N-oxide 17 was reacted with
potassium cyanide and acetyl chloride as activating agent to afford quinoline 5 in a moderate yield
of 58% (Scheme 2.5a).® For the same reason, the synthesis of 1H-benzimidazole-2,5-
dicarbonitrile 6 was pursued. To this end, 3,4-diaminobenzonitrile 18 was treated with methyl
2,2,2-trichloroacetimidate in acetic acid to give 2-(trichloromethyl)-1H-benzimidazole 20 in 75%
yield (Scheme 2.5b).1% Intermediate 20 was then reacted with an aqueous ammonia solution to

give benzimidazole 6 in 89% yield.

CTF with tridentate
3 eq KCN coordmatlon sites
\@\/j 3 _ 3eqAcCl AcCl NC N CTF synthes:s
—
N MeOH rt 20 h N CN

‘ N
589 N
17 (58%)
b
NC NH, 1eqMeOC(NH)CCl;  NC N Cl NH; (25 wt% ag)  NC N
10 & T

NH, ACOH, rt, 16 h N Cl EtOH, rt, 16 h N
H H
18 20 (75%) 6 (89%)

Scheme 2.5. Syntheses of building blocks which react to tridentate coordination sites during CTF synthesis (a) quinoline-2,6-
dicarbonitrile 5 and (b) 1H-benzimidazole-2,5-dicarbonitrile 6.

45



Chapter 2

3 Conclusion

Six cyano-functionalized N-heterocyclic ligands have been synthesized. For this, straightforward
synthetic methods have been elaborated considering the practical use in multigram syntheses.
The cyano functionalities on the ligands make them valuable building blocks for CTFs containing
metal-binding sites. The new building blocks may help in the rational design of enhanced support
materials in heterogeneous catalysis. By expanding the set of experimentally available building
blocks, CTFs with distinct properties can be designed, leading to their use in more advanced

applications.

While the ionothermal CTF synthesis predominated in early scientific research, contemporary
synthesis is increasingly based on the condensation of amidines and aldehydes rather than the
cyclotrimerization of nitriles. Nevertheless, the synthetic methods for the building blocks
described here are still relevant for CTF development as the nitriles can be readily converted to

amidines, e.g., by reaction with lithium bis(trimethylsilyl)amide (LIHMDS).1%°
4 Experimental details

4.1 General methods

Solvents and reagents were purchased from abcr, Acros, Fluorochem, Sigma-Aldrich and TCI, and
were used without further purification unless otherwise stated. Anhydrous DMF was prepared by
drying over activated molecular sieves (4 A) for at least 48 h. Anhydrous CH,Cl, and toluene were
obtained using the MBRAUN SPS-800 solvent purification system. Zinc dust was activated prior to
use by stirring in a 1 M aqueous HCI solution, filtering and washing with distilled water, ethanol,
and diethyl ether, followed by drying under vacuum. Thin layer chromatography (TLC) was
performed using glass-backed 0.25 mm Merck silica gel 60 Fsa TLC plates, and spots were
visualized by UV light (254 nm). Column chromatography was performed using silica gel (particle
size 35—70 um, pore diameter 6 nm). *H NMR and 3C NMR spectra were recorded at 400 and
101 MHz, respectively, using a Bruker Avance Il HD 400 spectrometer equipped with a *H/BB z-
gradient probe (BBO, 5 mm). The spectra were recorded at 25 °C and were processed using
TopSpin 3.6.2. Chemical shifts (8) are reported in parts per million (ppm) downfield of TMS and
referenced to the residual solvent peak (CDCls 6y = 7.26 and 6¢ = 77.16; DMSO-dg 614 = 2.50 and &¢
=39.52). Coupling constants (/) are reported in hertz (Hz). Peaks were assigned with the aid of 2D
spectra (COSY, HSQC, H2BC, HMBC). HPLC-MS analyses were performed on an Agilent 1200 Series
HPLC system equipped with a Supelco Ascentis Express C18 column (3 cm x 4.6 mm, 2.7 um fused-
core particles, 90 A) and connected to a UV-DAD detector and an Agilent 1100 Series LC/MSD-type

SL mass spectrometer with electrospray ionization (ESI, capillary voltage 4 kV, fragmentor voltage
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70V) and with a mass-selective single-quadrupole detector. Infrared spectra (FT-IR) were
recorded from samples in neat form with an ATR (attenuated total reflectance) accessory on a
Shimadzu IRAFFINITY-1S FT-IR spectrophotometer. Melting points were determined using a Kofler
heating bench system of Wagner & Munz (type WME, accuracy =1 °C, range 50-260 °C). For
CHNS/O elemental analysis, dry samples of 2.0-2.2 mg were prepared and analyzed on a Thermo

Scientific Flash 2000 analyzer.

4.2 Synthesis and characterization
2,2’-Bipyridine-5,5’-dicarbonitrile (1)

2,2’-Bipyridine-5,5’-dicarbonitrile 1 was synthesized via a modified procedure of Duan et al.'® A
flame-dried 250 mL flask was charged with NiCl;:6H,0 (325 mg, 1.4 mmol, 5 mol%) and placed
under an argon atmosphere. Anhydrous DMF (40 mL) was added, and the resulting green solution
was heated to 40 °C. The heating plate was provided with a temperature controller (IKA® ETS-D4
fuzzy) to prevent a temperature overshoot and to maintain the temperature below 50 °C. A close
monitoring of the reaction temperature was important since the temperature was found to be the
key factor in avoiding the decyanation side reaction. 2-Bromo-5-cyanopyridine 8 (5.00 g,
27.3 mmol), anhydrous LiCl (1.16 g, 27.3 mmol, 1 eq) and activated zinc dust (2.14 g, 32.8 mmol,
1.2 eq) were consecutively added to the flask under a stream of argon. After raising the
temperature to 50 °C, a grain of iodine and two drops of acetic acid were added to the mixture,
which was then stirred for about 30 minutes to complete the conversion. Subsequently, the
mixture was cooled to 0 °C and the reaction was quenched by the addition of 1 M aqueous HCI
(40 mL). After 30 minutes stirring, the mixture was basified with aqueous ammonia (25 wt%) and
the product was extracted with chloroform (4 x 100 mL). The combined organic fractions were
dried over MgS0O4 and filtered. The solution was concentrated with a rotatory evaporator to ca.
20 mL and was then cooled in an ice bath to induce precipitation. The precipitate was collected by
filtration, washed with cold ethanol and diethyl ether and dried under vacuum to obtain 2,2’-
bipyridine-5,5’-dicarbonitrile 1 as a beige solid (2.56 g, 91%).

NC@_@CN Yield: 91%. Beige solid, mp > 260 °C.*H NMR (400 MHz, CDCls): 6 8.14 (2H,

=N N dd, J = 8.3, 2.0 Hz, H*¥), 8.64 (2H, dd, J = 8.3, 0.8 Hz, H3%), 8.97 (2H, dd, J
= 2.0, 0.8 Hz, H%%), 13C NMR (101 MHz, CDCls): § 110.7 (C>*'), 116.5 (2 x C=N), 121.7 (C>¥), 140.5
(C*¥), 152.1 (C®%), 157.0 (C*%). IR (ATR, cm™): vmax = 2239 (C=N), 1591, 1535, 1460, 1369, 1236,
1028, 947, 845, 733, 650, 550, 488. MS (ESI): m/z (%) 207 ([M + H]*, 100). Anal. Calcd for C12HgNa:
C, 69.90; H, 2.93; N, 27.17. Found: C, 70.04; H, 3.04; N, 27.90. The data are in accordance with

those reported in the literature.'®!
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2,2’-Bipyridine-5-carbonitrile (7)

—\s Pure 2,2’-bipyridine-5-carbonitrile was obtained from a mixture of
=N * }\1 /6 eN bipyridines 1 and 7 after automated reversed-phase column chromatography
(C18) using a mixture of water and acetonitrile as eluent. White powder. *H

NMR (400 MHz, CDCls): 6 7.40 (1H, ddd, J = 7.5, 4.8, 1.0 Hz, H), 7.87 (1H, ~td, J = 7.8, 1.7 Hz, H¥),
8.07 (1H, dd, J = 8.3, 2.0 Hz, H*), 8.47 (1H, br d, J = 8.0 Hz, H¥), 8.58 (1H, d, J = 8.3 Hz, H3), 8.71-
8.73 (1H, m, H%), 8.93 (1H, br d, J = 2.0 Hz, H®). 3C NMR (101 MHz, CDCl3): § 109.4 (C°), 117.0
(C=N), 120.7 (C3), 122.0 (C¥), 125.0 (C*), 137.2 (C*), 140.1 (C*), 149.5 (C¥), 151.9 (C®), 154.1 (C?),

159.1 (C?). The data are in accordance with those reported in the literature.!®?

5,5’-Dibromo-2,2’-bipyridine (12)

The synthetic procedure of 5,5’ -dibromo-2,2’-bipyridine 12 was based on the method reported by
D’Souza et al.*®> A solution of 2,2’-bipyridine 9 (5.00 g, 3.2 mmol) in methanol (30 mL) was treated
with a HBr solution (48 wt% in H,0O, 7.40 mL, 6.6 mmol, 2.05 eq) at 0 °C in an ice bath. After
addition, the ice bath was removed, and the mixture was stirred for an additional 20 minutes at
room temperature. Subsequently, the solvent was removed under reduced pressure and the
residue was thoroughly dried under vacuum to obtain 2,2’-bipyridine hydrobromide salt as a pale

yellow solid (10.18 g, quant.).

A 10 mL pressure resistant tube of Pyrex glass was charged with finely grounded 2,2’-bipyridine
hydrobromide 10 (2.75g, 8.7 mmol) and cooled to 0°C. Subsequently, bromine (1.33 mL,
25.9 mmol, 3 eq) was slowly added using a disposable plastic syringe with a long needle, making
sure that the tip of the needle was digging into 10. After screwing the cap tightly onto the pressure
resistant tube, the temperature was raised to 170 °C and held for 72 h. After, the tube was cooled
to 0 °C before opening it. (Caution: wear protective clothing and be aware that HBr gas can escape
when loosening the cap). The hard lump of crude product was crumbled with a spatula and
transferred into a 500 mL flask containing Na2SOs (3.0 g), NaOH (1 M, 50 mL), and CHCIs (150 mL).
The mixture was stirred at room temperature until complete dissolution. The organic phase was
separated, and the aqueous phase was extracted twice with CHCl3 (2 x 20 mL). The combined
organic fractions were dried over MgSQy, filtered and evaporated. The crude product was purified
by crystallization by first dissolution in DMF, followed by the addition of ethanol as the nonsolvent
until tiny precipitates started to form. The solution was left overnight at room temperature and
5,5’-dibromo-2,2’-bipyridine 12 was obtained as white crystals (1.25 g, 46%).

Br /7 N\ N\ Br
NN 229 °C. 'H NMR (400 MHz, CDCls): 6 7.94 (2H, dd, J = 8.5, 2.2 Hz, H4*), 8.29

Yield 46%, based on the used amount of 2,2’-bipyridine. White crystals, mp
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(2H, d, J = 8.5 Hz, H3¥), 8.71 (2H, d, J = 2.2 Hz, H5%). 3C NMR (101 MHz, CDCl3): § 121.6 (C>°),
122.4 (C3%), 139.8 (C**), 150.4 (C®®), 153.8 (C*?). IR (ATR, cm™): vmax = 1562, 1454, 1356, 1086,
1007, 826, 725, 700, 637, 457. MS (ESI): m/z (%) 315 ([M + H]*, 100). The data are in accordance

with those reported in the literature.3

5,5’-Bis(4-cyanophenyl)-2,2’-bipyridine (2)

5,5’-Dibromo-2,2’-bipyridine 12 (2.00 g, 6.4 mmol), 4-cyanoboronic acid 13 (2.34 g, 15.9 mmol,
2.5 eq), Pd(PPhs)s (294 mg, 0.3 mmol, 4 mol%) and K,COs (4.40 g, 31.8 mmol, 5 eq) were loaded
into a two-neck flask (250 mL) equipped with a condenser and two rubber septa and placed under
argon atmosphere. Degassed dioxane (100 mL) and degassed water (20 mL) were added, after
which the yellow solution was heated to 90 °C for 24 h. After cooling to room temperature, the
precipitate was collected by filtration and thoroughly washed with water, THF and CHCls to afford
5,5’-bis(4-cyanophenyl)-2,2’-bipyridine 2 as an off-white solid (2.10 g, 92%).

Crystals for analytical purposes were prepared by suspending bipyridine 2 (100 mg) in DMF (28 mL,
0.01 M) and heating the suspension to 120 °C until a clear solution was obtained (ca. 15 min). The
solution was then allowed to cool very slowly to room temperature during which crystals were
formed. The crystals were collected by filtration, rinsed with methanol and dried under vacuum

to afford bipyridine 2 as yellowish crystals (87 mg).

NG O /_,: o) Q oy Yield 92%. Off-white solid, mp > 260 °C. *H NMR (400 MHz,

CDCl3): & 7.76-7.83 (8H, m, 8 X CHphenyl), 8.07 (2H, dd, J =
8.3, 2.3 Hz, H*¥), 8.59 (2H, d, J = 8.3 Hz, H>?), 8.95 (2H, d, J = 2.3 Hz, H5F). 13C NMR (101 MHz,
CDCl3): 6 112.2 (2 X CquatC=N), 118.7 (2 x C=N), 121.5 (C>%), 127.9 (2 X CHphenyl), 133.1 (2 X CHphenyl),
135.0 (C>5), 142.2 (2 X CquatPy), 135.6 (C*¥), 147.9 (C5F), 155.6 (C>2). IR (ATR, cm1): Vimax = 2230
(C=N), 1607, 1587, 1537, 1456, 1366, 1314, 1277, 1225, 1180, 1130, 1115, 1065, 1030, 999, 931,
862, 847, 827, 746, 638, 563, 525, 471, 409. MS (ESI): m/z (%) 359 ([M + H]*, 100). Anal. Calcd for
CaaH14Na: C, 80.43; H, 3.94; N, 15.63. Found: C, 79.32; H, 3.88; N, 15.96.

Quinoline-6-carbonitrile (16)

An oven-dried 250 mL two-neck flask equipped with a dropping funnel was charged with
quinolin-6-ol 14 (4.00 g, 27.6 mmol) in dry CHxCl, (110 mL) and pyridine (2.67 mL, 33.1 mmol,
1.2 eq) and placed under argon atmosphere. The brown suspension was cooled to 0 °C in an ice
bath before a solution of triflic anhydride (10.0 g, 35.4 mmol, 1.3 eq) in dry CH,Cl, (30 mL) was

added dropwise. The resulting black solution was allowed to warm to room temperature and
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stirred for 2 h. At the end of the reaction (monitored by TLC), the reaction mixture was quenched
with 1.0 M aqueous HCI (20 mL) and washed with saturated NaHCOs3 and brine. The water phase
was extracted with CHxCl; (2 x 30 mL). The combined organic fractions were dried over anhydrous
MgSO,, and the solvent was removed under reduced pressure. Crude quinolin-6-yl
trifluoromethanesulfonate 15 was obtained as a brown viscous liquid (7.64 g, quant.), and was

used without additional purification in the next step.

To a 250 mL flask containing crude triflate 15 was added Zn(CN), (3.24 g, 27.6 mmol, 1 eq) and
Pd(PPhs)s (1.27 g, 1.1 mmol, 4 mol%). The flask was fitted with a reflux condenser and rubber
septum and placed under argon atmosphere by vacuum-argon cycles (3x). Degassed DMF (90 mL)
was added, and the solution was heated at 120 °C for 2 h. Afterward, the solvent was partially
removed by vacuum distillation until 20 mL of solution remained. Saturated aqueous NaHCOs
(20 mL) was added and stirred for 10 min. The product was then extracted from the mixture with
EtOAc (3 x 100 mL), dried over MgS0O4 and the solvent was evaporated under reduced pressure.
The crude product was purified by column chromatography (SiO2, PE/EtOAc 55/45) and afforded

quinoline-6-carbonitrile 16 as a white solid (3.79 g, 89% over two steps).

NC X, Yield 89% over two steps. White solid, mp 143 °C, R¢ = 0.40 (PE/EtOAc, 55/45). H

@\/Nj NMR (400 MHz, CDCls): 6 7.54 (1H, dd, J = 8.3, 4.2 Hz, H3), 7.86 (1H, dd, /= 8.7, 1.8
Hz, H7), 8.20 (1H, d, J = 8.9 Hz, H?8), 8.21-8.24 (2H, m, H*5), 9.06 (1H, dd, J = 4.3, 1.7 Hz, H?). 13C
NMR (101 MHz, CDCls): & 110.5 (Cf), 118.5 (C=N), 122.7 (C3), 127.6 (C*), 130.2 (C7), 131.2 (C?),
134.1 (C°), 136.4 (C%), 149.2 (C%), 153.3 (C?). IR (ATR, cm™): vmax = 2224 (C=N), 1620, 1591, 1570,
1495, 1452, 1429, 1358, 1317, 1153, 1115, 912, 833, 797, 554, 476. MS (ESI): m/z (%) 155 ([M +

H]*, 100). The data are in accordance with those reported in the literature.'®

6-Cyanoquinoline N-oxide (17)

A 100 mL flask was charged with a solution of quinoline-6-carbonitrile 16 (1.50 g, 9.7 mmol) in
50 mL CHCl; and cooled to 0 °C in an ice bath. 3-Chloroperbenzoic acid (70 wt%, 3.12 g, 12.7
mmol, 1.3 eq) was added portionwise over 15 min. The reaction mixture was allowed to warm to
room temperature and was stirred for 3 h until complete conversion. Next, 1 M NaOH (40 mL) was
added to the flask and the organic phase was separated and washed again with 1 M NaOH (15
mL). The combined aqueous fractions were extracted with iPrOH/CHCl; (1/4, 3 x 10 mL). The
combined organic fractions were dried over MgSQy, filtered and the solvent was evaporated under

reduced pressure to afford 6-cyanoquinoline N-oxide 17 as a pale yellow solid (1.40 g, 84%).
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NC X, Yield 84%. Pale yellow solid, mp 209 °C. *H NMR (400 MHz, CDCl3): & 7.44 (1H, dd,

\(jia,\,j J=8.5,6.2 Hz, H3), 7.77 (1H, d, J = 8.5 Hz, H’), 7.90 (1H, d, J = 9.1 Hz, H?%), 8.28 (1H,
o s, H°), 8.61 (1H, d, J = 6.2 Hz, H?), 8.87 (1H, d, J = 9.1 Hz, H&). 3C NMR (101 MHz,
CDCls): 6 113.3 (C®), 117.6 (C=N), 121.9 (C?), 123.2 (C3), 125.3 (C7), 130.2 (C*), 131.1 (C*), 134.2
(C%), 137.8 (C?), 142.9 (C®). IR (ATR, cm™): vmax = 2228 (C=N), 1691, 1680, 1571, 1366, 1306, 1271,
1246, 1198, 1184, 849, 831, 787, 731, 523, 517, 492. MS (ESI): m/z (%) 171 ([M + H]*, 100).

2,2’-Biquinoline-6,6’-dicarbonitrile (3)

A flame-dried 250 mL flask was charged with 6-cyanoquinoline N-oxide 17 (2.00 g, 11.8 mmol) and
anhydrous toluene (60 mL), placed under nitrogen atmosphere and heated to 90 °C. Lithium tert-
butoxide (1.0 M in THF, 29.4 mL, 2.5 eq) was slowly added dropwise to the solution. After stirring
for 6 h, toluene was evaporated, and the residue was stirred in CHCIs (80 mL) and water (40 mL).
The precipitated brown solid was collected by filtration and washed with CHCIs. The yellow-brown
sticky residue was resuspended in CHCl3 (20 mL), collected again by filtration and dried under

vacuum yielding 2,2'-biquinoline-6,6'-dicarbonitrile 3 as a yellow-brown solid (1.18 g, 66%).

_ _ Yield 66%. Yellow-brown solid, mp > 260 °C. *H NMR (400 MHz,

/ \
NC O NN O CN' DMSO-ds): 6 6.85 (2H, d, J = 9.2 Hz, H3%), 7.74 (2H, d, J = 9.2 Hz,
H4%), 7.83 (2H, d, J = 8.9, 1.8 Hz, H”7'), 8.18 (2H, d, J = 8.9 Hz, H3¥), 8.28 (2H, d, J = 1.8 Hz, H>%).
13¢ NMR (101 MHz, DMSO-ds): § 102.1 (C%?), 116.0 (C55), 119.4 (C®®), 119.5 (2 x C=N), 119.6
(C%4'),130.0 (C*¥), 130.7 (C77'), 133.4 (C>%), 141.4 (C®2%'), 161.7 (C*?). IR (ATR, cm™): Vmax = 2230

(C=N), 1628, 1551, 1425, 1142, 1086, 901, 820, 597, 513, 419. MS (ESI): m/z (%) 307 ([M + H]*,
100). Anal. Calcd for CaoH10N4: C, 78.42; H, 3.29; N, 18.29. Found: C, 79.39; H, 3.26; N, 18.99.

2,2’-(Pyridine-2,6-diyl)bis(1H-benzimidazole-5-carbonitrile) (4)

3,4-Diaminobenzonitrile 18 (1.87 g, 14.1 mmol, 2 eq) and pyridine-2,6-dicarbaldehyde 19 (0.95 g,
7.0 mmol, 1 eq) were dissolved together in ethanol (100 mL). After stirring the solution for 20
minutes at room temperature, p-benzoquinone (1.52 g, 14.1 mmol, 2 eq) was added and the flask
was equipped with a reflux condenser to heat the solution at reflux temperature for 18 h. Once
complete conversion of the reagents was reached (determined by *H NMR), the mixture was
cooled to room temperature. The formed precipitate was collected by filtration and thoroughly
washed sequentially with cold ethanol and with diethyl ether. The filtrate was partially
concentrated and stored overnight at room temperature. An additional precipitate was formed,
which was also collected. After drying the combined precipitates under vacuum, the title

compound 4 was obtained as a purple-gray solid (1.35 g, 53%).
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bl N4 Yield 53%. Purple-gray solid, mp >260°C. *H NMR (400 MHz,

N NN DMSO-ds): & 7.70 (2H, d, J = 8.4 Hz, H¥5"), 7.93 (2H, d, J = 8.4 Hz,
QN NQ H7"7"), 8.25 (1H, t, J = 7.8 Hz, H*), 8.32 (2H, s, H***"), 8.46 (2H, d, J =
NC CN 7.8 Hz, H3), 13.48 (2H, br s, 2 x NH). 3C NMR (101 MHz, DMSO-ds):

5 104.8 (C°*"), 116.4 (C7"""), 119.8 (2 x C=N), 121.7 (C**"), 122.8 (C3>®), 126.4 (C¥¢"), 139.6 (C*),
147.0 (C?%), 153.1 (C?*¥"). IR (ATR, cm™): vmax = 3161 (NH), 2222 (C=N), 1620, 1599, 1445, 1416,
1312, 1236, 995, 947, 809, 735, 692. MS (ESI): m/z (%) 384 ([M + Na]*, 100). Anal. Calcd for
C21H11N7: C, 69.80; H, 3.07; N, 27.13. Found: C, 69.06; H, 3.21; N, 27.41.

Remark: peak broadening due to rapid benzimidazole tautomerism did not allow to distinguish all
expected 3C signals (C3%, C3*" and C’* C’) from the noise signals in the acquired 3C NMR

spectrum.194-1%

Quinoline-2,6-dicarbonitrile (5)

6-Cyanoquinoline N-oxide 17 (1.00 g, 5.9 mmol) was added to a suspension of potassium cyanide
(1.15 g, 17.6 mmol, 3 eq) in 20 mL MeOH. The flask was placed under a flow of nitrogen gas,
flushing liberated HCN through two consecutive gas washing bottles containing 1 M KOH solution
and 1 M NaS5,03 solution. Acetyl chloride (1.25 mL, 17.6 mmol, 3 eq) was added dropwise over
five minutes, after which the suspension was stirred at room temperature for 20 h. Over the
course of the reaction a color change from yellow to pale pink was observed. Upon addition of
water (30 mL) a pale pink precipitate was formed. The precipitate was collected by filtration,
washed with water and Et;0. Finally, pure quinoline-2,6-dicarbonitrile 5 was obtained after

recrystallization from MeOH as pale pink crystals (606 mg, 58%).

NC N Yield 58%. Pale pink crystals, mp 225 °C. *H NMR (400 MHz, CDCl3): 6 7.84 (1H,

\©\/ND\CN d, J=8.5Hz, H3), 7.99 (1H, dd, J = 8.8, 1.7 Hz, H’), 8.30 (1H, d, J = 8.8 Hz, H8),
8.32 (1H, d, J = 1.7 Hz, H®), 8.41 (1H, d, J = 8.5 Hz, H%). 3C NMR (101 MHz, CDCl3): 6 148.8 (C%),
138.1(C*), 136.5 (C?), 133.9 (C°), 131.7 (C’), 131.7 (C8), 127.8 (C*), 124.9 (C3), 117.6 (C'°=N), 116.7
(C°=N), 113.3 (C®). IR (ATR, cm™): vmax = 2232 (C=N), 1585, 1483, 1396, 1329, 1306, 1215, 917, 843,
833,472. MS (ESI): m/z (%) 180 ([M + H]*, 100). Anal. Calcd for C11HsNs: C, 73.74; H, 2.81; N, 23.45.
Found: C, 74.10; H, 2.86; N, 24.21.

2-(Trichloromethyl)-1H-benzimidazole-5-carbonitrile (20)

Methyl 2,2,2-trichloroacetimidate (620 upL, 5.0 mmol) was added dropwise to 3,4-
diaminobenzonitrile 18 (666 mg, 5.0 mmol, 1 eq) in acetic acid (10 mL). After stirring for 16 h at
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room temperature, water (20 mL) was added, and the suspension was stirred for five more
minutes. The precipitate was collected by filtration, washed with water and dried under vacuum
to afford 2-(trichloromethyl)-1H-benzimidazole-5-carbonitrile 20 as a white-gray solid (1.04 g,
75%).

NC\C[N\ Cl  Yield 75%. White-gray solid. *H NMR (400 MHz, DMSO-de): § 7.74 (1H, d, Jas

—<—Cl

H cl  =8.4Hz),7.82(1H, d, Jas = 8.4 Hz), 8.29 (1H, s). *3C NMR (101 MHz, DMSO-ds):
688.1,105.8,119.4,127.3, 153.5.

Remark: peak broadening due to rapid benzimidazole tautomerism did not allow to distinguish all

expected 13C signals from the noise signals in the acquired *C NMR spectrum, %419

1H-Benzimidazole-2,5-dicarbonitrile (6)

To a solution of 2-(trichloromethyl)-1H-benzimidazole-5-carbonitrile 20 (1.04 g, 4.0 mmol) in
ethanol (70 mL) was aqueous ammonia solution (25 wt%, 150 mL) added. The mixture was stirred
at room temperature for 16 h, after which the solvent was evaporated under reduced pressure
(Caution: use a rotavapor in a fume hood). The solid residue was dispersed in 50 mL water,
sonicated for five minutes, filtered and washed with water. The residue was dried under vacuum
to afford 1H-benzimidazole-2,5-dicarbonitrile 6 as a white-gray solid (0.599 g, 89%).

NC\C[N\ o Yield 89%. White-gray solid, mp > 260 °C. *H NMR (400 MHz, DMSO-de): 6 7.79

(1H, d, Jag = 8.5 Hz, H®), 7.90 (1H, d, Jas = 8.5 Hz, H), 8.40 (1H, s, H%). 13C NMR

(101 MHz, DMSO-ds): 6 106.8 (C°), 111.9 (C=Nimid), 117.1 (C’), 119.1 (C=Nbpenz),

123.4 (C%), 127.5 (C?), 127.7 (C®), 138.5 (C"?), 139.3 (C*3). IR (ATR, cm™): Vmax = 3115 (NH), 2241

(C=N), 1620, 1431, 1410, 1317, 1271, 1221, 1001, 823. MS (ESI): m/z (%) 186 ([M + NH.]*, 100),

169 ([M + H]*, 26). Anal. Calcd for CoHaNa: C, 64.28; H, 2.40; N, 33.32. Found: C, 63.91; H, 2.51; N,
34.11.

4.3 Single-crystal X-ray diffraction data for compound 2

The X-ray diffraction analysis was performed by Prof. Kristof Van Hecke (XStruct, Department of
Chemistry, Faculty of Sciences, Ghent University). CCDC 2095049 contains the supplementary
crystallographic data for compound 2. These data can be obtained free of charge from the

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.

For the structure of compound 2, single-crystal X-ray intensity data were collected at 100 K on a
Rigaku Oxford Diffraction Supernova Dual Source (Cu at zero) diffractometer equipped with an

Atlas CCD detector using w scans and Cu Ko (A = 1.54184 A) radiation. The images were interpreted

53


https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=CCDC%202095049&DatabaseToSearch=Published
http://www.ccdc.cam.ac.uk/structures

Chapter 2

and integrated with the program CrysAlis’™ (Rigaku Oxford Diffraction). Using Olex2,'*® the
structure was solved by direct methods using the ShelXT*’ structure solution program and refined
by full-matrix least-squares on F? using the ShelXL*® program package. Non-hydrogen atoms were
anisotropically refined and the hydrogen atoms in the riding mode and isotropic temperature

factors fixed at 1.2 times U(eq) of the parent atoms.
Crystal data for compound 2

C24H1aNs, M = 358.39 g/mol, monoclinic, space group P2:/n (No. 14), a = 8.60090(10) A, b =
10.41570(10) A, ¢ = 9.58110(10) A, 8 = 97.3100(10)°, V = 851.341(16) A3, Z = 2, T = 100(2) K,
U(Cu Kat) = 0.672 mm™, peaic = 1.398 g cm~3, 8280 reflections measured (12.61° < 20 < 147.536°),
1700 unique (Rint = 0.0228, Rsigma = 0.0166) which were used in all calculations. The final R1 was
0.0353 (/> 20(/)) and wR, was 0.0935 (all data).
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Rh@bpyCTF-catalyzed transfer
hydrogenation of N-heteroarenes

Abstract | Covalent triazine frameworks (CTFs) based on polydentate ligands are highly promising
supports for the coordination of well-defined active metal complexes, hereby combining the well-
known reactivity of homogeneous catalysts with the robustness and recyclability of
heterogeneous catalysts. Herein, we describe the immobilization of a half-sandwich Rh(lll)
complex on a bipyridine-based CTF and its application for the transfer hydrogenation of N-
heteroarenes in water using sodium formate as a benign hydrogen source. The heterogenized
catalyst exhibited excellent activity toward a wide range of quinoxalines and various other N-
heteroarenes. Moreover, the catalyst maintained high activity during recycling and could be

implemented in a continuous flow synthesis.

Based on | J. Everaert, K. Leus, H. Rijckaert, M. Debruyne, K. Van Hecke, R. Morent, N. De Geyter, V. Van
Speybroeck, P. Van Der Voort, C. V. Stevens. Recyclable rhodium catalyst anchored onto bipyridine-covalent
triazine framework for transfer hydrogenation of N-heteroarenes in water. Green Chem. 2023, 25, 3267—
3277.

Contributions | Conceptualization, methodology, catalyst synthesis, catalytic experiments: JE — XPS analysis:
KL, RM, NDG — STEM-EDX measurements: HR — Sorption measurements: JE, MD — Crystallography: KVH —
Supervision: VVS, PVDV, CS.
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1 Introduction

1,2,3,4-Tetrahydroquinoxalines and analogous partially saturated N-heterocycles are prominent
structural motifs in bioactive natural products,®® pharmaceuticals?°®-2%> and agrochemicals,?% as
illustrated in Figure 3.1 with representative examples such as (-)-galipinine, GSK340 and the
recently FDA-approved lumateperone.?’’ Furthermore, 1,2,3,4-tetrahydroquinoxaline derivatives

211

have found utilization in organic dyes,?21% NIR fluorescent probes for bioimaging,?!* as well as

model compounds for tetrahydrofolic acid.?*?
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Figure 3.1. Partially saturated N-heterocycles of assorted biological interest.

In the process of drug design, these N-heterocycles serve as important building blocks for potential
drug candidates with increased three-dimensionality, thereby ‘escaping from flatland’ and
exploring a larger chemical space.?'3?'% Consequently, the synthesis of partially saturated
N-heterocycles has attracted widespread attention. The most straightforward route to these
scaffolds is the regioselective hydrogenation of the parent azaarene. Although catalytic
hydrogenation with molecular hydrogen gas is a very atom-efficient strategy, high pressures and
temperatures are generally required to break the aromaticity in the substrates.?*>2Y7 Hence,
specialized reaction equipment and safety procedures must be in place for handling and storing
the highly flammable hydrogen gas. As an alternative, catalytic transfer hydrogenation with
Hz-surrogates, such as isopropanol or formic acid, offers a mild yet powerful method due to its
operational simplicity and the widespread availability of suitable reducing agents.?!®2%° The
catalysts of choice to assist in the hydrogen transfer are typically half-sandwich complexes of the
noble metals Ru, Rh and Ir due to their superior catalytic activities.?!® In particular, their
performance in aqueous media using formate as hydrogen donor has been extensively studied
over the past two decades.??0223 |n addition to the environmentally benign aspects of water as a
solvent, it has been reported that transfer hydrogenation proceeds much faster in water than in

organic solvents.??422” However, due to their homogeneous nature, their separation from the
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product and recycling are difficult to achieve. These obstacles direct the use of heterogeneous
catalytic systems for more sustainable processes, especially when it comes to catalysts based on

precious and toxic transition metals.

The immobilization of the well-defined metal complexes on a solid porous support is an attractive
strategy to overcome the abovementioned obstacles while maintaining the high activity and
selectivity of the homogeneous catalyst. Moreover, heterogenization facilitates the application of
the catalyst in continuous flow chemistry, which is currently gaining momentum in the fine
chemical and pharmaceutical industry. In this context, covalent triazine frameworks (CTFs) have
recently emerged as promising solid supports for the immobilization of active metal species.8%%2%
230 The nanoporous polymeric materials are composed of organic building blocks that are
covalently linked through triazine units, which provide the framework with superior thermal and
chemical stability.”>®! The modular design of CTFs allows the porosity, pore size, specific surface
area and the surface functionality to be tailored to the chosen application. In addition, the
versatility of these frameworks is beyond limits thanks to an ever-expanding and versatile set of

available building blocks.

CTFs based on 2,2’-bipyridine building blocks possess strong bipyridine-binding
sites,141/144148,153,174-175 Therefore, we considered the heterogenization of a well-defined metal
complex on a bipyridine-based CTF (bpyCTF), allowing the preservation of its coordination
environment and catalytic activity. Recently, the homogeneous [Cp*Rh(bpy)CI]Cl complex (Cp* =
n°-CsMes) has been identified as an effective catalyst for the transfer hydrogenation of various N-

heteroarenes.?3!

Herein, we describe the synthesis of a bpyCTF-supported Cp*Rh catalyst and its
application for the transfer hydrogenation of N-heteroarenes in water using sodium formate as
the hydrogen donor. The broad applicability of the heterogenized catalyst was demonstrated by
the efficient hydrogenation of a wide range of quinoxalines and other N-heteroarenes. The high
stability of the catalyst allowed its easy separation and reuse, and the catalyst could be
implemented in a packed-bed reactor to explore its performance in the continuous flow transfer

hydrogenation.

2 Results and discussion

2.1 Catalyst preparation and characterization

The bipyridine-based CTF (bpyCTF) was prepared from 2,2’-bipyridine-5,5’-dicarbonitrile 2, which
was accessed via a Ni-catalyzed reductive homocoupling of 2-bromo-5-cyanopyridine 1 (Scheme
3.1).181232 The homocoupling proceeded efficiently at a mild temperature and without the need
for an external ligand, since the coupling product itself could serve as a ligand. The monomers

were then polymerized using the classical ionothermal CTF-synthesis method.}”* To this end,
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bipyridine 2 and ZnCl,, which acted both as a solvent and as a Lewis acid catalyst to promote
trimerization, were heated together in a sealed ampoule at 400 °C for 48 h. Treatment of the
resulting CTF with water and aqueous HCI solution (1 M) to remove the remaining ZnCl, and
extensive washing with organic solvents afforded bpyCTF as a glassy black powder. Figure 3.2.

depicts a typical workflow of the CTF synthesis used.

g
SN N
Z |N\
% IN\\rz
N
5 mol% N|C|26H20 SN
NC | N 1.2 eq Zn, 1 eq LiCl m 5 eq ZnCl, N
NC 27— CN =——
N >Br  dry DMF, 50 °C \ N N J 400 °C, 48 h NS
30 min —
1 2 (91%)

ionothermal
synthesis

¥
I

bpyCTF
(86—94%)

Scheme 3.1. Synthesis of bipyridine 2 and its trimerization toward bpyCTF.

e

Figure 3.2. Typical workflow in the synthesis of CTFs. (a) The quartz ampoule filled with building block and ZnCl, is placed
under vacuum. (b) The ampoule under vacuum is sealed by a flame. (c) The flame-sealed ampoules containing the reagents
as a white powder mixture are placed in the oven and heated. (d) The flame-sealed ampoules after the ionothermal heating
process containing CTF as black powder. (e) The resulting CTF powder after being washed with a range of solvents and after
drying under vacuum.
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The completion of the trimerization was confirmed by comparing the Fourier transform infrared
(FT-IR) spectra of bpyCTF and bipyridine 2 (Figure 3.3a). The typical C=N stretching band at
2239 cm™! disappears in the spectrum of bpyCTF, whereas the characteristic stretching bands for
triazine at 1513 and 1348 cm™ are present.”>”* However, the measured spectrum shows only
broad absorption bands, indicating that the formed CTF deviates from the idealized framework
structure. In addition, elemental analysis of bpyCTF reveals an increased C/N atomic ratio of 5.1
compared to the theoretical ratio of 3.0, demonstrating the occurrence of partial carbonization of
the framework during the synthesis reaction, as is known for CTFs synthesized under the harsh
ionothermal conditions (Table 3.1).8%233 The powder X-ray diffraction (PXRD) pattern of bpyCTF
features a broad diffraction peak centered at 28 = 26°, corresponding to the (001) plane and
indicating n—mt stacking of the individual CTF layers (Figure 3.3b).}”* From the 20 angle, an idealized
interlayer distance of 3.5 A is derived using Bragg’s law’. However, the broadness of the diffraction
peak indicates a limited long-range order of the material, which is the result of the harsh

ionothermal conditions.
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Figure 3.3. (a) FT-IR spectral comparison between 2,2’-bipyridine-5,5’-dicarbonitrile 2 (top) and bpyCTF (bottom). (b)
Powder X-ray diffraction pattern of bpyCTF.

Table 3.1. Elemental analysis (C/H/N) of bpyCTF.

Calculated Found
C (wt%) 69.9 60.3
H (wt%) 2.9 3.1
N (Wt%) 27.2 15.5
Residue (wt%) - 21.1
C/N atomic ratio 3.0 5.1

t 1 :
Bragg's law: nd = 2d sin 6
with n: an integer; A:wavelength; 6: glancing angle; d: plane spacing
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The numerous bipyridine motifs in bpyCTF provide excellent anchoring sites for metal complexes.
Therefore, Rh@bpyCTF was readily prepared in a post-synthetic metalation approach using
[Cp*RhCl,]2 as the catalyst precursor (Scheme 3.2). The metal complex was used at a Rh/bpy ratio
of 5 mol% or 0.24 mmol g™* (2.5 wt%). To our delight, almost all of the added catalyst precursor
was grafted to bpyCTF, as indicated by an actual Rh loading of 4.6 mol% or 0.22 mmol g*
(2.3 wt%), as measured by inductively coupled plasma-optical emission spectrometry (ICP-OES).
The close approximation of the actual Rh content to the targeted content demonstrates that the
rhodium loading can be easily modulated by the added amount of catalyst precursor. The
presence of Rh was further confirmed by combined scanning transmission electron microscopy
(STEM) and energy-dispersive X-ray (EDX) spectroscopy, showing a homogeneous distribution of

the Rh atoms within the framework (Figure 3.4).
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Scheme 3.2. Preparation of Rh@bpyCTF by post-synthetic metalation of bpyCTF with [Cp*RhCl.]s.

Figure 3.4. HAADF-STEM image of Rh@bpyCTF with corresponding EDX elemental mapping of carbon, nitrogen, and
rhodium.

The permanent porosity of bpyCTF and Rh@bpyCTF was assessed by N; sorption measurements
at 77 K (Figure 3.5). Both CTFs exhibit isotherms characterized by a steep increase at low relative
pressures (P/Po<0.03), after which they quickly reach a plateau. According to the IUPAC

classification, the isotherms clearly represent a Type | isotherm, which is typically given by purely
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microporous materials.?° The calculated Brunauer—Emmett—Teller (BET) specific surface area for
bpyCTF is 671 m? g%, which is comparable to values reported in the literature.®4'4! Furthermore,
bpyCTF has a total pore volume of 0.27 cm3 g™* and a narrow pore size distribution centered at
1.67 nm, highlighting its microporosity (Figure S3.).23* Upon metalation with the Rh complex, the
BET specific surface area decreased to 408 m? g and the total pore volume to 0.22 cm3g™,
suggesting the partial pore occupation by the anchored metal complex. Nevertheless, Rh@bpyCTF

still exhibits abundant porosity, which ensures the accessibility of the catalytic sites.
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Figure 3.5. Nitrogen adsorption (®) and desorption (o) isotherms of bpyCTF and Rh@bpyCTF at 77 K.

A deeper understanding of the chemical bonding states of the elements present in the CTFs was
provided by X-ray photoelectron spectroscopy (XPS). The high-resolution C 1s spectrum of
Rh@bpyCTF, depicted in Figure 3.6a, remains similar to that of pristine bpyCTF (Figure S3.2) and
shows two main peaks located at 284.9 and 285.7 eV, corresponding to aromatic (C=C) and
bipyridine/triazine (C=N) carbon atoms, respectively.?*> The weak contributions at 288.0 and 288.9
eV indicated the minor presence of the surface oxygen species C=0 and O—C=0, respectively. The
binding states of nitrogen in bpyCTF were analyzed in the high-resolution N 1s XPS spectrum
(Figure 3.6c). Contributions from four types of nitrogen species can be distinguished in the curve
fitting. A dominant peak appears at 398.6 eV, associated with pyridinic nitrogen from the
bipyridine and triazine moieties.?33236-237 The signals at 400.0 and 401.2 eV are assigned to pyrrolic
and graphitic nitrogen species, respectively. The presence of these nitrogen species confirms the
occurrence of decomposition reactions during the ionothermal synthesis. In addition, nitrogen
atoms coordinated to residual Zn, which would also contribute to the pyrrolic nitrogen peak,
should be considered. However, since no Zn was detected in the XPS survey spectrum, its presence

is insignificant (Figure S3.3). A broad, almost negligible peak at 404.6 eV can be assigned to
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pyridinic N-oxide species presumably formed by contact with air after the synthesis. The N 1s
spectrum of Rh@bpyCTF exhibits an enhanced relative intensity at 400.0 eV, confirming the
coordination of bipyridine-derived pyridinic nitrogen with Rh (Figure 3.6d). As the Rh metal center
withdraws valence electron density from the pyridinic nitrogen species, the core electrons of
nitrogen bind more strongly to the nucleus, causing a shift of the pyridinic nitrogen peak toward
higher binding energies. A similar shift was observed by Soorholtz et al. for a pyridine CTF
coordinated to Pt.12 In the Rh 3d XPS spectrum of Rh@bpyCTF (Figure 3.6b), the peaks observed
at binding energies 309.5 and 314.2 eV are characteristic for the Rh 3ds; and 3ds/; core levels,
respectively, and correspond to a +3 oxidation state.?*® The 3ds, peak observed for Rh@bpyCTF
is shifted to a significantly higher binding energy compared to the Rh 3ds/; peak at 308.3 eV
reported for the catalyst precursor used, [Cp*RhCl,],.2%° This shift clearly demonstrates a change

in the coordination environment of the Rh cation and confirms the effective coordination by

bpyCTF.
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Figure 3.6. (a) High-resolution C 1s XPS spectrum and (b) Rh 3d XPS spectrum of Rhn@bpyCTF. High-resolution N 1s XPS spectra
of (c) bpyCTF and (d) Rh@bpyCTF.
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2.2 Application of Rh@bpyCTF as transfer hydrogenation catalyst

2.2.1 Optimization of the reaction conditions

After the successful preparation of Rhn@bpyCTF, we investigated the catalytic performance of the
heterogeneous catalyst for the transfer hydrogenation of N-heteroarenes using an aqueous buffer
solution of formic acid and sodium formate as the hydrogen source. We initially focused on the
reduction of quinoxaline derivatives and therefore used 2-methylquinoxaline 3a as a model
substrate to screen for the optimal reaction conditions. It should be noted that all reactions were

performed without protective atmosphere and degassing, rendering the reduction reaction more

practical in use.

Previous studies on the catalytic transfer hydrogenation of ketones, imines and N-heteroarenes in
water have shown that the pH value of the medium has a critical effect on the reaction rate, with
acidic conditions being more favorable.?2>227:231,240-241 \\e therefore investigated the activity of
Rh@bpyCTF at various pH values ranging from 2.0 to 6.0 by altering the ratio of formic acid to
sodium formate. As expected, high catalytic activities were observed only within a certain acidic
pH window, with the highest conversion achieved at pH 4.5 (Figure 3.7). This pH optimum is the
same as that reported for the homogeneous [Cp*Rh(bpy)CI]Cl complex, demonstrating that the

immobilization on the bpyCTF did not affect its pH dependency in the reaction.?*!
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Figure 3.7. Conversion as function of the medium’s initial pH value. Reaction conditions: 2-methylquinoxaline 3a (0.5 mmol),
Rh@bpyCTF (0.25 mol% Rh), aqueous HCOOH/HCOONa buffer solution (2 M, 5 mL), 80 °C. Conversions were determined by
IH NMR analysis after 20 min reaction.

Similar pH-dependent activity was previously observed by Ogo and co-workers for analogous Ru(ll)
and Ir(lll) complexes.?4%:242243 Based on their studies with carbonyl substrates, the pH-dependent
behavior of the transfer reaction was rationalized by (1) the pH-dependent formation of the
catalytically active species and (2) the protonation of the substrate. The latter renders the
substrate more susceptible to nucleophilic attack by a hydride. Xiao and co-workers, who reported

the Ir-catalyzed transfer hydrogenation of quinolines, suggested that the optimum pH is related
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to the pK. of the substrate under study, in their case quinoline (pKa 5.4).24%2% However,
quinoxaline (pKa 0.56),%%> being much less basic than quinoline, is far less protonated at the
optimum pH of 4.5. This suggests that substrate protonation is not the dominant factor in the

dependency of pH.

On the other hand, based on the studies of Ogo and colleagues,**>*>* the pH-dependent formation
of the catalytically active species can be explained as follows: in agueous medium, the chlorido
ligand is easily displaced by a water molecule (Scheme 3.3, complex 1), which is also a labile ligand,
and thus provides an easy access to a vacant site. The pKa value of formic acid at the concentration
studied is 3.6.2%° Thus, above pH 3.6, formic acid predominantly appears as HCOO™, which binds to
the Rh center to afford the formato—Rh complex Il. The hydrido—Rh complex lll is then generated
through a B-hydrogen elimination accompanied with the evolution of C0O,.2*¢ This hydrido complex
then serves as the active reducing species by transfer of the hydride to the substrate. At lower pH
values, the hydrido ligand can be protonated to form H,, thereby interrupting the catalytic cycle.
The low activity above pH 5.5 can be rationalized by considering the deprotonation of the aqua
ligand to a hydroxo ligand, which is significantly less labile and thus ligand exchange with HCOO~

becomes inhibited.?4%%43

Cco, HCOO™

Scheme 3.3. Proposed mechanism for the transfer hydrogenation of N-heterocycles catalyzed by Rh@bpyCTF.
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In addition to transfer hydrogenation, concomitant N-formylation of the hydrogenated product
occurred below pH 4 and became more pronounced as the pH decreased. This side reaction has
often been observed when formic acid is used as a hydrogen donor and requires an additional

hydrolysis step to convert the N-formyl side product into the desired product.???

The effect of an excess of formate used in the reaction was then investigated (Figure 3.8a). As
expected, the conversion rate increased rapidly with increasing concentrations of hydrogen
donor. This acceleration leveled off when 40 equivalents of formate (4 M solution) was used, and
almost complete conversion after 2 h was already obtained with 20 equivalents (2 M solution).
Therefore, 20 equivalents of formate was considered as the optimum amount. Temperature also
had a pronounced effect on the Rh@bpyCTF catalyzed transfer hydrogenation, with higher
temperatures being more beneficial (Figure 3.8b). While a high conversion was achieved at 80 °C,
the reaction rate decreased drastically when the reaction was carried out at room temperature,
with only 4% conversion in 2 h. Even at an elevated temperature of 40 °C, the reaction proceeded

slowly, reaching only 10% conversion.
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Figure 3.8. (a) Conversion as function of added equivalents formate. Reaction conditions: 2-methylquinoxaline 3a (0.5 mmol),
Rb@bpyCTF (0.25 mol% Rh), HCOOH/HCOONa buffer solution (resp. 0, 0.5, 1, 2, 4 M; pH 4.5, 5 mL), 80 °C. Conversions were
determined by H NMR analysis after 2 h reaction. (b) Temperature effect on the reaction rate of the transfer hydrogenation
of 2-methylquinoxaline 3a (0.5 mmol) catalyzed by Rh@bpyCTF in a HCOOH/HCOONa buffer solution (2 M, pH 4.5, 5 mL).
Conversions were determined by 'H NMR analysis after 2 h reaction.

The catalyst loadings were then reduced to assess the effectiveness of the catalyst. As a control
experiment, it was verified that the transfer hydrogenation of 2-methylquinoxaline 3a did not take
place in absence of the Rh catalyst (Table 3.2, entry 1). Similarly, pristine bpyCTF itself did not
show any activity. In contrast, the reaction with Rhn@bpyCTF was completed in 2 h with a catalyst
loading of 0.25 mol% Rh (entry 2). Reducing the loading to 0.1 mol% Rh gave a conversion of 36%
after the same reaction time, but increased to 90% after 24 h (entries 4 and 5). Further reduction
of the loading to 0.02 mol% Rh resulted in a conversion of only 28% after 24 h (entry 6). The
catalyst precursor, [Cp*RhCl;];, showed no activity, while the homogeneous [Cp*Rh(bpy)CI]CI

catalyst gave almost complete conversion in 1 h (entries 7 and 8).
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Table 3.2. Rhodium-catalyzed transfer hydrogenation of 2-methylquinoxaline 3a.2

Entry Catalyst Rh (mol%) Time(h)  Conversion (%)°
1 None - 24 0
2 bpyCTF - 24 0
3 Rh@bpyCTF 0.25 2 >99
4  Rh@bpyCTF 0.1 2 36
5 Rh@bpyCTF 0.1 24 90
6  Rh@bpyCTF 0.02 24 28
7 [Cp*RhCl1]; 0.25 24 0
8  [Cp*Rh(bpy)ClICI 0.25 1 98

2Reaction conditions: 2-methylquinoxaline 3a (0.5 mmol), Rh complex or Rh@bpyCTF (0.25 mol%
Rh, 5.6 mg Rh@bpyCTF), aqueous HCOOH/HCOONa buffer (2 M, pH 4.5, 5 mL), 80 °C.

b Determined by *H NMR analysis.

¢1.25 mmol 3ain 12.5 mL buffer solution.

46.25 mmol 3ain 62.5 mL buffer solution.

The kinetic profiles of the transfer hydrogenation reaction under the homogeneous and
heterogeneous catalysis are compared in Figure 3.9. In both cases, the hydrogen transfer is fast
from the beginning. The rate of the heterogeneous reaction was slightly lower than that of the

homogeneous counterpart, due to diffusion limitation inherent to a porous matrix such as bpyCTF.
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Figure 3.9. Reaction profiles for the transfer hydrogenation catalyzed by heterogeneous Rh@bpyCTF compared to
homogeneous [Cp*Rh(bpy)CI]ICIl. Reaction conditions: 3a (0.5 mmol), Rh catalyst (0.25 mol% Rh), aqueous HCOOH/HCOONa
buffer solution (2 M, pH 4.5, 5 mL) at 80 °C.

2.2.2 Hot-filtration test

The heterogeneity of the Rh@bpyCTF catalyst was evaluated by a hot-filtration test. To this end,
Rh@bpyCTF was removed from the reaction mixture by filtration partway through the transfer
hydrogenation reaction. The filtrate was then allowed to react further for an additional 18 h. After
removal of the catalyst, no further conversion of the substrate was observed, demonstrating that

the catalysis is truly performed by the heterogeneous Rh@bpyCTF, and that leaching of the active
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metal species is negligible (Figure 3.10). However, since potentially leached Cp*Rh species may
not be active for the transfer hydrogenation without comprising a 2,2’-bipyridine ligand (see Table
3.2, entry 7), an additional filtration test was performed in which free bipyridine ligand was added
to the reaction mixture from the start. Again, no increase in substrate conversion was observed,

demonstrating that bpyCTF firmly coordinates the Rh complex.

100 A
g N —
[ - L 2 —e
Rel
(%]
s 20 1 no filtration
>
c
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© —e— with filtration
—=e— bpy added;
with filtration
0 T T T T T T T T T T IIII T
0 1 2 3 18

Reaction time (h)

Figure 3.10. Hot-filtration test for Rh@bpyCTF. Yellow: unfiltered reaction with 2-methylquinoxaline 3a (0.5 mmol),
Rh@bpyCTF (5.6 mg, 0.25 mol% Rh), aqueous HCOOH/HCOONa solution (2 M, pH 4.5, 5 mL), 80 °C. red: the catalyst was
removed by filtration after 1 h. Blue: 2,2’-bipyridine (1.25 mol%) was added from the start of the reaction. The catalyst was
removed by filtration after 1 h.

2.2.3 Substrate scope

Considering the good performance of Rh@bpyCTF under the optimized conditions, the general
applicability of the catalyst has been studied through the transfer hydrogenation of various
quinoxalines and, by extension, of other N-heteroaromatic scaffolds. Therefore, a series of
qguinoxaline substrates were synthesized, comprising 2- and 2,3-substituted quinoxalines bearing
small and bulky substituents and quinoxalines with electron-donating and -withdrawing groups on
the C6-position. The quinoxaline substrates were prepared following known procedures. For
instance, 2-tert-butylquinoxaline 3b was accessed through the decarboxylative alkylation of
quinoxaline 5 in a classical Minisci reaction with pivalic acid 6 (Scheme 3.4).24” Carrying out the
reaction in neat water gave additional formation of 8% 2,6-di-tert-butylquinoxaline, which could
not be separated from the desired product by column chromatography using PE/EtOAc. In
contrast, performing the reaction in a biphasic system of water and dichloromethane selectively
furnished monoalkylated quinoxaline 3b, because extraction of the more lipophilic alkylated
product by the organic phase inhibited further alkylation. This way, pure 2-tert-butylquinoxaline

3b was isolated in a yield of 73% after column chromatography
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5 Minisci reaction 3b (73%)

Scheme 3.4. Synthesis of 2-tert-butylquinoxaline 3b.

The cyclization—oxidation of 2-bromoacetophenone 7 with benzene-1,2-diamine 8a in the

presence of pyridine gave 2-phenylquinoxaline 3¢ (Scheme 3.5).248

NH,
1eq ©:
NH
0 8a 2

©)J\/Br 10 mol% pyridine ©:N\
THF, 1, 2h N

7 3¢ (60%)

Scheme 3.5. Synthesis of 2-phenylquinoxaline 3c.

A set of 2,3-disubstituted quinoxalines was prepared by condensation between
o-phenylenediamines 8 and 1,2-diketones 10 (Scheme 3.6). Quinoxalines 3d,e,i—k were of high
purity after work-up by extraction and did not require any purification step for further use. In
contrast, pure quinoxalines 3f and 3h were obtained after normal-phase column chromatography,
whereas pure quinoxaline 3g crystallized from the reaction mixture upon formation. All eight

qguinoxalines were isolated in good to excellent yields ranging from 72 to 99%.
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Scheme 3.6. Synthesis of 2,3-disubstituted quinoxalines 3d—k via condensation reaction.

Next, the synthesized quinoxaline substrates were employed in the transfer hydrogenation
catalyzed by Rh@bpyCTF. The reactions were carried out using an aqueous HCOOH/HCOONa
buffer solution at the optimal pH 4.5 and at 80 °C. From the initial attempts, it became clear that
some of the quinoxaline substrates required prolonged reaction times. To ensure the buffering
capability of the reaction solution, the 2 M buffer solution was switched to a4 M HCOOH/HCOONa
buffer solution. Moreover, in the process of studying the substrate scope we found that not all
the substrates dissolved well in the aqueous medium, which may lead to low conversions.
Therefore, substrates were introduced into the reaction mixture as a concentrated solution in
EtOAc. This addition resulted in a biphasic liquid, for which a high stirring rate was used to ensure
adequate mixing. Using acetonitirle as a water miscible organic solvent resulted in a rapid

decrease in catalytic activity after the first reaction cycle and was therefore abandoned.

Rh@bpyCTF exhibited high reactivity toward all the examined quinoxalines, with full conversions
within 10 h or less, using a catalyst loading as low as 0.25 mol% Rh (Table 3.3). The corresponding
1,2,3,4-tetrahydroquinoxalines 11a—j were isolated in good to excellent yields (75-96%). The
2-substituted quinoxalines 3b and 3c, bearing a sterically demanding tert-butyl and phenyl group,
respectively, were easily hydrogenated to the corresponding tetrahydroquinoxalines, albeit with
prolonged reaction times. The reactions with 2,3-dialkyl-substituted quinoxalines 3d,e,h—j
afforded the corresponding tetrahydroquinoxalines as mixtures of cis- and trans-isomers, with the
cis-isomer predominating. The diastereoselectivity for tetrahydroquinoxalines 11d,e,h—j could be
determined from the chemical shifts (6) and coupling constants (J) of the C2 and C3 methine
protons in *H NMR spectroscopy (8w trans < Sm,cis and Jua-n3cis < Jua-H3 trans).2*° In contrast, only one
diastereomer was observed when quinoxalines 3f and 3g, which both having a phenyl group on

the pyrazine ring, were employed in the reaction. The relative configuration of
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tetrahydroquinoxaline 11f were readily deduced from the H NMR spectrum (CDCls), which
showed a small vicinal coupling constant of 3.2 Hz between the C2 and C3 methine protons,
consistent with substituents adopting the cis-configuration.?®® In the case of
tetrahydroquinoxaline 11g, the *H NMR (CDCls) signal of the methine protons appeared as a singlet
at 4.74 ppm, consistent with the chemical shift reported for the cis-isomer.?* In addition, single-
crystal X-ray diffraction analysis of 11g unequivocally established the cis-configuration of the

phenyl substituents (Figure 3.11).

cis-11g

Figure 3.11. Molecular structure of meso-2,3-diphenyl-1,2,3,4-tetrahydroquinoxaline 11g, showing the cis-configuration of
the phenyl substituents. Thermal displacement ellipsoids are drawn at the 50% probability level.

Furthermore, the Rh@bpyCTF-catalyzed reaction was compatible with the electron-donating
methoxy group (entry 8), and with the electron-withdrawing cyano and halogen substituents
(entries 9 and 10). Quinoxalines 3h—j were readily transformed and the corresponding
tetrahydroquinoxalines 11h—j were isolated in excellent yields. Fortunately, no dehalogenation
was observed in the case of the chlorine substituted quinoxaline 3i. Accelerated hydrogen transfer
was noticed for quinoxaline 3j because the electron-withdrawing cyano group renders the
substrate more susceptible to nucleophilic attack. For 6-nitro-2,3-dimethylquinoxaline 3k, the
aromaticity of the quinoxaline scaffold was retained under these conditions, while the nitro group
was chemoselectively reduced to an amino group. Further addition of fresh catalyst to the reaction
mixture did not result in any reduction of the aromatic ring moiety, and thus 2,3-

dimethylquinoxalin-6-amine 3k was obtained as the final product, this in a yield of 77%.
Table 3.3. Transfer hydrogenation of quinoxalines in water catalyzed by Rh@bpyCTF.?
Rh@bpyCTF H
3 1

R\©:N\:[R (0.25 mol% Rh) RS\@:NIR1
N“>R? 4 MHCOOH/HCOONa N R

pH 4.5, 80 °C, 3-10 h H

3a-k > 99% conversion 11a-k

Time Yield®
(h) (%)

oo Ul e o U
3a Ma

Entry Substrate Product
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Table 3.3. Continued

X —
Entry Substrate Product T;:')e Y'(‘:/';’
(1)
H
Cro. L
3b N
11b
oL o
3 N [::I:N 10 85
3¢ 11c H
se Qe
76
4 N/ Nji 5 (75/25)c
3 110 7
L o
82
i § N:I:// > (83/17)
3e 11e 1
H
CL o
75
6 NI@ Hj:(j (100/0)
3
cis-11f
O Ye
N
) 77
7 X X 10
Ao Yo e
% cis-11g
Me0\©:Nji MeO HI -
i \ :N 8 (7a)26)
3h 110 H

C|\©:N\ji cl H

92

9 N \Q:NI 7 (81/19)
3i 11i H
NC\C[NI NC “

96

10 N ©:NI 2 (83/17F
3 11j H

11 N N 8 77
3k 11k

a Reaction conditions: substrate 3 (0.7 mmol), Rh@bpyCTF (0.25 mol% Rh),
HCOOH/HCOONa (4 M, pH 4.5, 7 mL), 80 °C.

b|solated yields.

¢ Cis/trans ratio determined by 'H NMR analysis (CDCls) of the crude reaction mixture.
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Following the successful transformation of these quinoxaline derivatives, the potential of
Rh@bpyCTF as a versatile catalyst was further demonstrated by extending the scope to various
other N-heteroaromatic scaffolds (Table 3.4). Under the same reaction conditions, all investigated
N-heteroarenes were reduced with full conversion, and the corresponding products could be
isolated in very good to excellent yields (80—-99%). 2-Methylquinoline 12a was reduced in a clean
and regioselective reaction, yielding 2-methyl-1,2,3,4-tetrahydroquinoline 13a in very high purity
and near quantitative yield (99%). 1,5-Naphthyridine 12b was selectively hydrogenated in only
one pyridine ring. The reaction with phenanthrolines 12c¢ and 12d, both strong N-bidentate
ligands, did not affect the activity of Rh@bpyCTF (entries 3 and 4). The reduction of 2,9-dimethyl-
1,10-phenanthroline 12c gave the partially hydrogenated 1,2,3,4-tetrahydrophenanthroline 13c
as the sole product, in line with the findings in previous reports.?>! In sharp contrast, the reduction
of unsubstituted 1,10-phenanthroline achieved complete conversion in 3 h, but resulted in a
mixture of tetrahydrophenanthroline and octahydrophenanthroline 13d (THphen/OHphen =
73/27). Extending the reaction time to 24 h, resulted in complete conversion to the latter

compound.

Table 3.4. Transfer hydrogenation of various N-heteroaromatic scaffolds in water
catalyzed by Rh@bpyCTF.2

: —
Entry Substrate Product Time Yield

(h) (%)
Cr. L
1 NG N 4 99
12a 13:«1H
|N\ X |N\
2 NN N 8 85
12b 13p M
4
3 =N’ HN 6 87
13c
4 /_ _\ < ; 2 > 24 82
N N NH HN
12d 13d
L0
5 NG ’;1' 1 91
12e 13e
Con G
6 N NTH 24 80
12f 13f (o]

a Reaction conditions: 12 (0.7 mmol), Rh@bpyCTF (0.25 mol% Rh), aqueous
HCOOH/HCOONa (4 M, pH 4.5, 7 mL), 80 °C.
b|solated yields.
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In addition, acridine 12e was readily reduced to the 9,10-dihydro product 13e and obtained in a
high yield of 91%. In the reduction of phthalazine 12f only one of the imine bonds was
hydrogenated, while the other imine bond remained untouched. Moreover, the hydrogenated
product underwent rapid N-formylation at the amino nitrogen, and complete conversion to
phthalazine-2(1H)-carbaldehyde 13f was obtained. The N-formyl group of phthalazine-2(1H)-
carbaldehyde 13f could be cleaved by NaOH-mediated hydrolysis in an ethanol/water mixture
under reflux conditions (Scheme 3.7). However, the targeted 1,2-dihydrophthalazine 14 could not
be isolated in a pure state. 'H NMR analysis revealed that the crude product also contained
phthalazine 12f to a minor extent (14/12f = 96/4). A second 'H NMR analysis of the same sample
four days later showed an increase in the amount of phthalazine (14/12f = 79/21), indicating that
1,2-dihydrophthalazine 14 is sensitive to air and was readily oxidized upon exposure during the
hydrolysis reaction. This result is consistent with reports in the literature.?°>2>3 Nevertheless, a
straightforward procedure for the cleavage of the N-formyl group is provided that can be

extrapolated to other N-heterocycles.

) | + |
NY H  EtoH/H,0 (2/1) NH =N
13f o) A,2h 14 12f

(68%, 14/12f = 96/4)

Scheme 3.7. NaOH-mediated cleavage of the N-formyl group.

2.2.4 Catalyst recycling experiments

To be relevant for practical applications, the catalyst must maintain its high activity over several
reaction runs. Therefore, the long-term stability was studied over six runs. After each run the
catalyst was recovered by filtration and dried at 100 °C before being reused in the next reaction.
In general, the catalyst maintained its high activity throughout the recycling experiment,
demonstrating its high stability (Figure 3.12). However, in the 5th run, the conversion toward 3a
slightly decreased to 89%, yet complete conversion was achieved with prolonged reaction times.
In the 6th run, the conversion remained steady and did not decrease further. Furthermore, the
crude product obtained in the first run did not contain any detectable amount of leached rhodium
(< 0.003 wt%) as evidenced by ICP-OES analysis. Moreover, the Rh loading on Rh@bpyCTF after
six reaction runs was still 1.9 wt% compared to the initial loading of 2.3 wt%. The decrease in Rh
loading could be explained by small losses of Rh loading during catalyst recovery or by residues in
the pores, making the CTF heavier. Lastly, XPS analysis of Rh@bpyCTF after recycling showed no
change in the binding state of the Rh metal center (Figure S3.4).
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Figure 3.12. Recycling experiment with Rh@bpyCTF. Conversions to 2-methyl-1,2,3,4-tetrahydroquinoxaline 11a were
determined by IH NMR analysis after 3 h reaction. The lower conversion in reaction run 2 is most likely due to batch variability.

Reaction conditions: 3a (2.5 mmol), Rhn@bpyCTF (28.1 mg, 0.25 mol% Rh), aqueous HCOOH/HCOONa solution (4 M, pH 4.5,
25mL), 80 °C, 3 h.

2.2.5 Catalyst comparison

To demonstrate the merits of our catalytic system, we compared the Rh@bpyCTF-catalyzed
transfer hydrogenation to other reported heterogeneous catalytic systems that use formic acid or
formate as the hydrogen source (Table 3.5). Although a one-on-one comparison is not
straightforward because of the different reaction conditions, the comparison of the catalysts
showed that Rh@bpyCTF is a very efficient catalyst, achieving high reaction rates with a lower
catalyst loading, and can operate effectively in water as a green solvent (entries 1 and 2 vs. 7).2%*
Besides, no protective atmosphere was required, which contributes to the operational simplicity
of the reaction (entry 5 vs. 7). Furthermore, by controlling the pH, we were able to selectively
reduce the substrate to the non-formylated product, whereas the catalytic systems of entries 1
and 6 yielded mixtures that required an additional hydrolysis step. Rhn@bpy-PMO of Matsui et al.
showed similar high activity as Rhn@bpyCTF, but lost significant activity after four reaction runs
(entry 3).2%°
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Table 3.5. Comparison of Rh@bpyCTF to reported heterogeneous catalysts for the transfer hydrogenation of 2-
methylquinoline with formic acid or formate.

Entry Catalyst Conditions TON? TOF (h™)* Ref.

1  Au@NH;-SBA-15 HCOOH (30 eq), EtsN (5.25 eq), anhyd DMF, 130°C 100 32 256
(1 mol% Au)

2 Au/TiOx-R HCOOH (20 eq), EtsN/DMF (1/8), 130 °C 99 235 257
(1 mol% Au)

3 Rh@bpy-PMO HCOOH/HCOONa (8.7 eq), H20, 80 °C 500¢ 120 255
(0.2 mol% Rh)

4 Ir/Si HCOOH (2 eq), H20, 80 °C 100 7 258
(1 mol% Ir)

5 Co@OMNC-700 HCOOH (8.5 eq), H20, N2 atm, 140 °C 9¢ 2 259
(10.6 mol% Co)

6 Co@C-Ngoo HCOOH (15 eq), H20, 130 °C 100%¢ 17 260
(0.9 mol% Co)

7 Rh@bpyCTF HCOOH/HCOONa (40 eq), H20, 80 °C 400 100  This work

(0.25 mol% Rh)

a Turnover number.

b Global turnover frequency over the course of the reaction.
¢ 2,3-Dimethylquinoxaline as substrate.

d Quinoline as substrate.

e Also N-formylated product, 87% selectivity.

2.3 Continuous flow transfer hydrogenation

Given the good performance of Rh@bpyCTF under batch conditions, we wanted to take full
advantage of the heterogenization of the Rh catalyst and translated the batch transfer
hydrogenation reaction into a continuous flow process using microreactor technology.
Immobilization of the CTF-supported Rh complex in a packed-bed column results in a high local
concentration of the Rh catalyst, which could lead to higher reaction rates. Moreover, separation
of the catalyst from the product is inherent as the catalyst is retained in the column. Although
catalytic transformations under flow conditions are receiving increasing attention, the use of COFs
as catalysts in liquid flow reactions is still in its infancy, as reflected by the limited number of

reported studies.?61-262

To explore the feasibility of using Rh@bpyCTF in a continuous flow process, proof-of-concept
experiments were conducted on the transfer hydrogenation of 2-methylquinoxaline. A packed-
bed reactor was prepared by filling a PTFE tube with a mixture of Rh@bpyCTF and glass beads
(Figure S3.6). Inert glass beads were added to overcome high back pressures due to the
accommodation of fine particles. The packed-bed column was heated to 80 °C by means of a GC
oven and reagents were passed through the column by using reciprocating pumps. A liquid-liquid
separator (Zaiput) was integrated at the end of the setup to separate the organic product stream
from the aqueous formate stream. The conversions toward the product 11a obtained by varying
the conditions are summarized in Table 3.6. Nearly complete conversion of 3a was achieved in

short contact times by using a large excess of formate (entry 1). However, the high conversion
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could not be maintained for long periods of time, most probably due to displacement of the CTF
particles and channel formation within the packed bed. Due to this channeling, part of the reagent
stream does not get into contact with the CTF catalyst and hence is not converted. A more robust
reactor configuration therefore needs to be designed. A simple modification to the current reactor
would be to divide the CTF material into smaller consecutive segments separated by an inert
material (Figure S3.7). This modification could result in less loose packing of the bed and therefore
better containment of the CTF particles within the segments. However, an arguably more
fundamental approach would be to shape the CTF catalyst into uniform pellets, or even better, to
coat a monolith or 3D-printed structured reactor with the CTF catalyst, as these reactor
configurations could minimize pressure drops in the reactor and could prevent mobility of the

packing particles.?®3

Table 3.6. Preliminary results of the continuous flow transfer hydrogenation with a Rh@bpyCTF-catalyst bed.

O 7 80°C | L-L

FR, : separator

3a (in EtOAc)

L.

HCOOH/HCOONaaq 11a (in EtOAc)
oH49 wasoos

FR,
Entry? [3a] [HCOO7] FR: FR; HCOO- CT® TOS¢  Conversion®
(m) (m) (mLmin™?) (mLmin™?) (eq) (s) (min) 11a (%)

20 97

1 0.5 2 0.1 0.9 36 20 75 94
15 58

2 0.25 0.5 0.2 0.8 8 20 20 58
25 41
15 74

3 0.25 1 0.2 0.8 16 20 20 68
25 62
15 99

4 0.5 2 0.1 0.4 16 40 20 84
25 59

a Experiments were performed in the given order using the same packed-bed column.
b Approximated mean contact time of the reactants with the catalyst bed.

¢ Time-on-stream

d Determined by 'H NMR analysis.
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3 Conclusion

A bipyridine-based CTF has been successfully applied as support for the immobilization of a
Cp*Rh(lll) complex. The heterogeneous Rh@bpyCTF catalyst exhibited high activity for the
transfer hydrogenation of N-heteroarenes in water, using easy-to-handle sodium formate as the
hydrogen donor. The reactivity was highly pH dependent, with the highest conversion rate at pH
4.5. A very wide range of quinoxalines and other N-heteroarenes underwent transfer
hydrogenation to afford the products in good to excellent yields, highlighting the versatility of the
catalyst. Moreover, the catalyst could be easily recovered by filtration and the recovered catalyst
remained highly active for at least six reaction runs, proving the sustainable nature of this catalytic
system. Additionally, the applicability of the catalyst under continuous flow conditions was
explored in preliminary experiments, but the reactor design needs further optimization. All
together, bpyCTF performed well as a support material for the heterogenization of molecular
active metal centers, thereby bridging the gap between homogeneous and heterogeneous

catalysis.
4 Experimental details

4.1 General methods

Solvents and reagents were purchased from commercial suppliers and used without further
purification, unless otherwise stated. DMF was dried over activated molecular sieves (4 A) for at
least 48 h. Zinc dust was activated before use by stirring in a 1 M aqueous HCl solution, filtering
and washing with distilled water, ethanol, and diethyl ether, followed by drying under vacuum.
Thin layer chromatography (TLC) was performed using glass-backed 0.25 mm Merck silica gel 60
Fasa TLC plates, and spots were visualized by UV light (254 nm). Column chromatography was
performed using silica gel (particle size 35—70 pm, pore diameter 6 nm). *H NMR and 3C NMR
spectra were recorded at 400 and 101 MHz, respectively, using a Bruker Avance Ill HD 400
spectrometer equipped with a *H/BB z-gradient probe (BBO, 5 mm). The spectra were recorded
at 25 °C and were processed using TopSpin 3.6.2. Chemical shifts (86) are reported in parts per
million (ppm) downfield of tetramethylsilane (internal reference) and coupling constants (J) are
reported in hertz (Hz). Peaks were assigned with the aid of 2D spectra (COSY, HSQC, H2BC and
HMBC). Infrared spectra (FT-IR) of discrete compounds were recorded from samples in neat form
on a Shimadzu IRAFFINITY-1S FT-IR spectrophotometer with an ATR (attenuated total reflectance)
accessory. Only selected absorbances (vma, cm™) are reported. HPLC-MS analyses were
performed on an Agilent 1200 Series HPLC system equipped with a Supelco Ascentis Express C18
column (3 cm x 4.6 mm, 2.7 um fused-core particles, 90 A) and connected to a UV-DAD detector

and an Agilent 1100 Series LC/MSD-type SL mass spectrometer with electrospray ionization (ESI,
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capillary voltage 4 kV, fragmentor voltage 70 V) and with a mass-selective single-quadrupole

detector.

4.2 Characterization of CTFs

4.2.1 Diffuse reflectance infrared Fourier transform spectroscopy

Infrared (DRIFT) spectra of CTFs were recorded with a Thermo Nicolet 6700 FT-IR
spectrophotometer equipped with a nitrogen-cooled MCT detector and a KBr beam splitter.

Samples were measured within KBr powder.

4.2.2 Nitrogen sorption analysis

Nitrogen sorption measurements were carried out on a BELSORP-mini |l apparatus at 77 K. Prior
to measurements, samples were degassed at 120 °C under vacuum for 16 h. Specific surface areas
were calculated using the Brunauer—-Emmett—Teller (BET) method. For the BET calculations,
pressure ranges were chosen in accordance with the criteria described by Rouquerol et al.?%* The
pore size distribution was determined using the quenched solid density-functional theory (QSDFT)
model for N, adsorbed on carbons with cylindrical pores, implemented in Quantachrome’s

ASiQwin software (v4.0). Total pore volumes were determined at P/Po = 0.99.
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Figure S3.1. Pore size distribution of bpyCTF (QSDFT).

4.2.3 Elemental analysis

Combustion elemental analysis was performed on a Thermo Scientific Flash 2000 CHNS/O analyzer

equipped with a TCD detector.

4.2.4 Powder X-ray diffraction

Powder X-ray diffraction (PXRD) patterns were collected using a Bruker D8 Advance diffractometer
with a Cu Ko radiation source (A = 1.5418 A) at 40 kV and 45 mA and a scanning speed of 1° min~..
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4.2.5 X-ray photoelectron spectroscopy

The surface chemical composition of the CTF samples was examined by XPS using the PHI 5000
VersaProbe Il spectrometer equipped with a monochromatic Al Ka X-ray source (hv = 1486.6 eV).
To do so, the samples were excited with an X-ray beam (size 200 um) over an area of 500 x 500 pm?
at a power of 50 W. Wide range survey scans and high-resolution spectra were recorded with a
pass energy of 187.85 eV and 23.5 eV and a step size of 0.8 eV and 0.1 eV, respectively. All spectra
were acquired at a take-off angle of 45° relative to the sample surface in the XPS chamber, where
the pressure was constantly maintained below 107® Pa. The survey scans were used to determine
and quantify the surface elemental composition and were analyzed using the MultiPak (v9.6)
software by utilizing a Shirley background and applying the relative sensitivity factors supplied by
the instrument’s manufacturer. The detailed high-resolution spectra were also analyzed using the
same software package via their curve fitting into different peaks to identify the corresponding
chemical bonds. The energy scale of all acquired spectra was calibrated with respect to the
hydrocarbon component of the C 1s spectrum (285.0 eV). The reported quantitative results are

the mean values obtained from six independent analysis points measured on each sample.

Intensity (a.u.)

290 288 286 284 282
Binding energy (eV)

Figure S3.2. High-resolution C 1s XPS spectrum of bpyCTF.
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Figure S3.3. XPS survey spectrum of Rhn@bpyCTF.
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Figure S3.4. High-resolution Rh 3d XPS spectrum of Rh@bpyCTF after six reaction cycles.

4.2.6 Scanning transmission electron microscopy

Scanning transmission electron microscopy (STEM) images were taken with a high-angle annular
dark-field (HAADF) detector on a JEOL JEM-2200FS TEM with a field emission gun at 200 kV.
Samples were prepared by suspending the powder in ethanol and dipping a 300-mesh holey
carbon copper grid into the suspensions. The elemental composition of the sample was

determined via energy-dispersive X-ray (EDX) spectroscopy in HAADF-STEM mode.

4.2.7 Inductively coupled plasma-optical emission spectrometry

The immobilized amount of rhodium metal on the bpyCTF was quantified by ICP-OES analysis. The
analyses, performed by Prof. Tack’s research group (Ecochem, Department of Green Chemistry
and Technology, Faculty of Bioscience Engineering, Ghent University), were carried out on a
Thermo Scientific iCAP 7400 Duo ICP-OES instrument. Prior to analysis, the samples were
subjected to microwave-assisted (Mars 6 — CEM) digestion in a closed vessel using nitric acid (67%).
Thermo Scientific™ Qtegra™ Intelligent Scientific Data Solution™ (ISDS) software was used to

process the results.

4.3 Catalyst synthesis

4.3.1 Synthesis of 2,2’-bipyridine-5,5’-dicarbonitrile (2)

2,2’-Bipyridine-5,5’-dicarbonitrile 2 was synthesized via a Ni-catalyzed reductive homocoupling of
2-bromo-5-cyanopyridine 1, as described in Chapter 2.

4.3.2 Synthesis of bpyCTF

bpyCTF was synthesized under ionothermal conditions using ZnCl,, which was dried overnight at
120 °C under vacuum prior to use. Typically, a quartz ampoule was charged with 2,2’-bipyridine-

5,5’-dicarbonitrile 2 (320 mg, 1.55 mmol, 1 eq) and ZnCl, (1.06 g, 7.76 mmol, 5 eq). The ampoule
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was placed under vacuum, flame-sealed and heated to 400 °C in a Nabertherm furnace oven with
a heating rate of 1°C min™. After 48 h at 400 °C, the temperature was brought to room
temperature and the obtained crude solid was ground with pestle and mortar. The black powder
was subsequently stirred overnight in a HCl solution (1 M) under reflux conditions to remove ZnCl;
and unreacted monomer. Afterward, the solid was filtered and successively washed with water
until neutral pH was reached (3 x 200 mL), THF (3 x 200 mL), ethanol (3 x 100 mL) and acetone (3
x 200 mL). The obtained black powder was dried overnight under vacuum at 120 °C prior further

use.

4.3.3 Preparation of Rh@bpyCTF

[Cp*RhCl;]2 complex (22.5 mg, 0.04 mmol) was dissolved in a mixture of anhydrous MeOH/CHCl;
(1/1, 30 mL) under argon atmosphere. bpyCTF (300 mg, Rh/bpy molar ratio 0.05) was added, and
the black suspension was heated to reflux temperature for 24 h. After cooling to room
temperature, the solid was filtered and successively washed with MeOH (3 x 100 mL), CH,Cl, (3 x
100 mL) and Et,0 (3 x 100 mL). The obtained solid was dried overnight under vacuum at 120 °C.
ICP-OES analysis was performed to quantify the actual loading of Rh metal in the bpyCTF.

4.4 Transfer hydrogenation reactions

4.4.1 General procedure in the reaction conditions optimization

The stirring speed was fixed (800 rpm) in all transfer hydrogenation reactions to improve the
repeatability and to allow a comparison between reactions. Aqueous formate solutions were
prepared by dissolving HCOOH and HCOONa in HPLC-grade water. The quantities needed were

calculated using Equation 1. The pH of the solution was verified at 21 °C using a pH meter.

[HCOONa]
pH = pK, + log —[HCOOH]

pK, (HCOOH) = 3.6

In a 12 mL test tube, an aqueous HCOOH/HCOONa buffer (2 M, pH 4.5, 5 mL) was preheated to
80 °C, after which 2-methylquinoxaline 3a (0.5 mmol) and Rh@bpyCTF (5.6 mg, 0.25 mol% Rh)
were sequentially added. The test tube was provided with a cap which was not screwed tight to
ensure CO; could still be released from the system. The reaction mixture was vigorously stirred
(fixed at 800 rpm) to ensure sufficient mixing. Aliquots (300 uL) were taken basified (pH > 10) with
NaOH and extracted with Et20 (3 x 500 pL). The combined organic phases were evaporated to
dryness and the residue was analyzed by *H NMR spectroscopy (CDCls).
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4.4.2 Catalyst recycling experiments

Catalyst recycling experiments were performed in a 100 mL test tube with a HCOOH/HCOONa
buffer solution (4 M, pH 4.5, 25 mL) and with 2-methylquinoxaline 3a (322 pL, 2.5 mmol) in 1 mL
EtOAc, and Rh@bpyCTF (28 mg, 0.25 mol% Rh). An aliquot was taken after 3 h reaction to
determine the conversion by 'H NMR spectroscopy (CDCl3). After each run, the catalyst was
recovered by filtration, whereupon it was successively washed with water, acetone and diethyl
ether, and subsequently dried under vacuum at 100 °C for 5 h. The dried catalyst was then applied

in the next reaction run.

4.4.3 Synthesis of [Cp*Rh(bpy)CI]CI

[Cp*Rh(p-Cl)Cl]; dimer (30 mg, 48 umol) and 2,2’-bipyridine (15 mg, 96 umol) were dissolved in
CHCI3 (1 mL) and stirred at room temperature. Within a few minutes, an orange suspension started
to form. After 1 h, the orange precipitate was collected by filtration, rinsed with cold CHCls, and
dried in vacuo yielding [Cp*Rh(bpy)CI]Cl as pale orange solid (38 mg, 84%). The formation of a
complex with bipyridine was confirmed by *H NMR analysis (Figure S3.5). A downfield shift of the
NMR signals was observed upon binding of the ligand with Rh.

(2,2’-bipyridine-kN,N’)chlorido(n®-pentamethyl cyclopentadienyl)rhodium(lll) chloride

® o Pale orange solid. Yield 84%. 'H NMR (400 MHz, CDCl3): 6 1.73 (15H, s,
| /\N %{ ° Cs(CHs)s), 7.82 (2H, ddd, J = 7.8, 5.7, 1.1 Hz, H>*), 8.26 (2H, td, J = 7.8, 1.3
/ N:R'fCI Hz, H*¥), 8.85 (2H, dd, J = 5.7, 1.3 Hz, H%%), 9.08 (2H, d, J = 7.8 Hz, H3?).
P 13C NMR (101 MHz, CDCl3): §9.2 (Cs(CHs)s), 97.1 (d, Jrn,c = 8.1 Hz, Cs(CH3)s),
125.7 (C3%), 128.4 (C>*), 140.8 (C**), 151.1 (C5%), 154.7 (C*?). IR (ATR, cm™): Vmax = 3541, 3283,

1603, 1443, 1302, 1024, 766. MS (ESI): m/z (%) 429/431 ([C20H23N,CIRh]*, 100), 197 ([C20H23N2CIRh
- CI]*, 53).

[Cp*Rh(bpy)CIICI

2,2"bipyridine

T T T T T T T T T T T 1
9.2 9.0 88 8.6 8.4 8.2 8.0 7.8 7.6 74 7.2 ppm

Figure S3.5. 1H NMR spectra (CDCls) of free 2,2’-bipyridine (bottom) and 2,2’-bipyridine coordinated in [Cp*Rh(bpy)CI]CI
(top). A downfield shift of the NMR signals was observed upon binding of the ligand with Rh.
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4.4.4 Continuous flow transfer hydrogenation

The continuous flow setup was constructed as follows (Figure S3.6): A solution of 2-
methylquinoxaline in EtOAc and an aqueous HCOOH/HCOONa buffer solution were introduced
into the system by means of two ReaXus 6010R high-performance reciprocating pumps. The liquid
streams were brought into contact by using a Y-connector, creating a segmented flow regime
before entering the reactor column. The packed-bed reactor column was assembled by filling a
PTFE (polytetrafluoroethylene) tubing (I.D. 2.4 mm, O.D. 3.2 mm) with 215 mg Rh@bpyCTF
(containing 2.3 wt% Rh) mixed with 750 mg glass beads (@ 750 um). The packed bed had a length
of 15 cm and was held in place by a cotton plug of about 2 cm at each end. The column was
mounted vertically in a GC oven at 80 °C and the liquid flow was directed upward through the
column. A 6.9 bar back pressure regulator (BPR) was connected to the end of the reactor column,
after which the reaction mixture was flown through an ice—water bath. At the end of the setup,
the liquid stream was passed through a Zaiput Flow Technologies SEP-10 liquid-liquid separator
with PTFE membrane to separate the organic phase from the aqueous phase. Samples were
collected and the solvent was evaporated by a stream of nitrogen gas. The conversion of 2-
methylquinoxaline 3a to 2-methyl-1,2,3,4-tetrahydroquinoxaline 1la was determined by
integration of the methyl signal of 3a (2.79 ppm) and 11a (1.19 ppm) in the *H NMR spectra (CDCls)

of the crude reaction product.

1| organic feed 6| back pressure regulator
2| aqueous feed 7| liquid-liquid separator

3| HPLC pump (2x) 8| organic product stream
4] Y-connector 9| aqueous stream

5| GC oven

Figure S3.6. Picture of the packed-bed reactor column (left) and the continuous flow setup (right).
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Packed-bed reactor design used in this chapter

cotton plug mix of CTF and glass beads

Proposed packed-bed reactor design for improved robustness

CTF mert partition material

L

Figure S3.7. A simple modification to the reactor configuration is proposed, which could provide a first solution to prevent
displacement of the CTF particles and channel formation.

o :‘:
’o’o*o

.'.'.
o'o*o
o’o*o‘

4.4.5 Synthesis and characterization of transfer hydrogenation substrates

The atom numbering used in the NMR peak assignment follows the IUPAC Nomenclature of

Organic Chemistry.
4.4.5.1 Synthesis of 2-(tert-butyl)quinoxaline (3b)

2-(tert-Butyl)quinoxaline 3b was synthesized through C—H alkylation of quinoxaline via the
classical Minisci-type reaction.?*” A mixture of quinoxaline 5 (300 mg, 2.30 mmol, 1 eq), pivalic
acid 6 (423 mg, 4.14 mmol, 1.8 eq), H2S04 (123 ul, 2.30 mmol, 1 eq), silver nitrate (31 mg, 0.18
mmol, 8 mol%) and ammonium persulfate (1.05 g, 4.60 mmol, 2 eq) in CH.Cl>/H,0 (1/1, 30 mL)
was refluxed at 50 °C. After 2 h, the reaction mixture was basified to pH 9-10 by the addition of
NaOH (1 M) and the organic phase was separated. The agueous phase was extracted with CH,Cl,
(2 x 10 mL), and the combined organic phases were dried over MgSQ4, filtered and concentrated
in vacuo. The crude product was purified by column chromatography on silica gel and petroleum
ether/ethyl acetate 9/1 as eluent to yield 2-(tert-butyl)quinoxaline 3b as a colorless oil (312 mg,
73%).

2-(tert-Butyl)quinoxaline (3b)

Yield 73%. Colorless oil, R = 0.32 (PE/EtOAc 9/1). *H NMR (400 MHz, CDCls): § 1.52
@[ jw< (9H, s, 3 x CHs), 7.67—7.76 (2H, m, H7), 8.03-8.09 (2H, m, H5¥), 8.99 (1H, s, H3).
13C NMR (101 MHz, CDCl3): § 29.7 (3 X CHs), 37.2 (Cquar(CHs)3), 128.9 (C?), 128.9 (C?),
129.3 (C5), 129.6 (C7), 140.8 (C*), 141.6 (C%), 143.4 (C3), 163.7(C?). IR (ATR, cm™L): Vmax = 2965,
1557, 1493, 1479, 1462, 1364, 1163, 1096, 1016, 968, 773, 424. MS (ESI): m/z (%) 187 ([M + H",

100). The data are in accordance with those reported in the literature.?%
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4.4.5.2 Synthesis of 2-phenylquinoxaline (3c)

To as solution of benzene-1,2-diamine 8a (300 mg, 2.77 mmol, 1 eq) in THF (10 mL), 2-
bromoacetophenone 7 (552 mg, 2.77 mmol, 1 eq) and pyridine (22 uL, 0.28 mmol, 10 mol%) were
added and the mixture was stirred in open air at room temperature for 2 h. Subsequently, water
(10 mL) was added, and the reaction mixture was extracted with EtOAc (3 x 15 mL). The combined
organic phases were dried over MgS0., filtered and concentrated under reduced pressure.
Purification of the crude product by flash column chromatography on silica gel and petroleum
ether/ethyl acetate 19/1 as eluent afforded 2-phenylquinoxaline 3c as a yellow solid (345 mg,
60%).

2-Phenylquinoxaline (3c)

Yield 60%. Yellow solid, R = 0.18 (PE/EtOAc 19/1). *H NMR (400 MHz, CDCls):
@[ 7.50-7.61 (3H, M, CHphenylpara, 2 X CHphenylmeta), 7.72—7.83 (2H, m, H®7), 8.11-8.18
(2H, m, H58), 8.18-8.22 (2H, m, 2 X CHphenyl,ortho), 9.34 (1H, s, H3). 13C NMR (101
MHz, CDCls): & 127.6 (2 X CHphenylortho), 129.2 (C5, 2 X CHphenyimeta), 129.5 (CF), 129.7 (C8), 130.2
(CHphenylpara), 130.3 (C7), 136.8 (Cquatphenyl), 141.6 (C*), 142.3 (C®), 143.4 (C3), 151.9 (C?). IR (ATR,
cm™): vmax = 1545, 1487, 1312, 1028, 955, 764, 748, 685, 669, 550, 407. MS (ESI): m/z (%) 207

([M + H]*, 100). The data are in accordance with those reported in the literature.?%®

4.4.5.3 Synthesis of 2,3-disubstituted quinoxalines 3d-3k

As arepresentative example, the synthesis of 2,3-dimethylquinoxaline 3d is described. To a stirred
solution of benzene-1,2-diamine 8a (324 mg, 3 mmol, 1 eq) in methanol (20 mL) was added
butane-2,3-dione 10 (263 pL, 3 mmol, 1 eq). The reaction mixture was stirred at room temperature
for 1 h, after which the solvent was removed in vacuo. Diethyl ether (25 mL) was added to the
residue and the mixture was washed with water (3 x 10 mL). The organic phase was dried over
MgS0., filtered and the solvent was evaporated under reduced pressure to obtain 2,3-
dimethylquinoxaline 3d as white crystals (433 mg, 91%). No further purification was necessary for

all the derivatives, unless otherwise stated.
2,3-Dimethylquinoxaline (3d)

Yield 91%. White crystals. *H NMR (400 MHz, CDCl3): 6 2.73 (6H, s, 2 x CH3), 7.63—
@[ 7.68 (2H, m, H57), 7.94-8.00 (2H, m, H58). 13C NMR (101 MHz, CDCls): & 23.3 (2 x
CHs), 128.5 (C>8), 129.0 (C57), 141.2 (C**3), 153.6 (C23). IR (ATR, cm™): Vmax = 1489, 1435, 1395,
1363, 1317, 1209, 1165, 988, 976, 904, 758, 669, 611. MS (ESI): m/z (%) 159 ([M + H]*, 100). The

data are in accordance with those reported in the literature.?®’
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2-Ethyl-3-methylquinoxaline (3e)

Yield 99%. Off-white solid. *H NMR (400 MHz, CDCl3): 6 1.42 (3H, t, J = 7.5 Hz,
@E I/ CH,CHs), 2.77 (3H, s, C3CHs), 3.04 (2H, q, J = 7.5 Hz, CH,CHs), 7.63-7.69 (2H, m,
H57), 7.95-8.05 (2H, m, H58). 13C NMR (101 MHz, CDCls): & 12.0 (CH,CHs), 22.7 (C3CHs), 29.0
(CH,CHs), 128.3 (C8), 128.6 (C°), 128.7(C®), 128.8 (C’), 141.0 and 141.2 (C**8?), 153.1 (C3), 157.6
(C?). IR (ATR, cm™): vmax = 1487, 1369, 1381, 1304, 1204, 1152, 1126, 903, 754, 660, 608, 422. MS
(ESI): m/z (%) 173 ([M + H]*, 100). The data are in accordance with those reported in the

literature.28

2-Methyl-3-phenylquinoxaline (3f)

Yield 93%. White solid. 'H NMR (400 MHz, CDCls): § 2.78 (3H, s, CH3), 7.46-7.56

@[N\ (3H, m, CHphenyl,para, 2 X CHphenyl,meta), 7.64—7.68 (2H, m, 2 x CHphenyl,ortho), 7.69—
N7 7.77 (2H, m, H57), 8.09-8.14 (1H, m, H5), 8.03-8.09 (1H, m, H8). 13C NMR (101

MHz, CDCls): & 24.4 (CHs), 128.3 (C5), 128.6 (2 X CHphenyimeta), 128.9 (2 X CHohenylortho), 129.0
(CHphenyl,para), 129.2 (C7), 129.3 (C8), 129.7 (C?), 139.1 (Cquat pheny), 141.0 (C?2), 141.3 (C*), 152.5 (C?),
154.9 (C3). IR (ATR, cm™): vmax = 1486, 1443, 1395, 1341, 1005, 993, 756, 698, 608, 577, 478, 436.
MS (ESI): m/z (%) 221 ([M + H]*, 100). The data are in accordance with those reported in the

literature.?>®

2,3-Diphenylquinoxaline (3g)

Yield 82%. White solid. 'H NMR (400 MHz, CDCl3): & 7.31-7.40 (6H, m, 4 x
CHphenylmeta 2 X CHphenylpara), 7.50=7.55 (4H, m, 4 x CHphenylortho), 7.75—7.81 (2H,
@[ ]: m, H%%), 8.16-8.21 (2H, m, H%7). 13C NMR (101 MHz, CDCls): & 128.4 (4 x
CHphenyl,meta), 128.9 (2 X CHphenylpara), 129.4 (C57), 130.0 (4 X CHphenyl,ortho), 130.1
(C5#), 139.3 (2 X Cquat phenyl), 141.4 (C*#82), 153.6 (C23). IR (ATR, cm™2): Vmax = 1477, 1443, 1396, 1346,
1059, 978, 930, 761, 696, 669, 598, 538. MS (ESI): m/z (%) 283 ([M + H]*, 100). The data are in

accordance with those reported in the literature.?*°

6-Methoxy-2,3-dimethylquinoxaline (3h)

Yield 72%, after automated column chromatography (SiO2). White solid, R¢ =
\©: I 0.21 (PE/EtOAc 3/2). ™H NMR (400 MHz, CDCls): 6 2.69 (3H, s, CHs), 2.71 (3H, s,
CHs), 3.94 (3H, s, CH30), 7.28-7.33 (2H, m, H>’), 7.86 (1H, d, J = 8.8 Hz, H?).
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13C NMR (101 MHz, CDCls): & 22.8 (CHs), 23.1 (CHs), 55.7 (CH30), 106.2 (C°), 121.7 (C7), 129.3 (C8),
137.0 (C®), 142.5 (C*), 150.6 and 153.4 (C23), 160.0 (C5). IR (ATR, cm™): vmax = 1616, 1493, 1443,
1375, 1215, 1153, 1110, 1016, 947, 824, 598, 436. MS (ESI): m/z (%) 189 ([M + H]*, 100). The data

are in accordance with those reported in the literature.?®®

6-Chloro-2,3-dimethylquinoxaline (3i)

Yield 99%. Beige-brown solid. *H NMR (400 MHz, CDCl3): § 2.72 (3H, s, CHs), 2.73

\Q:NI (3H, s, CHs), 7.60 (1H, dd, J = 8.9, 2.3 Hz, H’), 7.90 (1H, d, J = 8.9 Hz, H8), 7.97 (1H,

d, J = 2.3 Hz, H®). 13C NMR (101 MHz, CDCl3): 6§ 23.15 (CHs), 23.21 (CHs), 127.4

(C%), 129.6 (C8), 129.8 (C7), 134.4 (C?), 139.6 (C®), 141.4 (C*), 153.8 and 154.6 (C%3). IR (ATR, cm™2):
Vmax = 1601, 1479, 1439, 1395, 1368, 1323, 1159, 1063, 924, 887, 831, 781, 723,577, 428. MS (ESI):
m/z (%) 193/195 ([M + H]*, 100). The data are in accordance with those reported in the

literature.?®”

2,3-Dimethylquinoxaline-6-carbonitrile (3j)

Yield 99%. Salmon pink solid. *H NMR (400 MHz, CDCls): § 2.77 (3H, s, CHs), 2.78

C[ I (3H, s, CHs), 7.81 (1H, dd, J = 8.6, 1.7 Hz, H’), 8.60 (1H, d, J = 8.6 Hz, H8), 8.35 (1H,
d, J = 1.7 Hz, H5). 13C NMR (101 MHz, CDCls): & 23.3 (CH3), 23.5 (CH3), 112.2 (C®), 118.3 (C=N), 129.8
(C7), 130.0 (CB), 134.4 (C°), 140.3 (C*), 142.7 (C®), 155.9 and 156.7 (C23). IR (ATR, cm™): Vmax =
2224, 1603, 1574, 1439, 1396, 1368, 1323, 1167, 908, 835, 611, 577, 419. MS (ESI): m/z (%) 184

([M + H]*, 100). The data are in accordance with those reported in the literature.?®®

2,3-Dimethyl-6-nitroquinoxaline (3k)

Quantitative yield. Light brown solid. *H NMR (400 MHz, CDCl3): § 2.80 (6H, s,

C[ I 2 x CHs), 8.11 (1H, d, J = 9.1 Hz, H8), 8.44 (1H, dd, J = 9.1, 2.4 Hz, H7), 8.90 (1H, d,

J = 2.4 Hz, H®). 3C NMR (101 MHz, CDCl3): 6 23.3 (CH3), 23.5 (CHs), 122.3 (C’), 124.8 (C°), 129.9
(C8), 139.9 (C*), 143.7 (C?), 147.1 (C®), 156.3 and 157.2 (C23). IR (ATR, cm™1): Vmax = 1616, 1578,
1524, 1398, 1341, 1196, 1165, 895, 845, 822, 743, 712, 420. MS (ESI): m/z (%) 204 ([M + H]*, 100).

The data are in accordance with those reported in the literature.?®’
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4.4.6 Synthesis and characterization of transfer hydrogenation products

The atom numbering used in the NMR peak assignment follows the IUPAC Nomenclature of

Organic Chemistry.
General procedure for the transfer hydrogenation toward N-heteroarenes 11 and 13:

In a 12 mL test tube, an aqueous HCOOH/HCOONa buffer (4 M, pH 4.5, 7 mL) was preheated to
80 °C, after which N-heteroarene substrate (0.7 mmol) dissolved in EtOAc (0.7 mL), and
Rh@bpyCTF (7.9 mg, 0.25 mol% Rh) were sequentially added. The test tube was provided with a
cap which was not screwed tight to ensure CO; could still be released. The reaction mixture was
vigorously stirred (fixed at 800 rpm) to ensure sufficient mixing. At complete conversion of the
substrate (monitored by LC-MS), the catalyst was filtered and rinsed with water and Et,0. After
basifying the filtrate (pH > 10) with NaOH (1 M), the organic phase was separated, and the aqueous
phase was extracted twice with Et,0 (2 x 15 mL). The combined organic phases were dried over
MgSO0., filtered and evaporated in vacuo. The product was purified by normal-phase column

chromatography on silica gel and petroleum ether/ethyl acetate as eluent.
2-Methyl-1,2,3,4-tetrahydroquinoxaline (11a)

H Yield 94%. Pale orange solid, Rf = 0.15 (PE/EtOAc 4/1). 'H NMR (400 MHz, CDCl3): 6
@[ j\ 1.19 (3H, d, J = 6.3 Hz, CH3), 3.04 (1H, dd, J = 10.7, 8.2 Hz, H3?), 3.32 (1H, dd, J = 10.7,
H 2.9 Hz, H3), 3.47-3.56 (1H, m, H?), 3.60 (2H, br s, 2 x NH), 6.47-6.53 (2H, m, H>%),
6.55-6.62 (2H, m, H®7). 3C NMR (101 MHz, CDCls): & 19.9 (CHs), 45.7 (C?), 48.3 (C%), 114.4 and
114.5 (C>#), 118.69 and 118.71 (C57), 133.2 and 133.6 (C**%3). IR (ATR, cm™): vmax = 3358, 3310,
2957, 2845, 1595, 1499, 1362, 1304, 1269, 1070, 922, 741. MS (ESI): m/z (%) 149 ([M + H]*, 100).

The data are in accordance with those reported in the literature.?”°

2-tert-Butyl-1,2,3,4-tetrahydroquinoxaline (11b)

H Yield 80%. Pale yellow crystals, Rf = 0.18 (PE/EtOAc 9/1). 'H NMR (400 MHz,
@[N CDCl3): §0.99 (9H, s, 3 x CH3), 3.10-3.18 (2H, m, H?3?), 3.31-3.39 (1H, m, H3"), 3.64
Nj\’< (2H, br's, 2 x NH), 6.48-6.62 (4H, m, H>®7:%) 13C NMR (101 MHz, CDCls): 6 26.0 (3

x CH3), 32.8 (Cquat(CH3)s), 42.5 (C3), 59.0 (C?), 114.25 and 114.32 (C>®), 118.2 and

118.9 (C*7), 133.3 and 134.6 (C*22), IR (ATR, cm™): vmax = 3368, 2957, 1595, 1503, 1472, 1300,
1119, 1076, 1032, 905, 733. MS (ESI): m/z (%) 191 ([M + H]*, 100). The data are in accordance with

those reported in the literature.?%
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2-Phenyl-1,2,3,4-tetrahydroquinoxaline (11c)

H Yield 85%. Yellow solid, Rf = 0.13 (PE/EtOAc 19/1). *H NMR (400 MHz, CDCl3): &
©: 3.33 (1H, dd, J=11.0, 8.2 Hz, H3?), 3.46 (1H, dd, J= 11.0, 3.1 Hz, H*), 3.86 (2H, br
HJ\@ s,2xNH), 4.48 (1H, dd, J = 8.2, 3.1 Hz, H?), 6.55-6.61 (2H, m, H>?), 6.61-6.67 (2H,
m, H87), 7.28=7.34 (1H, m, CHphenyl,para), 7.28=7.41 (1H, m, 2 X CHphenyl,ortho, 2 X CHphenyl,meta). 3C NMR
(101 MHz, CDCl3): & 49.2 (C3), 54.7 (C?), 114.4 and 114.7 (C>8), 118.8 and 118.9 (C®%’), 127.0 (2 x
CHphenyl,ortho), 127.9 (CHphenyl,para), 128.6 (2 X CHphenyl,meta), 132.8 and 134.1 (C**%2), 141.9 (Cquat,phenyi)-
IR (ATR, cm™): vmax = 3337, 2849, 1593, 1506, 1491, 1452, 1302, 1271, 1119, 743, 698. MS (ESI):
m/z (%) 211 ([M + H]*, 100). The data are in accordance with those reported in the literature.?’*

2,3-Dimethyl-1,2,3,4-tetrahydroquinoxaline (11d)
Spectral data derived from the mixture of cis- and trans-isomers (cis/trans = 55/45).

§ Yield 76%. White crystals, R¢ = 0.20 and 0.24 (PE/EtOAc 4/1). cis-lsomer:*H NMR (400
@[ MHz, CDCl3): & 1.12 (6H, d, J = 6.4 Hz, 2 x CH3), 3.45-3.52 (2H, m, H23), 3.52 (2H, br

i s, 2 x NH), 6.46-6.52 (2H, m, H%8), 6.55—6.60 (2H, m, H57).13C NMR (101 MHz, CDCls):
§17.2 (2 x CH3), 49.0 (C?3), 114.4 (C58), 118.5 (C&7), 133.5 (C**#2). trans-Isomer: *H NMR (400 MHz,
CDCls): & 1.17 (6H, ~d, J = 5.8 Hz, 2 x CH3), 2.98-3.06 (2H, m, H23), 3.52 (2H, br s, 2 x NH), 6.46—
6.52 (2H, m, H%8), 6.55-6.60 (2H, m, H57).13C NMR (101 MHz, CDCl3): & 19.0 (2 x CH3), 52.0 (C23),
113.9 (C58), 118.6 (C57), 132.7 (C**#). IR (ATR, cm™2): vmax = 3335, 2968, 1597, 1503, 1439, 1373,
1285, 1152, 1082, 916, 737. MS (ESI): m/z (%) 163 ([M + H]*, 100). The data are in accordance with

those reported in the literature.?*

cis-2-Ethyl-3-methyl-1,2,3,4-tetrahydroquinoxaline (cis-11e)

N Yield 82% (cis + trans). White solid, Rs = 0.25 (PE/EtOAc 17/3).*H NMR (400 MHz,
@[ CDCl3): 6 0.98 (3H, t, J = 7.3 Hz, CH2CHs), 1.12 (3H, d, J = 6.5 Hz, CHCH3), 1.45 (2H,
N quint, J = 7.3 Hz, CH,CHs), 3.24 (1H, td, J = 7.3, 2.8 Hz, H?), 3.52 (1H, qd, /= 6.5, 2.8

Hz, H3), 3.63 (2H, br s, 2 x NH), 6.46—6.52 (2H, m, H5%), 6.55—6.60 (2H, m, H57). 3C NMR (101 MHz,
CDCl3): & 10.3 (CH,CHs), 16.7 (CHCHs), 23.9 (CH2CHs), 48.3 (C3), 55.1 (C?), 114.2 and 114.4 (C%3),
118.4 and 118.5 (C57), 132.7 (C*2), 132.8 (C?2). IR (ATR, cmY): Vmax = 3374, 3345, 2961, 2932, 1595,
1503, 1460, 1437, 1371, 1281, 1169, 1119, 1040, 907, 731. MS (ESI): m/z (%) 177 ([M + H]*, 100).

The data are in accordance with those reported in the literature.?%®
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trans-2-Ethyl-3-methyl-1,2,3,4-tetrahydroquinoxaline (trans-11e)

Spectral data derived from the mixture of cis- and trans-isomers (cis/trans = 71/28).

Ho Colorless viscous oil. *H NMR (400 MHz, CDCl3): § 0.98 (3H, t, J = 7.6 Hz, CH,CHs),
@[ j\/ 1.12 (3H, d, J = 6.5 Hz, CHCHs), 1.45 (1H, m, CHaHyCHs), 1.69 (1H, dqd, J = 14.0, 7.6,
b 3.6 Hz, CHaHyCH), 2.87 (1H, ddd, J = 7.6, 6.5, 3.6 Hz, H?), 3.16 (1H, quint, J = 6.5 Hz,

H3), 3.40-3.70 (2H, br s, 2 x NH), 6.46-6.52 (2H, m, H>8), 6.55-6.60 (2H, m, H®’). 13C NMR (101
MHz, CDCl3): 9.5 (CH2CH3), 19.4 (CHCH3s), 25.5 (CH2CH3s), 49.7 (C3), 57.1 (C?), 114.0 (C>#), 118.4 and
118.5 (C%7), 133.1 (C*), 133.3 (C®). MS (ESI): m/z (%) 177 ([M + H]*, 100). The data are in

accordance with those reported in the literature.?%®

cis-2-Methyl-3-phenyl-1,2,3,4-tetrahydroquinoxaline (cis-11f)

Yield 75%. Yellow viscous oil, Rf = 0.11 (PE/EtOAc 19/1). 'H NMR (400 MHz,
@[ CDCls): 6§ 0.94 (3H, d, J = 6.5 Hz, CHs), 3.71 (1H, qd, J = 6.5, 3.2 Hz, H?), 3.94 (2H,

br's, 2 x NH), 4.50 (1H, d, J = 3.2 Hz, H3), 6.53-6.59 (2H, m, H>%), 6.60-6.68 (2H,
m, H87), 7.24-7.34 (5H, m, 5 X CHphenyl). 3C NMR (101 MHz, CDCls): & 17.6 (CHs), 49.5 (C?), 58.5
(C?), 113.9 and 114.8 (C>8), 118.4 and 119.3 (C%7), 127.3 (CHphenylpara), 127.6 (2 X CHphenylortho), 128.2
(2 X CHphenyl,meta), 132.3 and 133.2 (C**22), 141.8 (Cquat phenyl)- IR (ATR, cm™1): Vmax = 3362, 2968, 1595,
1503, 1452, 1368, 1277, 1146, 735, 698. MS (ESI): m/z (%) 225 ([M + H]*, 100). The data are in

accordance with those reported in the literature.?*°

cis-2,3-Diphenyl-1,2,3,4-tetrahydroquinoxaline (cis-11g)

‘ Yield 77%. White solid, Rf = 0.11 (PE/EtOAc 4/1). 'H NMR (400 MHz, CDCls): &
@[ 4.08 (2H, brs, 2 x NH), 4.74 (2H, s, H23), 6.60—-6.67 (2H, m, H%%), 6.67—6.73 (2H,
H O m, H®7), 6.85—6.91 (4H, m, 4 x CHphenyl,ortho) 7.07—7.19 (6H, m, 4 X CHphenyl,meta 2 X
CHphenyl,para). 23C NMR (101 MHz, CDCls): & 59.5 (C%3), 114.1 (C>8), 118.9 (C57),

127.3 (2 X CHphenylpara), 127.7 (4 X CHohenylmeta), 127.9 (4 X CHphenylortho), 133.1 (C*82), 140.6 (2 x
Cquat,phenyl). IR (ATR, cm™): vmax = 3412, 3024, 2828, 1605, 1508, 1450, 1319, 1279, 1107, 735, 698.
MS (ESI): m/z (%) 287 ([M + H]*, 100). The data are in accordance with those reported in the

literature.>°

Crystals suitable for X-ray diffraction analysis were obtained from a saturated solution in

chloroform by slow evaporation of the solvent at room temperature.
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cis-6-Methoxy-2,3-dimethyl-1,2,3,4-tetrahydroquinoxaline (cis-11h)

H Yield 95% (cis + trans). Colorless oil, Rf = 0.23 (PE/EtOAc 3/2). 'H NMR (400
MeOC[Nj: MHz, CDCls): 6 1.109 (3H, d, J = 6.4 Hz, CHs), 1.110 (3H, d, J = 6.4 Hz, CHs), 3.24

H (2H, br's, 2 x NH), 3.38-3.51 (2H, m, H*3), 3.70 (3H, s, CH30), 6.11 (1H, d, J =
2.5 Hz, H%), 6.17 (1H, dd, J = 8.4, 2.5 Hz, H), 6.45 (1H, d, J = 8.4 Hz, H¥). 3C NMR (101 MHz, CDCls):
8 17.1 (2 x CHs), 49.19 and 49.24 (C*3), 55.6 (CH30), 100.9 (C?), 103.2 (C7), 115.6 (C?), 126.1 (C®?),
134.0 (C*), 153.5 (C®). IR (ATR, cm™): vmax = 3360, 2967, 2832, 1616, 1599, 1512, 1441, 1375, 1260,
1202, 1165, 1040, 829, 785. MS (ESI): m/z (%) 193 ([M + H]*, 100). The data are in accordance with

those reported in the literature.?’?

trans-6-Methoxy-2,3-dimethyl-1,2,3,4-tetrahydroquinoxaline (trans-11h)

oo H Colorless oil, R = 0.31 (PE/EtOAC 3/2). *H NMR (400 MHz, CDCls): & 1.155 (3H,
C[ j\ d, J = 6.1 Hz, CHs), 1.158 (3H, d, J = 6.1 Hz, CHs), 2.89-3.08 (2H, m, H23), 3.38

N
H (2H, brs, 2 x NH), 3.70 (3H, s, CH30), 6.12 (1H, ~d, J = 2.5 Hz, H%), 6.14-6.20

(1H, m, H7), 6.45 (1H, d, J = 8.3 Hz, H®). 13C NMR (101 MHz, CDCls): & 18.9 (CHs), 19.1 (CHs), 52.2
and 52.4 (C23), 55.6 (CHs0), 100.4 (C5), 103.1 (C7), 115.1 (C8), 127.2 (C%), 134.8 (C*), 153.4 (CF).

The data are in accordance with those reported in the literature.?’?

6-Chloro-2,3-dimethyl-1,2,3,4-tetrahydroquinoxaline (11i)
Spectral data derived from the mixture of cis- and trans-isomers (cis/trans = 81/19).

cl ﬂ Yield 92%. White solid, Rf = 0.26 and 0.34 (PE/EtOAc 4/1). cis-lsomer: *H NMR
\C[ (400 MHz, CDCl3): & 1.11 (6H, d, J = 6.4 Hz, 2 x CHs), 2.86-3.87 (2H, br s, 2 x NH),

i 3.42-3.51 (2H, m, H23), 6.38 (1H, d, J = 8.2 Hz, H8), 6.44 (1H, d, J = 2.3 Hz, H%), 6.50

(1H, dd, J = 8.2, 2.3 Hz, H’). 3C NMR (101 MHz, CDCl3): & 16.8 (CHs), 17.0 (CHs), 48.8 and 48.9 (C23),
113.8 (C°), 115.4 (C8), 117.9 (C’), 123.5 (C®), 130.3 (C?), 133.8 (C*). trans-lsomer: 'H NMR (400
MHz, CDCls): & 1.16 (3H, d, J = 5.9 Hz, CHs), 1.17 (3H, d, J = 5.9 Hz, CHs), 2.86-3.87 (2H, br's, 2 x
NH), 2.93-3.05 (2H, m, H?3), 6.38 (1H, d, J = 8.2 Hz, H8), 6.45 (1H, d, J = 2.3 Hz, H®), 6.50 (1H, dd, J
= 8.2, 2.3 Hz, H). 13C NMR (101 MHz, CDCl3): § 18.9 (CHs), 18.9 (CHs), 51.8 (C23), 113.3 (C5), 114.6
(C8), 117.8 (C7), 123.2 (CF), 131.6 (C%), 134.5 (C*). IR (ATR, cmY): vmax = 3358, 3283, 2970, 2928,
2860, 1595, 1503, 1439, 1375, 1287, 1242, 1180, 1088, 962, 853, 795. MS (ESI): m/z (%) 197/199

([M + H]*, 100). The data are in accordance with those reported in the literature.?6®
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2,3-Dimethyl-1,2,3,4-tetrahydroquinoxaline-6-carbonitrile (11j)
Spectral data derived from the mixture of cis- and trans-isomers (cis/trans = 83/17).

NG H Yield 96%. Colorless viscous oil, Rf = 0.12 (PE/EtOAc 4/1). cis-lsomer: *H NMR

\©: I (400 MHz, CDCl5): 6 1.12 (3H, d, /= 6.5 Hz, CH3), 1.14 (3H, d, /= 6.5 Hz, CH3), 3.47
H (1H, dd, J = 6.5, 3.0 Hz, H3), 3.56 (1H, dd, J = 6.5, 3.0 Hz, H?), 3.96 (2H, brs, 2 x
NH), 6.40 (1H, d, J = 8.1 Hz, H®), 6.67 (1H, d, J = 1.8 Hz, H°), 6.866 (1H, d, J = 8.1, 1.8 Hz, H’). 13C
NMR (101 MHz, CDCl3): § 17.0 (CHs), 17.3 (CHs), 48.3 (C3), 49.0 (C?), 99.29 (C®), 112.9 (C8), 116.3
(C), 120.9 (C=N), 123.76 (C7), 132.1 (C*), 137.1 (C%). trans-lsomer: *H NMR (400 MHz, CDCls): &
1.19 (6H, d, J = 6.3 Hz, 2 x CH3), 2.96 (1H, quint, J = 6.3 Hz, H3), 3.09 (1H, quint, J = 6.3 Hz, H?), 3.96
(2H, brs, 2 x NH), 6.41 (1H, d, J = 8.1 Hz, H8), 6.68 (1H, d, J = 1.8 Hz, H°), 6.872 (1H, dd, J= 8.1, 1.8
Hz, H7). 13C NMR (101 MHz, CDCl3): & 18.8 (CHs), 18.9 (CH3), 51.2 (C3), 52.0 (C?), 99.26 (Cf), 112.5
(C8), 115.9 (C5), 120.9 (C=N), 123.82 (C7), 132.8 (C*), 137.7 (C%2). IR (ATR, cm™): Vmax = 3354, 2970,
2207, 1599, 1522, 1443, 1377, 1296, 858, 802. MS (ESI): m/z (%) 188 ([M + H]*, 100).

2,3-Dimethylquinoxalin-6-amine (11k)

N N Yield 77%. Yellow solid, Ri=0.22 (EtOAC). 1H NMR (400 MHz, CDCls):  2.65 (3H,

C[ | s, CHa3), 2.66 (3H, s, CHs), 4.06 (2H, br s, NH2), 7.06-7.10 (2H, m, H57), 7.76 (1H,

§ dd, J = 8.3, 0.8 Hz, H8). 3C NMR (101 MHz, CDCls): § 22.7 (CHs), 23.2 (CHs), 108.2

(C5), 120.6 (C7), 129.3 (C?), 136.0 (C?2), 142.8 (C*), 147.0 (C°), 149.3 and 153.4 (C23). IR (ATR, cm™L):

Vmax = 3321, 3204, 1643, 1614, 1501, 1377, 1341, 1242, 1159, 1126, 995, 947, 827. MS (ESI): m/z
(%) 174 ([M + H]*, 100).

2-Methyl-1,2,3,4-tetrahydroquinoline (13a)

Yield 99%. Colorless oil, which turns bordeaux-brown upon standing, Rs = 0.36
©\/Nj\ (PE/EtOAc 9/1). 'H NMR (400 MHz, CDCls): & 1.20 (3H, d, J = 6.3 Hz, CH3), 1.58 (1H,
dddd, 12.7, 11.4, 9.9, 5.2 Hz, H%), 1.92 (1H, dddd, 12.7, 5.6, 3.6, 2.9 Hz, H%"), 2.72
(1H, ddd, 16.5, 5.2, 3.6 Hz, H*?), 2.83 (1H, ddd, 16.5, 11.4, 5.6 Hz, H*"), 3.40 (1H, dqd, J = 9.9, 6.3,
2.9 Hz, H?), 3.68 (1H, br s, NH), 6.46 (1H, dd, J = 8.4, 0.9 Hz, H®), 6.60 (1H, td, J = 7.4, 0.9 Hz, H®),
6.93-6.98 (2H, m, H>7). 3C NMR (101 MHz, CDCls): 6 22.6 (CH3), 26.6 (C*), 30.2 (C3), 47.2 (C?), 114.0
(C8), 117.0 (C®), 121.1 (C*), 126.7 (C7), 129.3 (C°), 144.8 (C?). IR (ATR, cm™): vmax = 3393, 2924,

1607, 1584, 1485, 1306, 1275, 1256, 1152, 743. MS (ESI): m/z (%) 148 ([M + H]*, 100). The data
273

H

are in accordance with those reported in the literature.
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1,2,3,4-Tetrahydro-1,5-naphthyridine (13b)

Ny Yield 85%. White solid. 'H NMR (400 MHz, CDCls): § 2.00-2.07 (2H, m, NCH,CH), 2.93
E;(Nj (2H, t, J = 6.5 Hz, CquatCH2), 3.27-3.32 (2H, m, NCH>), 3.79 (1H, br s, NH), 6.72 (1H, dd, J
=8.0, 1.4 Hz, H®), 6.88 (1H, dd, J = 8.0, 4.7 Hz, H’), 7.86 (1H, dd, J = 4.7, 1.4 Hz, H®). 13C

NMR (101 MHz, CDCls): 6 21.8 (C%), 30.4 (C3), 41.5 (C?), 120.2 (C8), 121.9 (C7), 138.0 (C5), 140.9
(C%), 142.8 (C*). IR (ATR, cm™): vmax = 3223, 2932, 1580, 1456, 1352, 1298, 1269, 1227, 1190,
1125, 1098, 1011, 791, 731. MS (ESI): m/z (%) 135 ([M + H]*, 100). The data are in accordance with

those reported in the literature.?’4

2,9-Dimethyl-1,2,3,4-tetrahydro-1,10-phenanthroline (13c)

Yield 87%. Pale yellow solid, R¢ = 0.52 (PE/EtOAc 17/3). *H NMR (400 MHz, CDCl3):
5 1.37 (3H, J = 6.1 Hz, C2CH3), 1.72 (1H, dddd, J = 12.8, 10.9, 9.5, 5.3 Hz, H), 2.00-
2.07 (1H, m, H*®), 2.68 (3H, s, C°CHs), 2.85 (1H, ddd, J = 16.6, 5.3, 3.8 Hz, H*?), 2.99
(1H, ddd, J = 16.6, 10.9, 5.7 Hz, H*"), 3.58 (1H, dqd, /= 9.5, 6.1, 2.9 Hz, H?), 5.85 (1H, br s, NH), 6.93
(1H, d, J = 8.2 Hz, H°), 7.09 (1H, d, J = 8.2 Hz, H5), 7.15 (1H, d, J = 8.3 Hz, H®), 7.87 (1H, d, J = 8.3 Hz,
H7). 13C NMR (101 MHz, CDCl3): & 22.5 (C2CHs), 25.1 (C°CHs), 26.6 (C*), 30.0 (C3), 46.6 (C?), 113.2
(C?), 116.5 (C*), 121.2 (C?), 125.3 (C5), 127.8 (C5), 135.9 (C7), 136.8 (C1%2), 140.0 (C1%), 155.7 (C9).
IR (ATR, cm™2): Vmax = 3362, 2968, 1595, 1503, 1452, 1368, 1277, 735, 698. MS (ESI): m/z (%) 213

([M + H]*, 100). The data are in accordance with those reported in the literature.?’®

/
=N HN

1,2,3,4,7,8,9,10-Octahydro-1,10-phenanthroline (13d)

5 1.83-1.92 (4H, m, 2 x NCH,CH,), 2.73 (4H, t, J = 6.3 Hz, 2 x CquatCH2), 3.19 (2H, br
s, 2 x NH), 3.29 (4H, m, 2 x NCH2), 6.45 (2H, s, H56). 3C NMR (101 MHz, CDCls): &
22.5 (2 x NCH2CH3), 26.9 (2 X CquatCH2), 42.6 (2 x NCH5), 119.1 (C56), 120.5 (C*62), 132.8 (C102105),
IR (ATR, cm™): Vmax = 3246, 2922, 2833, 1616, 1582, 1489, 1437, 1422, 1327, 1261, 1246, 1194,

1171, 1109, 1007, 779. MS (ESI): m/z (%) 189 ([M + H]*, 100). The data are in accordance with
276

: Yield 82%. Off-white crystals, R = 0.16 (PE/EtOAc 4/1). *H NMR (400 MHz, CDCl3):
NH HN

those reported in the literature.
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9,10-Dihydroacridine (13e)

, A2, Yield 91%. White crystals, R = 0.36 (PE/EtOAc 9/1). *H NMR (400 MHz, CDCl3): 6
63 4.05 (2H, s, CH>), 5.93 (1H, br s, NH), 6.66 (2H, dd, /= 7.9, 1.0 Hz, H*?), 6.84 (2H,
5 H

10 ) td, J = 7.4, 1.0 Hz, H?7), 7.04-7.12 (4H, m, H*>®18), 13C NMR (101 MHz, CDCl5): &
31.4 (CHy), 113.4 (C*®), 120.1 (C8%), 120.6 (C*7), 127.0 (C>¢), 128.6 (C*®), 140.1 (C**1%), IR (ATR,
cm™): vmax = 3372, 1599, 1582, 1454, 1294, 743, 714, 607, 532, 434. MS (ESI): m/z (%) 182

([M + HJ*, 100). The data are in accordance with those reported in the literature.?””

Phthalazine-2(1H)-carbaldehyde (13f)

] A, Yield 80%. Pale yellow crystals, Rf = 0.37 (PE/EtOAc 7/3). *H NMR (400 MHz,
SN
7©CN2 H CDCls): 6§ 4.94 (2H, s, CH2), 7.17 (1H, d, J = 7.5 Hz, H8), 7.25 (1H, dd, J = 7.5, 0.9 Hz,
® 1 8 HY),7.35(LH,t, J = 7.5 Hz, HY), 7.44 (1H, td, J = 7.5, 0.9 Hz, H), 7.53 (1H, s, H%),
8.72 (1H, s, N(C=0)H). 13C NMR (101 MHz, CDCl3): 6 41.1 (CH.), 124.3 (C*), 126.2 (C8), 126.5 (C°),
128.5 (C®), 129.0 (C82), 132.0 (C7), 143.0 (C%), 164.7 (N(C=0)H). IR (ATR, cm™): Vmax = 2893, 1670,
1396, 1356, 1331, 1221, 1209, 1136, 1105, 912, 760, 642, 588. MS (ESI): m/z (%) 161 ([M + H]*,

100). The data are in accordance with those reported in the literature.?’®

4.4.6.1 Deformylation of phthalazine-2(1H)-carbaldehyde (13f)

The formyl group of phthalazine-2(1H)-carbaldehyde 13f (64 mg, 0.40 mmol, 1 eq) was hydrolyzed
by treatment with 1 M NaOH (240 uL, 6.00 mmol, 15 eq) under reflux conditions diluted in an
ethanol/water mixture (2/1, 6 mL). After 2 h, the mixture was extracted with Et,0 (4 x 10 mL) and
the combined organic layers were dried over MgSQ, filtered and concentrated under vacuum to
obtain the deformylated product. *H NMR analysis showed that the product obtained not only
contained the targeted 1,2-dihydrophthalazine 14, but also phthalazine 12f to a minor extent
(14/12f = 96/4). Over time, the fraction of phthalazine increased, suggesting that 1,2-

dihydrophthalazine 14 spontaneously oxidizes on exposure to air.
1,2-Dihydrophthalazine (14)

Spectral data derived from the mixture of compound 14 and phthalazine 12f (*H NMR: 14/12f =
96/4; 13C NMR: 14/12f = 79/21).

s A\ s VYield 68%. White solid, R = 0.19 (PE/EtOAC 70/30). 'H NMR (400 MHz, CDCls): §
7©C&H2 4.23 (2H, s, CH,), 5.91 (1H, br s, NH), 7.04—7.08 (1H, m, H8), 7.10-7.15 (1H, m, H5),
v 7.25-7.35 (2H, m, HS7), 7.49 (1H, s, H*). 13C NMR (101 MHz, CDCls): & 44.9 (CH,),
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124.4 (C5), 125.2 (C8), 126.2 (C*), 127.9 (CF), 130.3 (C7), 131.0 (C®2), 140.3 (C*). IR (ATR, cm™): Vmax
= 3265, 1439, 1317, 1088, 1018, 912, 793, 725, 590. MS (ESI): m/z (%) 133 ([M + H]*, 100). The

data are in accordance with those reported in the literature.?>3

4.4.6.2 Single-crystal X-ray diffraction data for compound cis-11g

The X-ray diffraction analysis was performed by Prof. Kristof Van Hecke (XStruct, Department of
Chemistry, Faculty of Sciences, Ghent University). CCDC 2226036 contains the supplementary
crystallographic data for compound cis-11g. These data can be obtained free of charge from The

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.

For the structure of compound cis-11g, single-crystal X-ray intensity data were collected at 100 K
on a Rigaku Oxford Diffraction Supernova Dual Source (Cu at zero) diffractometer equipped with
an Atlas CCD detector using w scans and Cu Ka (A = 1.54184 A) radiation. The images were
interpreted and integrated with the program CrysAlis?™ (Rigaku Oxford Diffraction). Using
Olex2,%® the structure was solved with the SHELXT®” structure solution program using intrinsic
phasing and refined with the SHELXL'® refinement package using least-squares minimization.
Non-hydrogen atoms were anisotropically refined and the hydrogen atoms in the riding mode and

isotropic temperature factors fixed at 1.2 times U(eq) of the parent atoms.
Crystal data for compound cis-11g

CaoH1sN2, M = 286.36 g/mol, monoclinic, space group P2:/n (No. 14), a = 12.54957(13) A, b =
5.45668(4) A, ¢ = 21.5051(3) A, 8 = 100.0457(10)°, V = 1450.07(3) A%, Z = 4, T = 100(2) K, u(Cu Ka)
= 0.595 mm™, F(000) = 608, pcaic = 1.312 g cm™3, 38566 reflections measured (7.628° < 20 <
147.574°), 2917 unique (Rint = 0.0278, Rsigma = 0.0107) which were used in all calculations. The final
R: was 0.0351 (/> 20(/)) and wR, was 0.0962 (all data).
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Chapter 4

CTF-1 as metal-free catalyst for
aerobic oxidations in continuous flow

Abstract | To further explore the use of CTFs in flow reactions, simple CTF-1 is used as a metal-
free heterogeneous catalyst for continuous aerobic oxidation reactions. Previously, our
collaborative partner COMOC has demonstrated the ability of ionothermally prepared CTFs to
activate molecular oxygen as the ultimate green oxidant for organic synthesis. This activity was
then exploited to establish the CTF-catalyzed oxidative aerobic coupling of amines in batch mode.
In this chapter, the aerobic oxidation reaction is translated into a continuous flow process for
improved oxygen gas mass transfer and safety. In addition, as the CTF is contained in a packed-

bed reactor, catalyst separation steps are avoided.

A major part of the research in this chapter is covered in the Master thesis of Jolien De Ketelaere and most
of the experimental work was done in collaboration with her.?”

Contributions | CTF synthesis: JDK, JE — CTF characterization: JE, JDK — Batch and flow experiments: JDK —
Gas chromatography analysis: JDK, JE — Supervision: JE, CS.
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Chapter 4

1 Introduction

Besides the great promise of CTFs as support materials, they also exhibit catalytic activity in several
transformations themselves. Doping of nanocarbon materials (carbon nanotubes, graphene,
fullerenes) with defective nitrogen species is known to be an effective strategy to modulate the
electronic properties and enhance the reactivity of the materials.?8281 Analogous nitrogen species
arise in CTFs when they are synthesized by the ionothermal method. Such sites have shown
promising catalytic activity in aerobic oxidation reactions by promoting the activation of molecular
oxygen. Recently, CTFs have been described in the aerobic oxidative coupling of amines by Zheng
et al.?® Similarly, the group of Van Der Voort have demonstrated their activity for the selective
aerobic oxidation of benzyl alcohols to benzaldehydes.??® Although several catalysts based on
transition metals, including Ru,?83 Pd,?84285 Au,28 and Fe,?®” have been developed for these types
of oxidation reactions, metal-free catalysis with carbonaceous materials provides a desirable
alternative from a green perspective.?8828 Being metal-free means that the high cost of noble
metals, leaching problems, and concerns about metal residues in the product are eliminated. It
should be noted that the term “metal-free” can be tricky in the context of catalysis, as traces of
metal impurities in the reagents, solvents or other additives have been found to be non-innocent
and actually catalyzed the reaction under study.?®®?°! Hence, an alternative term could be “no-

III

added-metal”, indicating that metals have not been deliberately added to the reaction mixture.

Nevertheless, the common term “metal-free” will continue to be used in this chapter.

Molecular oxygen is recognized as the ultimate green oxidant in organic synthesis.?®? In the
meantime, traditional oxidation methods use stoichiometric amounts of hazardous metal oxidants
such as manganese- and chromium-based reagents. These reagents have serious toxicity issues
associated with their use and generate large amounts of waste. The high demand for more
sustainable oxidation processes necessitates the replacement of the toxic oxidants and the
development of efficient methodologies using oxygen gas as a clean oxidant. However, gas—liquid
reactions in batch synthesis may suffer from limitations in mass transfer and, therefore, often
require long reaction times and high pressures. In addition, the triad of high-pressured oxygen gas,
flammable organic solvents and high temperatures poses additional challenges regarding safety.
In this regard, the use of continuous flow reactor technology is an attractive approach to address
these process challenges and safety hazards.?*® Increased mass transfer by the enlarged gas—liquid
interfacial area, easier scale-up and improved safety because of the small reaction volumes, are

just a few of the advantages offered by flow chemistry.?%*

In light of this premise, we aimed to explore CTFs as a metal-free catalyst in continuous flow using
aerobic oxidations as model reactions. To this end, several designs of packed-bed reactors were
evaluated. Here, we describe the results from our initial experiments, which can serve as a starting

point for a more comprehensive study.
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2 Results and discussion

As mentioned in the introduction, the Van Der Voort group, our research partners, have recently
elaborated on the aerobic oxidation of benzyl alcohols catalyzed by CTFs.?® These reactions were
carried out on a small scale (i.e., 0.33 mmol) in batch mode. The conversion of alcohol proceeded
in toluene as the optimal solvent using Cs,COs as the base (Scheme 4.1). CTF-1, prepared from
benzene-1,4-dicarbonitrile, was found to be one of the most effective CTFs for the conversion due
to its high nitrogen content and was preferred because of its cheap and readily available building
block. Following their research, we first attempted to translate the alcohol oxidation reaction into

a continuous flow process.

0O, (1 atm) 0
CTF-1 (50 wt%)
©/\OH Cs,CO3 (0.6 eq) ©)LH
toluene, 100 °C, 3 h
1 2

Scheme 4.1. Aerobic oxidation of benzyl alcohol 1 catalyzed by CTF-1 in batch according to Van Der Voort et al.123

Unfortunately, a few obstacles were soon encountered in the translation of the batch reaction.
Cesium carbonate, the inorganic base in the reaction, presented a first obstacle. Due to the low
solubility of Cs,COs in toluene, the base had to be mixed in the reactor column or integrated into
the setup as a separate column preceding the reactor column. Unfortunately, pressures higher
than 30 bar were encountered for both setups, exceeding the limits of some reactor components.
Screening for an organic, alternative base was to no avail. Furthermore, since finding the optimal
reaction conditions was a process of trial and error, the need for large amounts of CTF-1 posed
another challenge. The ionothermal synthesis of CTFs is ideally performed in small batches to
ensure high porosity and surface area of the resulting material. Producing a few grams of CTFs is

therefore an arduous task. CTF synthesis at large scale remains a bottleneck.

Because of these obstacles, the aerobic oxidation of benzyl alcohols was abandoned as a model
reaction and replaced by the aerobic oxidative coupling of benzylamine 3 to N-benzylidene-
benzylamine 4 (Scheme 4.2).123282 The absence of an externally added base in this reaction
simplified the flow setup. Schiff base imines are regarded as versatile intermediates for the
synthesis of fine chemicals, biologically active compounds and pharmaceuticals. The C=N bond in
imines is a highly reactive functionality that allows numerous transformations, including
nucleophilic additions, cycloadditions and multicomponent reactions.?®®> Imines are traditionally
prepared by the condensation of amines with ketones or aldehydes, but the oxidative coupling of
amines with oxygen gas or air has received much attention as an alternative synthetic route. A key

challenge in the oxidation reaction, however, is to avoid the formation of side products such as
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benzaldehyde, N-benzylbenzamide, benzaldoxime and benzonitrile.?®® Therefore, the

development of highly selective catalysts is desirable.
©/\NH2 CTF-1, O, @Nﬁ
toluene
3 4

Scheme 4.2. Aerobic oxidative coupling of benzylamine 3.

2.1 CTF synthesis and characterization

CTF-1 was synthesized from benzene-1,4-dicarbonitrile 5 in the ionothermal synthesis using five
equivalents of ZnCl, (Scheme 4.3). After heating at 400 °C for 48 h, oligomers and ZnCl, were
removed by extensive washing with water and organic solvents, and by treatmentin 1 M HCl under

reflux conditions. CTF-1 was eventually obtained as a glassy black powder.

o |
N
-~ N N .
NC CN R -~
It i
CN | N\ Z >z
5 eq ZnCl, N__N
400 °C
48 h
CN N7 IN N7 IN
5
CN ."'J\\N \N)“\
6 N
| N
N\?N
CTF-1

Scheme 4.3. Synthesis of CTF-1.

The complete formation of triazine linkages was confirmed by Fourier transform infrared (FT-IR)
spectroscopy. As shown in Figure 4.1a, the absorption bands for the triazine units are present at
1523 and 1350 cm™, while the characteristic absorption band for the nitrile group at 2231 cm™
disappears completely from the spectrum.®> Based on the absence of sharp diffraction signals in
the powder X-ray diffraction (PXRD) pattern (Figure 4.1b), CTF-1 was found to be amorphous,
which was also the case for the CTF-1 reported by Van Der Voort et al.*?® This contrasts with the
first report on CTF-1 by Thomas et al. who observed an intense (100) diffraction peak at about 26
=7° in the PRXD pattern, indicating the formation of a crystalline CTF.” The spectrum of our CTF-1
only shows a broad (001) diffraction band centered at about 23°, indicating a graphitic-like layering

of the two-dimensional sheets by n—mt stacking interactions.”® The nominal distance between the
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layers is calculated as approximately 3.8 A and is slightly larger than the value of 3.4 A reported in
the literature.”>®> The elemental analysis of CTF-1 revealed a C/N atomic ratio that strongly
deviates from the theoretical ratio (Table 4.1) and is due to partial carbonization of the framework

under the harsh ionothermal conditions.

a b

=

© -
-~ =)
3 S
15 =
c 2231 €
g =
'—

1523 1350
3600 3100 2600 2100 1600 1100 600 0 10 20 30 40 50
Wavenumber (cm™?) 26 (°)

Figure 4.1. (a) FT-IR spectral comparison between benzene-1,4-dicarbonitrile 5 (top) and CTF-1 (bottom). (b) Powder X-ray
diffraction pattern of CTF-1.

Table 4.1. Elemental composition of CTF-1 obtained from CHN analysis.

Calculated Found
C (Wt%) 75.0 68.6
H (wt%) 3.2 2.6
N (Wt%) 21.9 10.3
Residue (wt%) — 18.5
C/N atomic ratio 4.0 7.8

Sorption measurements with N2 at 77 K were performed to assess the permanent porosity of CTF-1
(Figure 4.2a). The material has a high BET surface area of 1566 m?g™* and a total pore volume of
0.77 cm3 g%, which are very similar to the 1495 m? g% and 0.86 cm? g* of the CTF-1 reported by
Van Der Voort et al.'?® The steep increase at relative pressures P/Po < 0.05 and following plateau
point to the purely microporous nature of the material (type | isotherm). In addition, the quenched
solid density-functional theory (QSDFT) method, developed for carbons (slit/cylindrical pores,
adsorption branch) was applied to calculate the pore size distribution. As shown in Figure 4.2b,
CTF-1 shows a narrow distribution of the pore sizes. To gain insights into the local chemical
environment of the material, X-ray photoelectron spectroscopy (XPS) analysis was conducted
(Figure 4.2c). From the analysis, three different nitrogen species can be distinguished in the curve
fitting of the N 1s XPS spectrum. The first signal observed at 398.6 eV can be assigned to pyridinic
nitrogen atoms (C—N=C) within the triazine units. The peaks at 400.2 and 401.3 eV arise from

pyrrolic and graphitic nitrogen, respectively, which originate from decomposition reactions during
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the trimerization at high temperatures.?®’ The ratio of the nitrogen species is determined as about

1.4/1.1/1 pyridinic/pyrrolic/graphitic nitrogen, indicating a high content of graphitic nitrogen.
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Figure 4.2. (a) Nitrogen adsorption (e) and desorption (0) isotherms of CTF-1 at 77 K. (b) Pore size distribution (QSDFT) and
(c) high-resolution N 1s XPS spectrum of CTF-1.

2.2 Oxidative coupling of benzylamine

Before implementing CTF-1 in a flow reactor, our study was initiated by preliminary experiments
in batch mode. Herein, CTF-1 was used in the oxidative coupling of benzylamine 3 with O3 as the
terminal oxidant and benzylamine as a model substrate. The influence of temperature on the
catalytic activity was examined, and the results are listed in Table 4.2. At 60 °C in toluene, a poor
conversion of only 16% was achieved after 4 h of reaction, but with N-benzylidenebenzylamine 4
as the only product formed. In comparison, Van Der Voort et al. reported a conversion of 99%
after 12 h reaction in toluene at 60 °C using their CTF-1 in the same amount, though at a higher
concentration (1 M).12 By extending the reaction time to 18 h, our CTF-1 achieved only 42%
conversion, indicating a lower activity than the CTF-1 prepared by Van Der Voort et al. As
expected, raising the temperature led to a sharp increase in the conversion, reaching 84% at
100 °C. Meanwhile, the higher temperature did not deteriorate the high selectivity of the reaction

and imine 4 remained the sole product. In addition to toluene, the reaction in acetonitrile, the
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preferred solvent in the photocatalytic oxidative coupling,?%®

also gave a high conversion. A blank
control experiment confirmed that the oxidation did not proceed in the absence of CTF. As ZnCl,
is used in the ionothermal synthesis, minute amounts of Zn are usually left in the CTF material. For
CTF-1, a content of 0.1 wt% of Zn was determined by ICP-OES. However, previous studies have
confirmed the inactivity of zinc residues in the reaction.'?>282 Nevertheless, a thorough ICP-MS
analysis of the CTF should be considered to really rule out the possible contribution of small

amounts of any metal impurity in the reaction.

Table 4.2. Condition screening for the aerobic oxidative coupling of benzylamine 3
catalyzed by CTF-1 in a batch reaction.?

CTF-1
©/\NH2 0, balloon ©/%N&©
solvent, T
3 4

Entry Solvent T(°C) Conv. in 4 h (%)°

1 toluene 60 16

2 toluene 80 62

3 toluene 100 84

4 CHsCN 80 73

Blank® toluene 100 4
a Reaction condition: amine 3 (0.33 mmol), CTF-1 (17 mg, 50 wt%), solvent (1 mL),

0 (1 atm).
b Determined by GC-MS analysis using n-dodecane as an internal standard.
¢ No catalyst was added.

The reaction operates independently of light, and although the actual active sites and the reaction
mechanism have not been fully elucidated yet, it is generally believed that graphitic nitrogen plays
a prominent role in the activation of molecular oxygen.?®>302 A reaction mechanism has been
proposed by our collaboration partner, Van Der Voort and co-workers, and is depicted in Scheme
4.4 19171 Herein, CTF-1 assists in the activation of molecular oxygen by reducing O, to the
superoxide radical anion (02""). Meanwhile, benzylamine 3 is oxidized by the generated positively
charged hole to form the radical cation 7 which in turn reacts with 0,*~ to form imine 8 and
hydrogen peroxide. Imine intermediate 8 may then readily react, following two different
pathways: In pathway a, the nucleophilic attack of benzylamine 3 on the generated imine 8,
followed by the elimination of ammonia results in imine 4 as the final product. In pathway b, the
decomposition of hydrogen peroxide produces water which can hydrolyze imine 8 and vyield
aldehyde 2.2%93% The aldehyde, in turn, can undergo condensation with amine 3 to give the final
coupling product 4. Since benzaldehyde 2 was never detected in our experiments, neither in *H
NMR analysis nor in GC-MS, we believe that pathway b is not the operative pathway here. In

addition, since we never observed hydrogen peroxide in *H NMR analysis, we assume that
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hydrogen peroxide, a strong oxidant, can also react with benzylamine 3 to produce another

equivalent of imine 8 and water.

;i/

NT=N Pathway b
~N NH;
~ N< .
NE/;N E/ ©/\ H,
N= N

©* — o0

Scheme 4.4. Proposed mechanism for the oxidative coupling of benzylamine 3 catalyzed by CTF-1 by Van Der Voort et al.123

2.3 Implementation in continuous flow

CTF-1 was then integrated into a continuous flow setup as a packed bed by using an Omnifit®
column (Scheme 4.5). The catalytic performance was evaluated in toluene and at a constant
oxygen flow rate of 3 mLy min™. The influence of the liquid flow rate and of the temperature were
investigated and the results are shown in Figure 4.3. A flow rate of 5 mmol h™ (0.25 mL min™!) and
a temperature of 80 °Cresulted in a stable conversion of about 15%. Increasing the residence time
by reducing the liquid flow rate to 3 mmol h™ (0.15 mL min~?) did not affect the conversion. On
the other hand, increasing the temperature had a significant positive effect on the activity of the
reaction, reaching a conversion of 80% at 100 °C. At 80 and 90 °C, the formation of imine 4
remained stable during the 70 min on-stream experiment. At 100 °C, however, a gradual
downward trend in the conversion was observed, indicating a slight loss of catalytic activity. It
should be noted that all reactions were carried out in the order of increasing temperature using

the same catalyst bed.
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toluene (0.33 M)

Scheme 4.5. Continuous flow oxidative coupling of benzylamine 3 using a CTF-1 catalyst bed.
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Figure 4.3. Influence of temperature and flow rate on the conversion of benzylamine 3 to N-benzylidenebenzylamine 4.
Sampling started after 30 min on stream when steady state was reached.

3 Conclusion

Although this research project was initially plagued by practical difficulties, we have demonstrated
the use of CTFs as metal-free catalysts in continuous flow. To this end, CTF-1 was applied in the
oxidative coupling of benzylamine 3 using oxygen gas as a green oxidant. The high selectivity of
CTF-1 resulted in the formation of N-benzylidenebenzylamine 4 as the sole product. CTF-1
demonstrated a stable conversion for 70 minutes, but longer time periods should also be
evaluated. At high steady-state conversions, a gradual decrease in conversion may indicate some
degree of deactivation of the metal-free catalyst. As a note, since ZnCl, was used in the
ionothermal synthesis of the metal-free CTF catalyst, it would be more appropriate to replace the
Zn catalyst with, e.g., polyphosphoric acid to obtain a genuinely metal-free process.”®
Furthermore, a thorough ICP-MS analysis of the CTF should be considered to really rule out the

possible contribution of small amounts of any metal impurity to the reaction.
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This proof-of-concept study may provide a starting point for a more in-depth investigation. We

anticipate that this study could promote the employment of CTFs in continuous flow chemistry.
4 Experimental details

4.1 General methods

Solvents and reagents were purchased from commercial suppliers and used without further
purification, unless otherwise stated. *H NMR and *3C NMR spectra were recorded at 400 and
101 MHz, respectively, using a Bruker Avance Ill HD 400 spectrometer equipped with a 'H/BB
z-gradient probe (BBO, 5 mm). The spectra were recorded at 25 °C and were processed using
TopSpin 3.6.2. Chemical shifts (6) are reported in parts per million (ppm) downfield of
tetramethylsilane (internal reference) and coupling constants (/) are reported in hertz (Hz). Peaks
were assigned with the aid of 2D spectra (COSY, HSQC, H2BC and HMBC). Infrared spectra (FT-IR)
of the small compounds were recorded from samples in neat form on a Shimadzu IRAFFINITY-1S
FT-IR spectrophotometer with an ATR (attenuated total reflectance) accessory. GC-MS analysis
was performed on an Agilent 8890 GC System equipped with an Agilent J&W HP-5ms (30 m x
0.25 mm x 0.25 um) column and an Agilent 5977B mass spectrometer with quadrupole mass

analyzer and extractor El source (electron ionization, 70 eV).

The infrared (DRIFT) spectrum of the CTF was recorded in the region 650-4000 cm™* with a Thermo
Nicolet 6700 FT-IR spectrophotometer equipped with a nitrogen-cooled MCT detector and a KBr
beam splitter. Powder X-ray diffraction (PXRD) patterns were collected on a Thermo Scientific ARL
X'TRA diffractometer with a Cu Ka radiation source (A = 1.5418 A) at 40 kV and 40 mA and a
scanning speed of 1° min~t. Combustion elemental analysis was performed on a Thermo Scientific
Flash 2000 CHNS/O analyzer equipped with a TCD detector. Nitrogen sorption measurements
were carried out on a BELSORP-mini Il at 77 K. Prior to measurements, samples were degassed at
120 °C under vacuum for 16 h. Specific surface areas were calculated using the Brunauer—-Emmett—
Teller (BET) method. For the BET calculations, pressure ranges were chosen in accordance with
the criteria described by Rouquerol et al.?®* The pore size distribution was determined using the
guenched solid density-functional theory (QSDFT) model for N, adsorbed on carbon with
slit/cylindrical pores, implemented in Quantachrome’s ASiQwin software (v4.0). Total pore
volumes were determined at P/Po = 0.99. X-ray photoelectron spectroscopy (XPS) was performed
using the PHI 5000 VersaProbe Il spectrometer equipped with a monochromatic Al Ka X-ray source
(hv = 1486.6 eV). The samples were excited with an X-ray beam (size 200 um) over an area of 500
x 500 pm? at a power of 50 W. Wide range survey scans and high-resolution spectra were recorded
with a pass energy of 187.85 eV and 23.5 eV and a step size of 0.8 eV and 0.1 eV, respectively. All

spectra were acquired at a take-off angle of 45° relative to the sample surface in the XPS chamber,
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where the pressure was constantly maintained below 107® Pa. The survey scans were used to
determine and quantify the surface elemental composition and were analyzed using the MultiPak
(v9.6) software. The energy scale of all acquired spectra was calibrated with respect to the
hydrocarbon component of the C 1s spectrum (285.0 eV). The reported quantitative results are

the mean values obtained from six independent analysis points measured on each sample.

4.2 Synthesis of CTF-1

The preparation of CTF-1 was carried out following the ionothermal synthesis approach described
by Antonietti et al.®! To this end, benzene-1,4-dicarbonitrile 5 (300 mg, 2.34 mmol, 1 eq) and
anhydrous ZnCl, (1.56 g, 11.71 mmol, 5 eq) were transferred in a quartz ampoule. The ampoule
was flame-sealed under vacuum and heated to 400 °C for 48 h with a heating rate of 1 °C min™2,
After cooling, the obtained black solid was ground and washed thoroughly with water to remove
most of the ZnCl,. The powder was then further stirred in 1 M HCl for 18 h under reflux conditions
to remove remaining ZnCl,. After this, the powder was filtered and washed successively with water
(3 x200 mL), THF (3 x 200 mL), ethanol (3 x 100 mL) and acetone (3 x 200 mL). The resultant black

powder was subsequently dried overnight under vacuum at 120 °C.

4.3 Aerobic oxidative coupling of benzylamine

An Omnifit® column (L 100 mm x I.D. 10 mm) with one adjustable endpiece and one fixed endpiece
was used to immobilize the catalyst (Figure S4.1). The packed bed, containing CTF-1 (200 mg) and
resin diluent (550 mg Amberlite™ XAD-16, particle size of 0.2—0.4 mm) had a bulk volume of about
2 mL. The column was installed in a GC oven, thermostated at the desired temperature. By using
a WADose-Lite HP HPLC pump, a solution of benzylamine 3 in toluene (0.33 M) was flown upward
through the column concurrently with a stream of pure oxygen gas. A mass flow controller (EL-
FLOW®-F-201CM Bronkhorst High-Tech) kept the oxygen flow at a constant rate of 3 mLy. All parts
were connected by polytetrafluoroethylene (PTFE) tubing (I.D. 2.4 mm, O.D. 3.2 mm) and a 2.8
bar back pressure regulator (BPR) was connected to the end of the reactor. The eluent was

collected after reaching steady state and analyzed by GC-MS.

Figure S4.1. Omnifit® column.
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4.4 Calibration curves

Conversions were quantified using the calibration curves in Figure S4.2. To establish the calibration
curve for N-benzylidenebenzylamine 4, the compound was synthesized according to the following
procedure: benzylamine 3 (0.536 g, 5 mmol, 1 eq) and benzaldehyde 2 (0.53 g, 5 mmol, 1 eq) were
combined in 50 mL of THF and MgS04 (1.2 g, 10 mmol, 2 eq) was added. After stirring for 2 h under
reflux conditions, the reaction mixture was filtered, and the solvent was evaporated to obtain N-
benzylidenebenzylamine 4 as a pale orange oil in 97% vyield. The spectral data are in accordance

with those reported in the literature.3%*
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Figure S4.2. GC-MS standard curve of benzylamine 3 and N-benzylidenebenzylamine 4 with n-dodecane as internal standard
(1S).
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The development of functional materials is instrumental in advancing technological solutions to
address pressing societal problems, such as combating climate change, preventing environmental
pollution and creating clean energy pathways. Almost three decades ago, the toolbox for
nanoporous material design was extended with the concept of reticular chemistry, where
judiciously chosen rigid building blocks are assembled in a predesigned manner into a porous
ordered framework held together by strong directional bonds. This concept led to the advent of
covalent organic frameworks (COFs), which are composed exclusively of organic building blocks.
Due to their high porosity, modular design and versatility, COFs have attracted widespread
attention in materials sciences. By varying the building blocks, a huge versatility of COFs can be
envisaged. This flexibility in design paves the way to engineer these materials on an atomic scale,
and has sparked their development for a wide variety of applications, including gas storage,

separation, (photo)catalysis, energy storage, sensing, etc.

As a subclass of COFs, covalent triazine frameworks (CTFs) are endowed with high chemical and
thermal stability by the triazine nodes connecting the building blocks. This high stability allows
them to be used under various conditions. In this PhD thesis, we focused on their application in
catalysis and explored their potential as a promising platform for the development of
heterogeneous catalysts. Since the modular nature of CTFs allows for the incorporation of a wide
variety of molecular building blocks, the construction of CTFs starts with a judicious selection of
these precursors. Therefore, access to a wide range of building blocks is crucial. As inferred from
the literature review in Chapter 1, the incorporation of (poly)pyridyl moieties has so far been
limited to simple pyridines and bipyridines. The reason for this lack in diversity can be found in the
challenging synthesis of these building blocks which are often plagued by low solubility, low
reactivity and low selectivity of the compounds. Therefore, in Chapter 2, synthetic procedures
were developed toward six nitrogen-containing ligands, which may provide an answer to this lack
of available nitrogen-containing building blocks. The synthesized compounds, harboring two
cyano groups, can serve as valuable building blocks in the preparation of CTFs, enriching the
materials with numerous chelating sites to firmly anchor active metal complexes. The use of a
different building block in the CTF synthesis will give rise to a CTF containing coordination sites
with a different coordination environment, and thus perhaps a different reactivity. In the first
instance, a 2,2’-bipyridine-based CTF was selected as support for the preparation of a
heterogeneous catalyst for use in batch and flow reactions. Indeed, as described in Chapter 3, the
anchoring of a homogeneous Cp*Rh(Ill) complex on a bipyridine-based CTF, resulted in a highly
active and reusable catalyst for the transfer hydrogenation of various N-heteroarenes with
formate as the hydrogen source. Although the CTF prepared by the ionothermal synthesis method
was far from crystalline, the lack of structural order in the material did not impose restrictions on
obtaining an effective heterogeneous catalyst, though it did complicate a thorough

characterization. The heterogeneous nature of the catalyst enabled easy recovery and reuse of
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the expensive Rh complex. However, the activity of the heterogeneous catalyst proved to be
slightly lower than that of the homogeneous counterpart, presumably because of the lower
catalyst dispersion in the reaction medium and because of mass transfer limitations within the
porous framework. These factors are inherently associated with anchoring of individual molecules
to porous supports and especially need to be addressed in reactions where the catalysis itself is
very fast. Since straightforward separation and recycling represent the main goals of catalyst
immobilization, persistent reusability of the catalysts can justify the lower activity. In this regard,
the bpyCTF-supported Rh catalyst was found to maintain its high activity for at least six reaction
cycles, which is very encouraging. Just as in most studies in the literature, the durability of the
catalyst was evaluated over only a handful of recycles. It must be admitted that these brief
recycling experiments do not provide grounds for making claims about the long-term stability of

the catalyst and its industrial viability.

Due to time constraints, CTFs prepared from the other nitrogen-containing ligands from Chapter 2
could not be evaluated as metal support, but should definitely be included in future research as it

would be interesting to note a remarkable difference in reactivity.

Heterogeneous catalysis has for a long time been at the center of the production of simple bulk
products such as ammonia, sulfuric acid, hydrocarbons and propylene oxide. As the target
molecules in the pharmaceutical, agrochemical, and fine chemical industries are structurally more
sophisticated, the aspect of selectivity—in all its types (chemo-, regio- and stereo-)—becomes
more important than reaction speed. Low activity can be compensated by increasing the amount
of catalyst in the reaction or by raising the temperature. In this regard, the immobilization of
molecular metal complexes is thé approach that promises the highest level of selectivity, governed
by the ligands, while enabling catalyst recycling. At the same time, it renders the metal complex
more suitable for use in flow chemistry. This application aspect was touched upon in Chapter 3
and Chapter 4, wherein respectively the transfer hydrogenation and amine oxidation were
demonstrated in flow. However, there is still scope for further optimization. Great improvements
in the reactor design could be made using a structured packing instead of CTF as a powder. Shaping
the CTF into uniform granules or by coating on a monolith could minimize pressure drops and
improve mass transfer. While the number of publications on CTFs and COFs is already enormous,
few of them report on their use in continuous flow reactions. As the fine chemical industry is
increasingly using flow technology in its production, future research should target advancements

of CTFs in flow chemistry, which could stimulate the transfer of CTFs from academia to industry.

This PhD thesis has focused on CTFs because the triazine linkage gives these materials a high
degree of chemical robustness that is not found in other subclasses of COFs although required for
catalytic reactions. Prominent imine COFs, hydrazone COFs and B-ketoenamine COFs have shown

chemical erosion because of reaction with strong nucleophiles such as benzylamine, while in
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Chapter 4, CTF-1 showed excellent stability in the metal-free oxidative aerobic coupling reaction
of benzylamine in batch and flow.3%>-3% Due to this robustness, CTFs definitely outperform many

other organic frameworks in reactions that proceed under extreme temperature or pH.

However, the low reactivity of the triazine ring is accompanied by the challenge of obtaining
crystalline CTFs. During this doctoral research, the conventional ionothermal synthesis method
was mainly used to prepare CTFs. Although this method yielded CTFs as amorphous black solids
with structural defects, it was chosen because the CTFs obtained had high surface areas
(> 500 m?), which were in line with the values reported in the literature. In the case of the thermal
reactions under study in Chapter 3 and Chapter 4, the present of defects and absence of structural
order were less of a requirement to obtain an effective catalyst. For the ionothermal synthesis,
the traditional protocol described by Thomas et al. was straightforward to adopt in our lab, though
CTF-1 described in Chapter 4 did not show any crystallinity, unlike CTF-1 reported by Thomas et
al.”® This variability illustrates the difficulty of reproducibility in COF synthesis. During this PhD
research, several attempts to synthesize photoactive CTFs by using the superacid method have
only yielded CTFs as non-porous solids (Sger < 16 m?). More than in the organic synthesis of single
compounds, it takes time, practice and experience to become familiar with the COF synthesis
protocols, and often a small change in the synthesis operations (e.g., the stirring rate3®’) compared
to the reported procedures can already have a substantial effect on the resulting COF. Therefore,
better and more communication of the synthesis procedures should be provided, e.g., by including
pictures of videos from the synthesis to the publication. In addition, not only successes should be
shared, but also failures should be communicated. The latter is particularly important for
accelerating research, as finding the right reaction conditions is typically difficult to rationalize. As
mentioned several times in this thesis, the production of CTFs on a large scale remains challenging
and represents a real hurdle for the further development of these materials. In general, CTFs are
currently synthesized on a small scale in sealed ampoules. However, due to batch-to-batch
variations in the properties, which are not uncommon, each batch needs to be characterized.
Hence, straightforward large-scale synthetic methods should be sought which ensure that the

resulting CTFs have consistent properties across different batches.

In Chapter 3 the rationale for selecting a Rh complex was to investigate the effect of anchoring to
a CTF on its catalytic performance. The Cp*Rh complex is a well-known and active homogeneous
catalyst for transfer hydrogenation, which was most likely to yield an active heterogeneous
counterpart after immobilization to the bpyCTF. Since Rh is very rare and therefore expensive,
recycling of the metal catalyst is important to reduce the economic cost. In addition, due to its
high toxicity, it is crucial in the pharmaceutical industry that traces of the metal are removed from
final products to prevent harm to humans. Therefore, firmly anchoring of Rh to CTFs is an
attractive solution to avoid leaching of the metal in final products. However, in recent years, the

use of earth-abundant, 3d-block transition metals (such as Mn, Fe, Co, Ni) has become a major
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Conclusions & outlook

area of interest, partly driven by economic and environmental constraints, partly by curiosity
about peculiar reactivity. Most salts of first-row metals are less toxic than noble metals, which is
advantageous for the pharmaceutical industry.3%® Future research could focus more on the
immobilization of these earth-abundant metals on CTFs as substitutes for the commonly used
platinum-group metals. As first-row metals tend to be less reactive than noble metals, catalysts
could exhibit better chemoselectivity. The activity and selectivity could be governed through

engineering of the CTF building block.

Mild synthetic approaches, such as the amidine-based polycondensation, have unlocked the
application of CTFs in photochemical transformations. Hence, extensive research should be
undertaken to develop CTFs as heterogeneous photocatalyst as such, or in conjunction with
photoactive metal complexes. The fully conjugated frameworks are highly suitable for harvesting
visible light for chemical transformations and energy storage. By varying the building blocks, the
opto-electronic properties can be tuned. For photochemical applications, high structural order in
the conjugated CTF material is particularly important, as it favors the separation, mobility and
lifetime of charge carriers so that reactions can actually take place. Current methods for the
synthesis of crystalline CTFs should be further optimized and their synthetic scalability should be

improved.

The incomplete understanding of the reaction mechanism and catalytic behavior of CTFs poses
obstacles to reaction optimization and rational material design. Advanced characterization

techniques that can be applied in situ need to be in place to elucidate such mechanisms.

As this doctoral thesis is situated at the crossroad of homogeneous and heterogeneous catalysis,
it was striking during the research how separate these areas of research are. Hence, combined
efforts could lead to further advances to transform CTFs, and other COFs, from an academic

curiosity to a fully-fledged tool to tackle the pressing challenges of modern society.
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Summary

Catalysts are indispensable in the chemical industry as they are a vital tool for improving the
sustainability of chemical transformations. Scientists are therefore constantly striving to enhance
catalyst performance. Covalent triazine frameworks (CTFs), a relatively new class of nanoporous
solids, are gaining widespread attention as promising materials in heterogeneous catalysis. This
interest stems from their extensive tunability, high surface area and extraordinary stability, which
make them attractive as support materials for active metal species. The immobilization of metal
complexes on solid supports is a pivotal strategy to bridge the gap between homogeneous and
heterogenous catalysis, combining high activity and selectivity with the ease of catalysts recovery
and reuse. This PhD research aimed the further exploration of the potential of CTFs in
heterogeneous catalysis, with an emphasis on their practical utilization as catalyst and catalyst

support.

In the first part of the thesis, synthetic routes toward six N-heterocyclic ligands were elaborated
(Figure 1). The ligands, which vary in their denticity and extent of aromaticity, were functionalized
with cyano groups, allowing their use as building blocks for CTFs. These building blocks are
especially appealing for CTFs in heterogeneous catalysis applications since they provide the CTFs
with numerous nitrogen binding sites for stable anchoring of active metal complexes. By access to
a wide variety of building blocks, CTFs with distinct properties can be prepared, which may help in

a rational design of advanced support materials for heterogeneous catalysis.
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Figure I. Set of synthesized cyano-functionalized N-heterocyclic ligands
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Summary

Following the synthesis of the building blocks, CTFs were synthesized and thoroughly

characterized. Their performance in catalytic reactions was investigated through two case studies.

In the first case study, a bipyridine-based CTF was synthesized and functionalized with a half-
sandwich Rh(lll) complex. The heterogeneous Rh@bpyCTF catalyst was subsequently applied in
the transfer hydrogenation of N-heteroarenes toward prominent scaffolds in drug design.
Hydrogenation in water with sodium formate as the hydrogen source is an attractive alternative
to the traditional hydrogenation with high-pressure hydrogen gas because of its mild reaction
conditions and operational simplicity. At 80 °C, a wide range of quinoxalines was efficiently
converted by the heterogeneous catalyst in short reaction times, achieving excellent yields
(Scheme ). The substrate scope could be successfully extended to various other N-heteroaromatic
scaffolds, demonstrating the versatility of the catalyst. The rate of the reaction in aqueous medium
was shown to be highly pH dependent, with the highest reaction rate at pH 4.5. The catalyst
maintained high activity over at least six reaction cycles, and its performance was briefly
investigated in the continuous flow transfer hydrogenation by placing the catalyst in a packed-bed
reactor. A high conversion was achieved, but decreased in a short time. Hence, the design of the
packed-bed reactor and the reaction conditions still await further optimization to maintain high
conversions for extended periods of time. Overall, bpyCTF appeared to be an attractive support
for the heterogenization of molecular active metal centers, thereby bridging the gap between

homogeneous and heterogeneous catalysis.

Metal-Functionalized CTF
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Reaction conditions: Rh@bpyCTF (0.25 mol% Rh), 4 M HCOOH/HCOONa,,, pH 4.5, 80 °C, 3-10 h

Scheme I. Transfer hydrogenation of quinoxalines vii catalyzed by Rh@bpyCTF.
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In the second case study, a CTF itself was used as a metal-free catalyst and its application in
continuous flow reactions was pursued. Previous research by our research partner, the COMOC
group (Department of Chemistry, Ghent University), demonstrated the activation of molecular
oxygen on ionothermally synthesized CTFs in batch. This catalytic activity was further explored in
this PhD thesis in continuous flow, using the oxidative coupling of benzylamine ix as a model
reaction (Scheme Il). To this end, CTF-1 was ionothermally synthesized from benzene-1,4-
dicarbonitrile and integrated into a packed-bed column. The high selectivity of the nitrogen-rich
CTF resulted in the formation of N-benzylidenebenzylamine x as the sole product. The CTF
demonstrated stable conversions for at least 70 minutes. At high steady-state conversions, a
gradual decrease in conversion over time may indicate the deactivation of the metal-free catalyst.
Since the reaction in batch took place in toluene at high temperatures under an oxygen
atmosphere, translating this aerobic oxidation reaction into a continuous flow process offered
increased mass transfer, easier scale-up and a safer process. This case study provided practical

knowledge of applying CTF materials in a packed-bed reactor under continuous flow.

Metal-Free CTF

©/\NH2

ix
toluene (0.33 M)

Scheme Il. CTF-catalyzed aerobic oxidative coupling of benzylamine ix in continuous flow.

117
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Katalysatoren zijn onmisbaar in de chemische industrie vermits ze een essentieel instrument zijn
om de duurzaamheid van chemische transformaties te verbeteren. Wetenschappers streven er
daarom voortdurend naar de prestaties van katalysatoren te verbeteren. Covalente triazine
roosters (CTF's), een relatief nieuwe klasse van nanoporeuze vaste stoffen, krijgen steeds meer
aandacht als veelbelovende materialen voor heterogene katalyse. Deze belangstelling komt voort
uit de mogelijkheid om ze op maat te maken, de hoge specifieke oppervlakte en de buitengewone
stabiliteit, die hen aantrekkelijk maken als dragermateriaal voor actieve metalen. Het
immobiliseren van metaalcomplexen op vaste dragers is een cruciale strategie om de kloof tussen
homogene en heterogene katalyse te overbruggen, waarbij hoge activiteit en selectiviteit worden
gecombineerd met het gemak van terugwinning en hergebruik van de katalysatoren. Dit
proefschrift richtte zich op het verder verkennen van het potentieel van CTF's in heterogene

katalyse, met de nadruk op hun praktisch gebruik als katalysator en katalysatordrager.

In het eerste deel van deze doctoraatsthesis werden syntheseroutes naar zes N-heterocyclische
liganden uitgewerkt (Figuur ). De liganden, die variéren in hun denticiteit en grootte van
aromatisch systeem, werden gefunctionaliseerd met cyaangroepen, waardoor ze als bouwstenen
voor CTF's kunnen worden gebruikt. Deze bouwstenen zijn bijzonder aantrekkelijk voor CTF's in
heterogene katalysetoepassingen, aangezien zij de CTF's voorzien van talrijke stikstofhoudende
bindingsplaatsen voor een stabiele verankering van actieve metaalcomplexen. Door toegang te
hebben tot een groot aantal verscheiden bouwstenen kunnen CTF's met verschillende
eigenschappen worden bereid, wat kan bijdragen tot een ontwerpen van geavanceerde

dragermaterialen voor heterogene katalyse.
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Figuur I. Overzicht van de gesynthetiseerde N-heterocyclische liganden met cyaangroepen.

Na de synthese van de bouwstenen werden CTF's gesynthetiseerd en grondig gekarakteriseerd.

Hun prestaties in katalytische reacties werden onderzocht aan de hand van twee casestudies.

In de eerste casestudy werd een CTF gesynthetiseerd op basis van bipyridine bouwstenen,
waaraan vervolgens een Rh(lll)-complex werd verankerd. De heterogene Rh@bpyCTF werd
vervolgens toegepast als katalysator voor de transfer-hydrogenering van N-heteroarenen naar
prominente verbindingen bij het ontwerpen van geneesmiddelen. Hydrogenering in water met
een buffer van mierenzuur en natriumformiaat als waterstofbron is een aantrekkelijk alternatief
voor de traditionele hydrogenering met waterstofgas onder hoge druk vanwege de milde
reactieomstandigheden en de operationele eenvoud. De heterogene katalysator kon bij 80 °C op
efficiénte wijze een breed scala aan chinoxalinen omzetten in korte reactietijden en met hoge
opbrengsten (Schema Il). Het substraatbereik werd met succes uitgebreid naar diverse andere
N-heteroaromatische verbindingen, hetgeen de veelzijdigheid van de katalysator aantoont. De
snelheid van de reactie in waterig medium bleek sterk pH-afhankelijk te zijn, met de hoogste
reactiesnelheid bij pH 4,5. De katalysator behield een hoge activiteit gedurende zes reactiecycli,
en zijn prestaties werden kort onderzocht in de continue transfer-hydrogenering in flow door de
katalysator in een gepakte kolomreactor te plaatsen. Er werd een hoge omzettingsgraad bereikt,
maar deze daalde snel in korte tijd. Het ontwerp van de reactor en de reactieomstandigheden
dienen daarom nog verder te worden geoptimaliseerd om gedurende langere tijd hoge
omzettingen te handhaven. In het algemeen bleek bpyCTF een erg geschikte drager te zijn voor
het verankeren van moleculair actieve metalen, waardoor de kloof tussen homogene en

heterogene katalyse wordt gedicht.
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Schema I. Transfer-hydrogenering van chinoxalinen vii gekatalyseerd door Rh@bpyCTF.

In de tweede casestudy werd een CTF op zich als metaalvrije katalysator gebruikt en werd de
toepassing ervan in continue flowreacties nagestreefd. Eerder onderzoek door onze
onderzoekspartner, de COMOC-groep (Departement Chemie, Universiteit Gent), toonde de
activering van moleculaire zuurstof op ionothermaal gesynthetiseerde CTF's aan in batch. Deze
katalytische activiteit werd in deze doctoraatsthesis verder onderzocht in continue flow, met de
oxidatieve koppeling van benzylamine ix als modelreactie (Schema Il). Hiervoor werd CTF-1
ionothermaal gesynthetiseerd uit benzeen-1,4-dicarbonitril en geintegreerd in een gepakte
kolom. De hoge selectiviteit van de stikstofrijke CTF resulteerde in de vorming van
N-benzylideenbenzylamine x als enige product. De CTF vertoonde stabiele omzettingen
gedurende ten minste 70 minuten. Bij hoge evenwichtsomzettingen werd echter een geleidelijke
afname van de omzettingsgraad waargenomen doorheen de tijd, wat kan wijzen op de
deactivering van de metaalvrije katalysator. Aangezien de reactie in batch plaatsvond in brandbaar
tolueen bij hoge temperaturen onder een zuurstofatmosfeer, bood het omzetten van deze aérobe
oxidatiereactie naar continue flow meer massaoverdracht, eenvoudigere opschaling en een
veiliger proces. Deze casestudy leverde praktische kennis op over de toepassing van CTF-

materialen in een gepakte reactor onder continue doorstroom.
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Metaalvrije CTF

©/\NH2

ix
tolueen (0,33 M)

Schema Il. CTF-gekatalyseerde aérobe oxidatieve koppeling van benzylamine ix in continue flow.
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