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Abstract

Formamides are valuable compounds in pharmaceutical production and organic
synthesis; however, their common synthesis methods suffer from number of drawbacks
including low reaction rate and contamination with heavy metals leached from a catalyst.
According to several articles, these problems could be overcome by using zeolite-based
catalysts. Nevertheless, the mentioned articles provide somewhat conflicting results and

also lack a clear description of which centres in zeolites are catalytic active.

Therefore, we prepared a set of zeolite-based catalysts commonly described in the
literature (zeolite Beta ion exchanged to H* and Cu?* form) in order to test them as catalysts
and clarify their catalytic behaviour and nature of the active sites. We chose formylation of
N-methylaniline by formic acid as the model reaction for our research and performed a
series of experiments under varying conditions (solvents, concentration of reactants,
temperature). In contrast to the published articles, none of the investigated materials
demonstrated significant catalytic activity in our experiments. Moreover, we found that the
often pronounced catalyst: zeolite Beta ion-exchanged into the copper form, is unstable in
the presence of formic acid, which causes leaching of copper into the reaction mixture. At
the same time, we were able to prove that the reaction proceeds spontaneously in
1,4-dioxane in the absence of a catalyst and with up to 98% selectivity. Hence the question

arises, whether the catalysis is even necessary to carry out this reaction.

Moreover, we found a significant dependence of the rate of uncatalysed reaction on
external conditions such as ambient temperature. In light of this discovery, we have to
express a concern that the authors of the published articles may not have been aware of the
spontaneous course of the reaction in the collected samples and that the results presented

in the literature may be greatly distorted and inconsistent with reality.

Keywords: formylation, zeolites, formamides, Beta zeolite, acid catalysis



Abstrakt

Formamidy jsou cenné slouceniny pro farmaceutickou vyrobu a organickou syntézu.
BéZné metody jejich syntézy vSak maji fadu nevyhod, vcetné nizké reakéni rychlosti a
kontaminace tézkymi kovy vyluhovanymi z katalyzatoru. Podle nékolika ¢lankld by tyto
problémy mohly byt prekondny pouZitim katalyzator(i na bazi zeolitl. Nicméné uvedené
¢lanky poskytuji ponékud rozporuplné vysledky, a také postradaji jasny popis toho, kterd

centra v zeolitech jsou katalyticky aktivni.

Proto jsme ptipravili soubor katalyzatord na bazi zeolit(i béZné popisovanych v literature
(zeolit Beta iontové vyménény do H* a Cu®* formy), abychom je otestovali a objasnili jejich
katalytické chovani a povahu aktivnich mist. Jako modelovou reakci pro nas vyzkum jsme
zvolili formylaci N-methylanilinu kyselinou mravenci a provedli jsme fadu experimentd za
rdznych podminek (rozpoustédla, koncentrace reaktantli, teplota). Na rozdil od
publikovanych ¢lank(, zadny ze zkoumanych materidld nevykazoval v nasich experimentech
vyznamnou katalytickou aktivitu. Navic jsme zjistili, Ze zeolit Beta iontové vyménény do
formy médi, ktery je v literatufe zmifovan nejcastéji, je v pritomnosti kyseliny mravenci
nestabilni, coz zplUsobuje vyplavovdni médi do reakéni smési. Zarovernn se nam podafilo
prokazat, Ze reakce probihda spontanné v 1,4-dioxanu bez katalyzatoru a az s 98%

selektivitou. Vyvstava tedy otazka, zda je k provedeni této reakce katalyza viibec nutna.

Navic jsme zjistili, Ze i mirnd zména pokojové teploty ma zdsadni vliv na priibéh reakce.
Ve svétle tohoto zjiSténi musime vyjadfit obavu, Ze autofi publikovanych ¢lanka si nemuseli
byt védomi spontanniho pribéhu reakce v odebranych vzorcich, a Ze vysledky prezentované

v literatufe mohou byt znaéné zkreslené a neodpovidajici skuteénosti.

Klicova slova: formylace, zeolity, formamidy, Beta zeolit, kysela katalyza
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1 Introduction

Formamides are valuable compounds and intermediates in organic synthesis.
Formamides and their derivatives find application as fungicides, reagents for synthesis of
pharmaceutical compounds (e.g. cancer cell growth inhibitory constituents !) or as reagents
in Vilsmeier formylation reaction. 2 Last but not least, due to their Lewis basic character they
catalyse a number of chemical reactions such as allylation and hydrosilylation of carbonyl

compounds. 34

Formylation commonly involves acid, organic or transition metal catalysts and the use of
stoichiometric amounts of formylating agents (e.g. formic acid, chloral, formaldehyde). >
However, these reagents come with drawbacks such as formation of by-products, or low
product yields. Furthermore, separating homogeneous catalysts from the reaction mixture
tends to be challenging which makes them unsuitable for large-scale processes. ® On top of
that, transition metal catalysts possess a risk of contaminating the product with heavy

metals. This makes these catalysts unsuitable for synthesis of pharmaceutical compounds. 4

Heterogeneous catalysts, such as zeolites, currently dominate the chemical industry.
Their main benefits include their stability, low cost, easy-separation, reusability, application
in flow systems, and environmental tolerance. They catalyse key processes such as fluid
catalytic cracking, hydrocracking or xylene isomerisation. In my work, | studied the

application of zeolites as catalysts for formylation of amines. ’



2 Thesis goals

This thesis aimed to verify and assess the concept of formylation of amines over zeolite

based catalysts published in the literature. We set the following goals:

e Prepare a set of Beta zeolites with different active sites (i.e. H* and Cu?*)
o Characterise their crystallinity, textural properties and type, strength and
concentration of acid sites
e Find suitable conditions for formylation of N-methylaniline (e.g. solvent/solvent-
free, concentration)
e Describe the type of active sites in each catalyst and determine their role in
catalysing the formylation
o Describe the relation between active site type and reactant conversion,
product selectivity and catalyst stability

e Investigate the catalyst stability and reusability in the reaction



3 Theoretical Part

3.1 Zeolites

Zeolites are crystalline microporous aluminosilicates which possess large surface areas,
pore volumes, acidity, ion exchange ability and chemical and thermal stability. 7 Zeolites
participate as acid catalysts in numerous key industrial processes including petroleum
cracking and hydrocracking, biomass conversion, production of phenol by hydroxylation,
ethylbenzene and cumene by alkylation and propylene oxide by epoxidation. 210 Zeolites

are also widely used as environmentally friendly water softeners in laundry detergents. !

3.1.1 History

The name “zeolite” originates from Greek words “zeo”, meaning boil, and “lithos”,
meaning stone. The name was firstly used in 1756 by Swedish mineralogist Axel Crgnsted
who observed that zeolites released steam upon heating, which was caused by the

evaporation of water adsorbed inside their pores. 2

Zeolites attracted more interest in the 19%™ century when Saint-Claire-Deville published
the first report on the hydrothermal synthesis of zeolites. * However, the limited methods
for characterisation of materials hindered further research. The discovery of X-ray diffraction
(XRD) in 20t century enabled analysis of crystal structure and thereby accelerated the

development of synthetic methods for zeolites. 3

In the 1961, R. M. Barrer and P. J. Denny prepared the first zeolite using an organic
molecule, tetramethylammonium hydroxide (TMA-OH), as a template in their reaction
mixture. 1* This approach enabled a higher degree of control over the zeolite topology and
chemical composition. It is used up-to-now in the majority of zeolite synthesis e.g. synthesis
of Beta uses tetraethylammonium hydroxide (TEA-OH) !> and synthesis of ZSM-5

tetrapropylammonium hydroxide (TPA-OH). 16

In 1960s zeolites have found applications as catalysts in various petrochemical and
chemical processes, especially in hydrocracking, thanks to their shape-selectivity. Since then,

zeolites are commonly used in catalytic cracking and hydrocracking of oil, to enhance the



selectivity towards desired chemicals and fuels in larger quantities, to synthesise xylenes,

ethylbenzene, PET, gasoline and light olefins from methanol etc. '/

Early 1980s, zeolite-related materials like alumino- and gallo-phosphates or
titanosilicates were discovered. These materials have considerable compositional diversity
and they introduce a number of heteroatoms, resulting in completely different properties
and possibilities of use compared to common zeolites. Recent research aims at developing
chiral frameworks and extra-large pore zeolites, which could catalyse formation of bulky

organic compounds. & 19

3.1.2 Structures

Zeolites are microporous materials which means they contain pores with diameter from
0.5 to 1.5 nm. 2° Zeolite structure comprises of tetrahedral TO4 units with the T atom in the
centre. The tetrahedra are linked via oxygen atoms in the corners to form the
three-dimensional crystalline framework. 2! International zeolite association (IZA) recognizes
more than 250 different frameworks to this day. 2> We distinguish the zeolites based on the
size of their pores (number of tetrahedrons that create the rings) as: small-pore (8-ring
pores), medium-pore (10-ring pores), large-pore (12-ring pores) or extra-large pore
(=14-rings). 23 Another important characteristic of zeolites is their pore dimensionality. Pore
networks could be one-, two- or three-dimensional according to the direction and

connectivity of the channels. 2

The majority of zeolites are aluminosilicates; however, the zeolite framework may also
contain different tetravalent (e.g. Ge**, Sn**, Ti**), or other trivalent (e.g., B3*, Ga3*, Fe?*)
heteroatoms in framework positions. The incorporation of trivalent atoms introduces
negative charge into the framework. 2> 2¢ The negative charge then needs to be
compensated by cations such as H*, Na*, NH4* or transition metal cations in extra-framework
positions. 27 The H* cations form Si-(OH)-Al bridges, which provide the zeolite with Brgnsted

acidity.



3.1.3 Properties

Metallosilicate zeolites behave as solid acids. They can exhibit both Brgnsted and Lewis
acidity. Brgnsted acid sites originate from the presence of H* cations which compensate
negatively charged framework sites, typically aluminium. Lewis acid sites originate from
elements with vacant electron orbital (e.g. Sn, Ge, Ti, Zr,) located in the zeolite framework,
or from metal cations that were introduced to the zeolite via ion exchange. 2> 28 Acidity of
zeolites could also change as a result of post-synthetic treatment such as calcination.
Calcination of zeolites at high temperatures causes dehydroxylation of the structure. Hence,

the dehydrated Brgnsted sites transform to Lewis sites (Figure 1). 230,31 32

For instance, zeolite Beta contains both Brgnsted sites and Lewis sites, thanks to the
presence of Al atoms. Their relative concentration depends on the temperature used during
the calcination and length of the procedure. According to Kunkeler et al. zeolites Beta
calcined at 450 °C for 30 minutes in dry atmosphere had both Brgnsted and Lewis sites,
whilst Beta calcined at 550 °C for 3 days in wet atmosphere had almost exclusively Lewis
sites. The catalytic capabilities of the samples were also verified in reaction of
4-tert-butylcyclohexanone, which in case of longer activation times led to significantly higher

conversions due to the higher concentration of Lewis acid sites present in the catalyst. 33
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Figure 1: Dehydration of Brgnsted acid site to a Lewis acid site
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Zeolites contain uniform micropores in their crystal structure. Structural units, such as
rings or cavities, determine the size and geometry of the pores. The pores can restrict
molecules that enter/exit the channel system based on their kinetic diameter. 343>
This effect especially manifests in selectivity towards reactants, products or transition states
with more suitable geometry during catalytic reactions. ° For example alkylation of toluene
in the absence of zeolites provides mixture with 25 % of p-xylene corresponding to the
thermodynamic equilibrium.3¢ In contrast, alkylation catalysed by modified HZSM-5 zeolite
produces mixture with up to 98 % of para isomer. The para isomer is less sterically hindered
while the other isomers are retained in the narrow pores of the zeolite, which favours the
production of p-xylene as a major product. In other words, shape-selectivity depends on the
structure of the zeolite and shifts the equilibrium of the reaction in favour of p-xylene as a

product. 37

Chemical and thermal stability even under severe reaction conditions is another
significant benefit of zeolites. Stability is one of the key reasons why zeolites are commonly
used in industry. The stability of zeolites enables their repeated use, which is economically
convenient. Also, their chemical stability makes them environmentally friendly in contrast to

acids such as H2SO4 or AICl5. 2328

3.1.4 Synthesis

Zeolites are commonly synthesised using the hydrothermal method. Typical synthesis
mixture consists of sources of Si and Al (or other heteroatoms) dissolved in a basic solution
of water, ethanol or ionic liquid, sealed in an autoclave. The crystallisation conditions of the
zeolite involve elevated temperature (100-200 °C) and high pressure (>1 bar). The duration
of hydrothermal crystallisation varies depending on the temperature and desired product
(type of zeolite, particle size), typically from several hours, days up to even weeks. 32

Depending on the amount of aluminium in the zeolite structure, the concentration of acid

centres changes accordingly. 12

Maijority of zeolite synthesis procedures include addition of organic structure directing
agents (SDAs) in the synthesis mixture (eg. tetraethylammonium, tetrapropylammonium and

tetrabutylammonium cations). The SDAs promote formation and stabilisation of certain
11



building units and framework types. 3° Larger SDAs tend to stabilise frameworks with large
cavities, however, no straightforward relationship between SDA structure and framework
topology has been found. In rare cases, SDAs could act as true templates, meaning that

structure arises around them and pores are formed with corresponding shape and size. 1> 40

Molar ratio of Si and Al influences phase selectivity and time of crystallisation. Most
zeolites crystallise within a defined range of Si/Al ratios. For example: zeolite ZSM-12
crystallises commonly at ratios Si/Al > 30. In case of lower Si/Al, the synthesis also produces
an impurity phase, different zeolite — Beta, zeolite ZSM-5 or an amorphous phase. 4! The
Si/Al can also impact the synthesis time. Synthesis of zeolite Beta proceeds the fastest when
Si/Al ratio is about 50. Stirring of the synthesis mixture of zeolite Beta during crystallisation
leads to a shorter induction period and overall shorter crystallisation time. Lower water
content in synthesis mixture increases alkalinity of synthesis gel which shortens induction
period and accelerates crystallisation. However, it also leads to lower average crystal size. At
the same time the increased pH of the synthesis gel causes the resulting crystals to have

slightly higher Si/Al ratio. 4% 43

Higher temperature generally fastens crystallisation and shortens synthesis time.
However, higher temperatures can also change the phase selectivity and another zeolite
structure can form. In essence, each zeolite can form in a defined range of temperatures and

time. 43

Last but not least, it is worth mentioning that several mechanisms of nucleation and
crystallisation of zeolites were proposed, however, the detailed mechanism of synthesis is

still unknown and the attempts to understand every step in zeolites’ formation are on-going.

7,38

3.1.5 Characterisation
The catalytic performance of a zeolite depends on a number of key properties including

framework topology; textural properties (i.e. external surface, pore size), type,

concentration and strength of acid sites. It is essential to properly characterise these

12



properties in order to study the catalytic behaviour of the material. In my work, following

methods were used in order to obtain the characterization.

Powder X-ray diffraction (pXRD) is a non-destructive technique used to investigate
materials’ crystallinity and crystal structure. The method relies on the diffraction of
monochromatic X-ray beams on a crystalline lattice. Cathode ray tube (commonly Cu, Co or
Mo) generates the X-rays. The X-ray beam is focused on the sample and diffracts upon the
interaction with the atoms present in the crystal lattice (Figure 2). However, the diffracted
rays interfere constructively only at certain angles where the diffraction peaks can be
observed. The respective angles between the incident and diffracted beam, 260, correlate to

spacing between atoms in the grid, d, according to Bragg’s law:
niA = 2dsin 6@

in which n is integer and A is wavelength of X-ray beam (e.g. A(Cu-Ka) = 1.54 A).

Incident ™ Reflected

rays

rays

Ist layer

of atoms

Figure 2: Bragg’s law scheme %4

The diffraction pattern provides information about crystal structure and phase purity.
Upon deeper analysis we can solve the crystal structure, or determine grain size and
presence of crystal defects. However, diffraction patterns can also be considered as a
fingerprint of specific crystal structure; and therefore, used for phase identification by
comparing the experimental diffraction pattern to a database (e.g. IZA database of zeolite

structures). 4> 46

13



N> adsorption-desorption is a method that analyses material’s textural properties such
as external surface, pore size and pore volume using physisorption of nitrogen gas. The
analysis results in adsorption isotherm which can be used to determine the said
properties. 4’ Typically, the sample is outgassed in vacuum to remove adsorbed water prior
to the measurement. Removal of physisorbed water is crucial to ensure validity of the
adsorption data. * The measurement is performed at the temperature —195.85 °C (boiling
temperature of nitrogen). During the measurement, the sample is dosed with defined
volumes of nitrogen, which then adsorbs on the material. First, at low pressure nitrogen
adsorbs to energetically more favourable places, such as pores. With increasing pressure,
nitrogen occupies also places that are less energetically favourable. We increase the
pressure up to the saturation pressure (when condensation of adsorbed molecules begins)
and afterwards we decrease the pressure in a stepwise manner. A hysteresis loop on the
adsorption isotherm may occur if the sample contains mesopores. This is caused by different
mechanism of gas occupying and leaving the mesopores. Adsorption isotherms show
dependence of volume of absorbed nitrogen on relative pressure. According to IUPAC
classification, we distinguish between 6 types of isotherm shapes (Figure 3). Each type
represents the shape of the isotherm typical for e.g. presence of micropores or mesopores,

by weak/strong adsorbent-adsorbate interactions or multilayer adsorption. 4°

i —):_ ‘
I ( Type | Type Il P Type lll
» .
g. TT ) o
®
'-g Type IV Type V = Type VI .
3 i .
: l a
3 / g
S —
= | ! -

Relative pressure, p/p,.—>

Figure 3: Different types of adsorption isotherms: Type | = Micropores; Type |l = Micro mesoporous;
Type Il = Weak interaction; Type IV = Mesopores + capillary condensation; Type V = Weak
interaction; Type VI = Layering >°
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The surface area of the sample is calculated from adsorption isotherm BET
(Brunauer-Emmett-Teller) method. BET method is an extension to the Langmuir theory: the
surface contains equivalent adsorption sites, occupation of the sites does not influence the
energy of neighbouring sites. In case of BET, first layer of adsorbed molecules acts as sites

for further adsorption which gradually leads to the creation of a multilayer. > >2

First, monolayer capacity, v, , is to be calculated from the best linear fit of the
isotherm. The surface area, Siota), is then calculated from the monolayer capacity according

to equation:

_ VUm - NA ' SNZ
Stotal - V.
N2

in which N, is Avogadro’s number, Sy, is the cross sectional area of the adsorbate, which in
case of nitrogen molecule equals 0.162 nm? and VN, is the molar volume of adsorbed

nitrogen that equals 22,414 dm3.

Specific surface area, Sgpec , is calculated according to equation:

S _ Stotal
spec —
mp

in which surface area, Siotq1, is divided by the mass of adsorbent, m,. Specific surface is

often used to compare the surface of different materials such as catalysts. 4% > 52

Fourier-transform infrared spectroscopy (FTIR) can detect changes in vibrational states
of molecules. Only vibrations in which the dipole moment changes are visible by the
infrared spectroscopy. The energy of the bands corresponds to the difference between
lower and higher vibrational states of a certain bond. The wavelength corresponds to the
strength of detected bond and intensity of obtained signal corresponds to concentration of
these bonds present in the sample. Certain wavelengths are also characteristic for specific

functional groups and thus can be used for their identification.

15



The zeolite framework contains large amounts of similar Si-O bonds making
determination of the structure from FTIR problematic. However, the method can be coupled
with chemisorption of basic molecules onto the zeolite to probe its concentration of acid
sites. First, the probe molecules (e.g. pyridine, acetonitrile, ammonia, di-tert-butylpyridine)
adsorb onto the zeolite. Interaction of the base with the acid site alters its vibration
frequency (in case of pyridine — combined stretching and in-plane C—H and/or N—H bending
vibrations of pyridine®®) making it possible to distinguish different types of acid sites
(Brgnsted, Lewis). Subsequently, increasing the temperature leads to a partial or complete
desorption of basic molecules adsorbed to acid sites in the structure, giving us information
about the relative strength of diverse acid sites. Vibrations of pyridine rings interacting with
Brgnsted and Lewis acid sites are observable at 1545 cm™ and 1450 cm™, respectively

(Figure 4). 3154

0.0075
Brensted acid sites Lewis acid sites
| Ty | S
0.0050 - ¢
8 SN / =
& I N
m + thd
§ "
g 1
< 0.0025 ]
|
0.0000 A \‘/\,‘

1700 1650 1600 15650 1500 1450 1400
Wavenumber (cm™)

Figure 4: FTIR spectra — vibrations of pyridine rings adsorbed on Brgnsted (1545 cm™) and Lewis acid
sites (1450 cm™) >°

3.2 Catalysis

Catalysis is a process that accelerates chemical reactions to reach equilibrium using a
catalyst. Catalyst is a chemical compound or material, which lowers activation energy by
changing the mechanism of the catalysed reaction, while the structure, composition and
amount of catalyst entering and exiting the chemical reaction remain unchanged. About 90%
of industrial chemical processes involve catalysts at least in one step of the reaction. 2¢

16



3.2.1 Homogeneous and heterogeneous catalysis

In homogeneous catalysis both reactants (and products) and catalyst are in the same
phase. Catalysts are typically small molecules (e.g. AICl;, PdCl,, Ziegler-Natta catalyst)
dissolved in solvent, meaning diffusion does not affect the rate of the reaction. Moreover, all
active centres are available for the reactants and the potential of the catalyst is thus fully
utilised. However, the main disadvantage of homogeneous catalysts is their challenging
separation from reaction mixtures. The need to separate the catalyst is essential especially in
large industrial processes - because the presence of the catalyst impairs the purity of the
product and in some cases longer presence of the catalyst in the reaction mixture can even

promote undesired follow-up reactions.

On the other hand, in heterogeneous catalysis, the catalyst is in a different phase than
reactants. Most commonly, the catalyst is a solid while reactants are in a gaseous or liquid
form. This makes separation of the catalyst and recovery of the products significantly easier.
Catalyst can be simply centrifuged or filtered off the reaction mixture. In addition, separated
catalyst could be then regenerated and reused several times making it more cost efficient.
For these reasons, heterogeneous catalysts are used in the majority of industrial processes.
However, the disadvantages of heterogeneous catalysis include limited diffusion of
reactants/products to/from the catalyst surface and limited usage of the bulk volume of the
active phase. The reaction commonly proceeds over accessible centres on the catalyst
surface or also inside the pores of catalyst as in the case of zeolites. Important
heterogeneously catalysed processes include fluid catalytic cracking of oil, hydrocracking,

and isomerisation of hydrocarbons to obtain better quality fuels. 26

3.2.2 Mechanisms and principles

Regardless of the exact reaction mechanism, the heterogeneous catalytic reaction
always consists of 7 steps: external reactant diffusion, internal reactant diffusion, reactant
adsorption, chemical reaction, product desorption, internal product diffusion and external

product diffusion.

17



The reaction proceeds in either diffusion or kinetic mode, depending on whether the
diffusion or chemical reaction is the rate determining step. In the diffusion mode, reaction
rate depends mainly on the rate of external or internal diffusion. As a result, the catalyst is
not used to its full potential. Slow external diffusion can be tackled for example by faster
stirring of the reaction mixture. The internal diffusion can be enhanced by increasing the
external surface of the catalyst >, for example by reducing its particle size. In the case of
kinetic mode, the rate determining step is adsorption of reactants, catalytic reaction or

desorption of products.

Optimisation of the reaction rate involves balancing out the strength of adsorption of
reactants and products to the catalyst (Sabatier principle). If one of these interactions is
significantly stronger the reaction is inhibited. This is described by the Volcano plot, which
represents the dependence of the reaction rate on the strength of adsorption of reactants
and products. The strength of adsorption can be optimised by carefully choosing a catalyst

with the proper type of active sites. >’/ 58

3.2.3 Evaluation of the catalytic experiment

There are countless methods to evaluate results of catalytic experiments. In this thesis,
gas chromatography was used due to the nature of the reaction mixture, which contains
stable components with relatively low boiling points (up to 244 °C in the case of product,
N-methylformanilide). This method is capable of determining the concentration of
individual components of the reaction mixture. Knowing the concentrations enables
calculation of conversion of reactants, observation of product formation and learning about

selectivity of reaction.

The principle of gas chromatography is based on different strengths of adsorption of
components in reaction mixture to a stationary phase. Gas chromatograph contains a
column placed in the oven, through which vaporised samples travel towards the detector
(Figure 5). Samples are transferred by mobile phase, unreactive carrier gas (such as nitrogen,
helium or argon) under continuous flow. Samples are not separated only based on their
different boiling points, but they are also further delayed by interaction with the stationary

phase inside the column depending on their other properties such as size or polarity.
18



Samples separated in the column reach a detector, each at a different time, called retention
time (molecules with low boiling temperature or weak interaction with the active phase of
the column have shorter retention times). The compounds are detected by detectors, such
as FID (flame ionisation detector), TCD (thermal conductivity detector) or MS (mass

spectrometer).

The areas of the chromatographic peaks correlate with molar amounts of detected
compounds. To evaluate changes in concentrations of reactant or products in time, an
internal standard is added to the reaction mixture. Internal standard is a compound that
does not interact with the reaction mixture in any way and its concentration therefore
remains unchanged during the reaction and thus serves as a reference. >°

Sample

injector
/ inje

Flow controller Column oven

\ Detactor
B0

o

Carrier gas

— Colun

Figure 5: Diagram of a gas chromatography apparatus
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3.2.4 Zeolites in catalysis

The range of applications of zeolites spans from water purification to catalysis. 70 % of
produced zeolites are used as water softeners in detergents thanks to their ion-exchange

ability. About 20 % are used as heterogeneous catalysts and about 10 % as adsorbents. 50-63

However, this thesis exclusively focuses on application of zeolites in catalysis. Zeolite’s
benefits include their high acidity, shape-selectivity as well as their low cost, easy
regeneration and thermal stability. The most important processes catalysed by zeolites

include fluid catalytic cracking (FCC) of oil, hydro-cracking (HDC) or biomass conversion. 63762

Fluid catalytic cracking is the process of decreasing molecular size of heavy oil fractions
to lighter fractions including gasoline, diesel or ethylene/propylene (for synthesis of
polymers). The benefit of zeolites lies in their ability to catalyse formation of these products

more selectively. 63 64 65

Other important processes are hydrocracking of heavy petroleum distillates (resulting in
a higher yield of gasoline fraction and lower yield of coke), octane number enhancement,
the synthesis of ethylbenzene or disproportionation of toluene to benzene and xylenes

(xylenes are later used as precursors of terephthalic acid). % 70

Last but not least, zeolites participate in the current efforts to find renewable fuels by
valorisation of biomass components. The valorisation typically involves cracking or pyrolysis
of complex organic molecules in an anaerobic environment to decompose into smaller
fragments such as, gaseous CO, CO; or light hydrocarbons. The main benefit of zeolites in
catalytic pyrolysis is their ability to limit coke formation and thereby increase the yield of
aromatics such as benzene, toluene, xylene and naphthalene. From the novel biomass
conversion, it is also worth mentioning isomerisation of glucose to fructose (over e.g. Sn-
Beta), the epimerization of sugars (e.g. Ti-Beta) or the conversion of sugars to lactic acid

derivatives over zeolites, (e.g. Hf-, Zr- and Sn-Beta, Sn-MFI, Sn-MWW), 68 63,71

Zeolites are also used as catalysts in syntheses of fine chemicals (fragrances, cosmetics
and also as intermediates for synthesis of drugs or dyes) due to their shape selectivity.
Examples of reactions catalysed by zeolites include double-bond isomerisations, oxidations

of alcohols to aldehydes or ketones, or aldol condensation reactions. %% 7274

20



3.3 Formylation

Formylation is a chemical reaction, in which formamides form by reaction of amines
with formylating reagents (e.g. HCOOH, CO;). Formamides contain a C=0 bond that is
directly adjacent to the nitrogen atom. They have significant importance in organic synthesis
as intermediates in synthesis of fungicides 7> and pharmaceutics (e.g. quinolone antibiotics 7®
or potential cancerocidal agents ’’). Formamides are also used as reagents in Vilsmeier

formylation reaction 2 or as catalysts in allylation and hydrosilation of carbonyl compounds. 4

3.3.1 Mechanism

Several articles describe the impact of Lewis acid catalysts on formylation of various
amines, using formic acid. In the study of Chandra Shekhar et al., the best yields were
obtained using ZnCl;, SnCl; and LaCls (>90%), or FeCls, AlCl3, and NiCl, (80—90%). Further
formylation reactions catalysed by ZnCl, showed that arylamines with electron-donating
groups tend to be more active in contrast to the amines substituted with electron-

withdrawing groups. "8

Reaction mechanism shown in Figure 6 was proposed. The Lewis acid catalyst withdraws
electron density from the carbonyl group of formic acid. The acid then undergoes
nucleophilic attack by amine, which correlates with a greater reactivity of arylamines with

electron-donating groups. Lastly, water molecule is eliminated to yield the formylated

product.
i D/,LA O/LA_ ]
HCOOH + LA ——» r"‘\H\,NT" on %—- RNHCHO
H OH ° H {THR
- H

Figure 6: Mechanism of Lewis acid-catalysed N-formylation of amines with formic acid 78

21



3.3.2 Formylation over zeolites
Literature also provides several examples of formylation catalysed by both H* and ion

exchanged zeolites.

Formylation of aniline with glycolic acid and H;O. in 1,4-dioxane, at 70 °C, led in
12 hours to 99% vyields, when Cu-containing zeolite 5A (Cu/5A) was used as catalyst, 25% in
case of Cu/MCM-41 and 17% in case of Cu/HY. 7°

Different articles reported that uncatalysed formylation of 4-chloroaniline with formic
acid, under solvent-free conditions, at room temperature provided 25% yield after 100
minutes. However, the yield increased to 95% after only 15 minutes when zeolite A in either

H*, K* or Mg?* form was used as a catalyst. &

According to another study, formylation of aniline with formic acid under solvent-free
conditions at room temperature over natrolite zeolite provided up to 96 % yields in
17 minutes. Moreover, the catalyst could be also re-used up to 5 times with no observable
decrease in its activity. In contrast, the reaction in the absence of a catalyst did not proceed
at all even after 5 hours. According to FE-SEM and TEM pictures, copper nanoparticles were
observed on crystal surface, which brings the question whether they may be responsible for

the catalytic activity. &

Last but not least, formylation of aniline over nanosized CuO/HZSM-5 catalyst prepared
by wet impregnation was reported. The reaction under solvent-free conditions, at room
temperature, provided 97% vyield in 15 minutes in contrast to other catalysts such as
natrolite zeolite or HZSM-5 with 87% and 89% yields, respectively. The reaction in the

absence of a catalyst at room temperature yielded no product even after 4 hours. 2

On one hand, these studies demonstrate that zeolites could potentially be used for
catalysis of formylation. On the other hand, they do not provide clear explanation on which
active sites or properties of the catalyst determine the catalytic activity. Therefore, the main
subject of this thesis is to verify, whether zeolites can catalyse the formylation of amines and

explain what type of active sites are the most suitable for the catalysis.

22



4 Experimental Part

4.1 List of used chemicals

Table 1: List of used chemicals

Chemical Formula/Abbreviation Purity Manufacturer
Aluminium nitrate nonahydrate AI(NO3)s - 9 H,0 298% Sigma Aldrich
Ammonium nitrate NHsNOs3 299% Sigma Aldrich
Copper (Il) acetate Cu(CHsCOO0), 98% Sigma Aldrich
Dimethylformamide DMF 298% VWR Chemicals
1,4-Dioxan DIO 299% VWR Chemicals
Formic acid HCOOH 295% Sigma Aldrich
Hydrochloric acid HCI 37% Sigma Aldrich
Mesitylene - 98% Alfa Aesar
Methanol MeOH P.A. LACHNER
N-methylaniline - 98% Sigma Aldrich
Silicon dioxide SiO2/Fumed silica 99,5% Sigma Aldrich
Tetraethylammonium hydroxide TEAOH 35% Thermo Scientific

4.2 Synthesis of Beta zeolites

Aluminosilicate Beta zeolite was synthesised using the hydrothermal synthesis method

described in 8. First, 67.50 g of 35% TEAOH was diluted with 57.22 ml of distilled water.

Subsequently, 5.24 g of 37% HCl and 6.64 g of AI(NO3)s - 9 H,O was added to the mixture.

The mixture was stirred for 30 minutes and subsequently added to a beaker with 16.00 g of

fumed silica under constant stirring. The final gel molar composition was:

1 SiO; : 0.07 Al(NOs)3 : 0.60 TEAOH : 0.20 HCl : 11.9 H,0

The mixture was poured into 90ml Teflon-lined steel autoclaves. The crystallisation was

carried out under static conditions and temperature 140 °C for 14 days. The autoclaves were

cooled rapidly and solid products recovered by centrifugation at 4500 rpm for 10 minutes.

The zeolite was dried overnight at 60°C and calcined in a flow of air at 560 °C for 8 hours.
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The obtained Beta zeolite was exchanged into NH4* form using 1M solution of NH4NO3
in ratio 1 g of sample in 100 ml of solution. The mixture was stirred for 4 hours at room
temperature. After that, sample was centrifuged and the aqueous solution replaced with
fresh 1M NH4NOs. This process was repeated 4 times. Sample in NH4* form was calcined on

air at 550 °C for 8 hours to obtain the H* form.

The ion exchange of the H*Beta into Cu?* form was carried out in into 0.1M solution of
Cu(CH3COO); in ratio 1 g of sample in 100 ml of solution and stirred overnight. The sample
was recovered by centrifugation, washed with distilled water and dried at 60°C. Lastly, the

dry sample was then calcined at 550 °C for 8 hours.

Stannosilicate Beta zeolite was synthesised using the hydrothermal synthesis method.
First, 35.17 g of tetraorthosilicate (TEOS) was dissolved in 37.59 g of 35% TEAOH. In another
beaker, 0.58 g of SnCls was dissolved in 1.5 ml of distilled water and added dropwise into the
first mixture. The mixture was stirred at 100 °C to allow hydrolysis of the TEOS and complete
evaporation of produced ethanol. Subsequently, 1.00 of pure-Si zeolite Beta seeds were
added into the mixture. After their dissolution, 3.73 g of 48% HF was added. The resulting
mixture was transferred to a 90 ml Teflon-lined stainless steel autoclave. The crystallisation
was carried out under static conditions and temperature 140 °C for 18 days. The autoclaves
were cooled rapidly and solid products were recovered by filtration. The zeolite was dried

overnight at 60°C and calcined in a flow of air at 550 °C for 6 hours.

4.3 Characterisation of Beta zeolites

The crystal structure of prepared zeolites was verified using powder XRD diffraction.
The measurement was performed using a Bruker D8 Advance diffractometer equipped with
a Linxeye XE-T detector in the Bragg—Brentano geometry using Cu Ka radiation with
wavelength 0.15406 nm. Zeolite (powder) was pressed into a plastic holder. Each sample
was measured in 3-40° 26 range with 0.021° step size and 0.8 s time per step. Obtained

diffraction patterns were compared with literature. 2
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Textural properties of prepared zeolites were determined from nitrogen adsorption
isotherms. The measurement was performed using Micromeritics 3Flex volumetric surface
area analyser. First, samples were degassed using Micromeritics Smart Vac Prep instrument,
which utilises vacuum to prepare samples by heating at 250 °C for 8 hours with heating rate
1 °C min~! and evacuation to 3.102 mmHg. Next, the nitrogen adsorption/desorption was
performed. The BET area was determined from obtained adsorption isotherms
(dependences of the adsorbed volume of nitrogen on the relative pressure) in the relative
pressure range from p/po = 0.05 to p/po = 0.25. The micropore volume and external surface

area were obtained using the t-plot method.

To determine concentration and type of acid sites in prepared samples, FTIR coupled
with adsorption of pyridine was used. The measurement was performed using FTIR
spectrometer Thermo Nicolet 6700. First, wafers from the powdered samples were prepared
using a press (force 20-30 kN), having a parameters corresponding to 8-12 mg of sample per
1 cm? of surface. Before the measurement, the wafers were activated in quartz IR cell at 450
°C with the heating rate of 5 °C/min under vacuum conditions for 4h. Next, first spectrum
was measured from 4000 to 400 cm™ and after that pyridine was adsorbed at 150 °C.
Physisorbed pyridine was desorbed at the same temperature of 150 °C in a vacuum.
The baseline was obtained from the difference between the spectra measured after
activation and the spectra obtained during the desorption measurement. The concentrations
of Brgnsted and Lewis acid centres were determined from obtained spectra (dependences of
absorbance on the wavenumbers of [R-radiation) in the following manner: The
concentration was calculated using the Lambert-Beer’s law and the molar extinction
coefficients of £(B) = 1.67 + 0.1 cm pmol™ and g(L) = 2.22 + 0.1 cm pmol™?, found in the

literature. 84

4.4 Catalytic experiments

First, calibration of gas chromatograph Agilent 7890B GC equipped with HP-5 column
(length 30 m, diameter 0.320 mm, and film thickness 0.25 um) and flame ionisation detector
was done in the following manner: Specific amounts of reactant and product were weighed

on analytical balances using syringes. Three solutions of the reactant and the product in
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1,4-dioxane were prepared in such a way that each of the solutions contained different
concentrations of these components. Such prepared solutions were analysed by gas
chromatograph and the dependences of the detector response on the given concentration
were compiled from the obtained data. In this way, the response factors for both the
reactant and the product were obtained, which were further used to calculate the yield and

selectivity of the reactions carried out.

Catalytic experiments were performed in 25 ml round-bottom flasks with magnetic
stirrer in multi-experiment workstation Starfish™. Before the experiment, catalysts were
activated in the oven at 450 °C for 6h. Then 0.1 g of catalyst was weighted and put into flask
with 10 ml of solution (dioxane/dimethylformamide/methanol). The flask was placed into
the Starfish, connected to reflux cooler and sealed with septum. Mesitylene was used as an
internal standard. 0.1 g of mesitylene was weighted and added to the reaction mixture using
syringe. Next, 0.5358 g of N-methylaniline was weighted and added to the mixture. After
that, first sample was taken. The reaction was initiated by addition of 0.2762 g HCOOH. (The
molar ratio of HCOOH: N-methylaniline was 6: 5). Samples were collected periodically up to
24 hours, and analysed by gas chromatograph Agilent 7890B GC equipped with HP-5 column
(length 30 m, diameter 0.320 mm, and film thickness 0.25 um) and flame ionisation

detector.

Another set of catalytic experiments was performed in 50 ml round-bottom flasks with
magnetic stirrer in apparatus connected to circulating thermostat Julabo (model F12), to
ensure constant temperature of reaction mixture throughout the whole experiment. The
experiments were performed in double the amount in order to obtain more accurate data.

Samples were collected and analysed as in the previous case.
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5 Results and discussion

5.1 Synthesis and characterisation of catalysts

The aluminosilicate and stannosilicate Beta zeolites were synthesised via hydrothermal
crystallization. Cu/Beta was prepared via ion exchange of H*Beta in 0.1M solution of
Cu(CH3COQ),. Crystal structure of synthesised zeolites was confirmed using powder XRD
analysis. Obtained diffraction patterns (Figure 7) were compared to theoretical diffraction
pattern of the Beta zeolite obtained from the IZA database.?? Characteristic reflections at
7.7, 13.8,14.4,21.3 and 22.3° 20 confirm the synthesised materials possess the Beta

structure.
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Figure 7: Powder XRD patterns of synthesised Beta zeolites and reference XRD pattern obtained from
IZA database
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Textural properties of the Beta zeolites, including BET area, micropore volume and
external surface area, were determined from nitrogen adsorption isotherms shown in
Figure 8. Sn-Beta samples exhibit Type I. isotherm according to IUPAC classification. This
type is characteristic for microporous materials such as zeolites. H'Beta and Cu/Beta exhibit
Type Il. isotherm with narrow hysteresis loop which implies the presence of both micro and
mesopores.
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Figure 8: Nitrogen adsorption-desorption isotherms of synthesised Beta zeolites

The samples possessed BET area from 546 to 688 m?/g and micropore volumes from
0.17 to 0.22 which is typical for Beta zeolites according to the literature. ??> Decrease in BET
area and micropore volume in case of Cu/Beta compared to H*Beta is caused by larger

copper ions occupying the pores. The results obtained are shown in Table 2.

Table 2: Textural properties of the Beta zeolites determined by N, adsorption/desorption

BET S ext 4 tot "4 mic

(m?/g) (m?/g) (cm®/g) (cm?/g)
H*Beta 688 206 0.43 0.22
Cu/Beta 560 190 0.37 0.17
Sn-Beta 546 80 0.28 0.21

Acidic properties of the zeolites were determined by pyridine adsorption coupled
with FTIR spectroscopy. The FTIR spectra are shown in Figure 9. We can observe the
vibrations of OH groups between 3800 and 3400 cm™. Peak at 3745 cm™ corresponds to
vibrations of Si-OH bonds present in defects and on the external surface of the samples.
Peak at 3610 cm™ corresponds to vibrations of Brgnsted acidic Si-(OH)-Al bridging groups

28



present in the aluminosilicate Beta samples (i.e. H*Beta and Cu/Beta). These signals
disappear after pyridine adsorption to the Brgnsted sites. 3 The peak at 3680 cm™ in the
spectrum of Cu/Beta corresponds to vibrations hydrated complexes of Cu?* ions such as

[Cu(H20)n]?* or [Cu(OH)(H20)a]*. &

1.0 . —— before adsorption 1.0 1455 cm”
P N T o after adsorption H*Beta
3 S
L s
8 before adsorption a2
% ~~~~~~~~ after adsorption Cy/Beta %
a | o
S T R S
8 3
< <
before adsorption
---------- after adsorption o o+ Sn-Beta
3800 3700 3600 3500 3400 1600 1550 1500 1450 1400

Wavenumber (cm’™) Wavenumber (cm™)

Figure 9: FTIR spectra of the OH group vibrations of the Beta zeolites (left) and of pyridine ring
interacting with Brgnsted (1545 cm™) and Lewis acid sites (1450 cm™) on the Beta zeolites (right).

The wavenumber region 1600-1400 cm™ shows the vibrations of the pyridine ring.
We can observe distinct signals at 1545 and 1455 cm™ which correspond to pyridine
interacting with Brgnsted and Lewis acid sites, respectively. The H*BEA possessed both
Brgnsted and Lewis acid sites. However, after its ion exchange into the Cu?* form the signal
of Brgnsted acid sites disappeared. In the case of Sn-Beta only Lewis acid sites were

observed.

The H'BEA possessed both Brgnsted and Lewis acid sites with concentration
0.48 mmol/g and 0.21 mmol/g, respectively. The ion exchange to Cu?* form inactivated the
Brgnsted sites and, simultaneously, the concentration of Lewis acid sites increased to
0.67 mmol/g. The Sn-Beta possessed no Brgnsted sites and concentration of its Lewis acid
sites equalled to 0.39 mmol/g. The concentrations of acid sites for all samples are shown in

Table 3.
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Table 3: Concentrations of Brgnsted and Lewis acid sites of the Beta zeolites determined by pyridine

adsorption coupled with FTIR spectroscopy

C Brgnsted C Lewis

(mmol/g) (mmol/g)
H*Beta 0.48 0.21
Cu/Beta 0.00 0.67
Sn-Beta 0.00 0.39

5.2 Catalytic experiments
As our model reaction, we chose formylation of N-methylaniline using formic acid as

formylating reagent with N-methylformanilide as a product.

i 7
NH N H
HCOOH T
O

Figure 10: Scheme of formylation of N-methylaniline using formic acid with N-methylformanilide as a
product

Prior to the catalytic experiments, calibrations for N-methylaniline (reactant) and
N-methylformanilide (product) were performed in order to determine the relation between
the concentration of each compound and the response of the flame-ionization detector. The
dependency between the concentration and response is linear and its slope corresponds to
its response factor. Response factors obtained for reactant and product were f(r) = 2959.8
and f(p) = 3160.0. Response factors obtained for both the reactant and the product were
further used to calculate the yields of product and selectivity of the reactions. Both

calibration curves are shown in Figure 11.
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Figure 11: Calibration curves — dependence of substance concentration on detector response and
corresponding response factors for N-methylaniline (reactant) and N-methylformanilide (product)
Firstly, we performed preliminary catalytic experiments to optimize the reaction
conditions. We focused on choosing the most suitable solvent, concentration of reactants
and reaction temperature. To select a suitable solvent, we performed separate reactions of
6 mmol of N-methylaniline in 1,4-dioxane (DIO), dimethylformamide (DMF) and mixture of
DMF and methanol (DMF+MeOH) under 55 °C using Cu/Beta as a catalyst. The reaction in
1,4-dioxane (DIO) led to N-methylaniline conversion 49% after 24 hours with 46% yield
(Figure 12). The mixture of dimethylformamide and methanol (DMF+MeOH) provided
conversion 21% with only 7% yield and pure dimethylformamide (DMF) provided conversion
only 8% with 1% yield. Hence we chose 1,4-dioxane as a solvent for the following catalytic

experiments.

We also performed additional experiments under solvent-free conditions in a large
excess of formic acid; however, results of the experiments were not reproducible. The high
concentration of formic acid also caused additional technical problems including rapid
deterioration of the catalyst and requirement to dilute the samples before analysis to avoid
damaging the GC column. The dilution inherently introduced another source of inaccuracy

into the results. For the above mentioned reasons, we abandoned this type of experiment.
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Figure 12: Conversions of N-methylaniline and yields of N-methylformanilide for reactions performed
at 55 °C with Cu/Beta used as a catalyst in different solvents

We further examined the effect of concentration of both reactants on the reaction
rate. We observed no reaction in a stoichiometric mixture of the two reactants. In contrast,
reaction mixture with 0.5 mol/dm3® N-methylaniline with 1.2 molar excess of formic acid

provided 49 % conversion after 24h (Figure 12). Therefore, all subsequent reactions were

carried out in a 1.2 molar excess of formic acid. Due to the excess of HCOOH, we determined

reaction conversions for N-methylaniline.

25°C 40 °C 55°C
25
- —a— blank i

S % —e—H'Beta i
2 L
2 10
C
S I
O 5

O T T [T

T : A B T T L
0 4 8 12 16 20 240 4 8 12 16 20 240 4 8 12 16 20 24
t (h) t (h) t (h)

Figure 13: Conversions of spontaneous (uncatalysed) thermic reaction at different temperatures
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Subsequently, we carried out a set of experiments at 25, 40 and 55 °C to determine
the effect of temperature on the reaction rate. Experiments were performed both without a
catalyst (“blank”) and using H*Beta as a catalyst. Catalyst-free reaction provided 1 %
conversion under 25 °C after 24 hours. Increasing the temperature to 40 and 55 °C resulted
in an increase of the conversion to 11 and 23 %, respectively (Figure 13). Experiments over
the H*Beta did not show any significant difference from the “blank” experiments, giving 3, 12
and 24 % conversion under 25, 40 and 55 °C, respectively. Therefore, we concluded that
H*Beta does not catalyse the reaction. However, the observations suggest that the reaction
proceeds spontaneously even without the presence of a catalyst to non-negligible

conversions (23 % at 55 °C) and with 96% selectivity (Figure 14).
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Figure 14: Conversion and yields of spontaneous (uncatalysed) thermic reaction at 55 °C

The literature (section 3.3.2) often suggests the Cu/zeolites as suitable catalysts for
the formylation reaction. Therefore, we subsequently performed another set of catalytic
experiments using Cu/Beta as catalyst (Figure 15). The experiments provided 4% conversion
at 26 °C with 1% yield, 6% conversion at 30 °C with 2% yield, 11% conversion at 40 °C with
11% vyield and 25% conversion at 55 °C with 20% yield. In contrast to the literature, the
values obtained from Cu/Beta do not significantly differ from those of the “blank”
experiment. This suggests that Cu/Beta does not provide any significant catalytic activity in

the formylation.
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Figure 15: Conversions of N-methylaniline and yields of N-methylformanilide for reactions performed
at different temperatures with Cu/Beta used as a catalyst

Furthermore, we speculated that the formic acid may leach the Cu sites from the
catalyst and thus cause both its deactivation and contamination of the samples with Cu
species. Our hypothesis was supported by the fact that the reaction mixture with Cu/Beta
turned from yellow to green upon addition of formic acid (Figure 16). In contrast, we did not

observe such colour change in the blank experiment. This alone evidences copper leaching

into the solution.

Figure 16: Samples of reaction mixtures: blank (up) and with Cu/Beta catalyst (bottom), centrifuged
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We performed FTIR measurement of spent Cu/Beta after the catalytic experiment to
validate the theory. The spectra of fresh and spent catalyst are shown in Figure 17. We
observed a decrease of concentration of Lewis acid sites (at 1455 cm™) among the two
samples. Furthermore, the concentration of Brgnsted acid sites (at 1545 cm™) increased.
This observation can be explained by the copper being washed out of the sample resulting in
the loss of Lewis acidity. Additionally, the removal of copper is accompanied by the
liberation of Brgnsted acid centres which were originally inactivated by the ion-exchange to
the Cu?* form and therefore invisible to the FTIR measurement. Simultaneously, the peak at
3680 cm™ which corresponds to vibrations of hydrated Cu?* species also decreased; thereby,

confirming the decreased copper content.
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Figure 17: FTIR spectra of the OH group vibrations (left) and of pyridine ring interacting with Brgnsted
(1545 cm™) and Lewis acid sites (1450 cm™) (right) of Cu/Beta catalyst before and after catalysis.
The leaching of copper from Cu/Beta catalyst makes the catalyst impractical.
Therefore, we decided to investigate whether it can be replaced with different Lewis acid
zeolite; Sn-Beta. The Sn-Beta contains framework tin sites which are less susceptible to

removal from the catalyst during the reaction compared to the copper ions.

We performed another set of catalytic tests over the Sn-Beta in a range of
temperatures from 26 to 55 °C (Figure 18). The experiments provided 4% conversion at 26 °C

with 1% vield, 5% conversion at 30 °C with 2% yield, 11% conversion at 40 °C with 11% vyield
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and 25% conversion at 55 °C with 25% vyield. In other words, we observed conversions and

yields very similar to both uncatalysed reaction and reaction with Cu/Beta catalyst.

Sn-Beta Sn-Beta
30 30
= 55°C = 55°C
40 °C 40°C .
~ « 30°C - = 30°C .
=201 = 26°C i 204 = 26°C
o
S &
) o
2 2
S 10+ > 104
O
0'_# i T T T T T T 0 T.- T T T T T = T
0 4 8 12 16 20 24 0 4 8 12 16 20 24

t (h) t (h)

Figure 18: Conversions of N-methylaniline and yields of N-methylformanilide for reactions performed
at different temperatures with Sn-Beta used as a catalyst

All described catalytic experiments were repeated several times. However, we
observed a degree of inconsistency among the results from several experiments carried out
under the same set of conditions (i.e. type of catalyst, solvent, reaction temperature). Since
our previous experiments proved that the formylation can proceed at room temperature in
the absence of a catalyst (Figure 13) we speculated that the obtained results may have been
influenced by minor factors such as the delay between sample collection and analysis or
ambient temperature of the laboratory. In order to minimize these factors, we repeated
experiments in a thermostat set to 26 °C and analysed collected samples immediately after
collection (Figure 19). The experiments provided us with reliable data. The results showed
conversion 3, 3 and 4 % for the blank experiment, Cu/BEA and Sn-BEA, respectively, thus

proving that neither Cu/Beta nor Sn-Beta provide any significant catalytic activity.
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Figure 19: Conversions of N-methylaniline and yields of N-methylformanilide for reactions performed
at 26 °C with different catalysts

Last but not least, we verified that the reaction proceeds in the collected samples
even after removal of the catalyst. We placed the samples shown in Figure 19 into an oven
heated to 50 °C for 24 hours and subsequently repeated the analysis. Results displayed in
Figure 20 show that the conversion of N-methylaniline increased by almost 20 %. This
experiment confirmed that the reaction continued in the samples even after they had been

taken from the reaction mixture and that careful planning is essential in order to obtain valid

data for the formylation experiments.
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Figure 20: Conversions of N-methylaniline and yields of N-methylformanilide for reactions performed
at 26 °C with different catalysts after 24 hours in oven at 50 °C
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6 Conclusion

In this thesis, we aimed to clarify conflicting literature reports on formylation of amines
using formic acid as a reagent over zeolite catalysts. We successfully prepared
aluminosilicate Beta zeolites in H* and Cu?* form, and also stannosilicate Beta zeolite. We
characterised their properties including crystal structure, BET area, micropore volume and
concentration of acid sites with powder XRD, nitrogen sorption and pyridine adsorption
coupled with FTIR spectroscopy, respectively. The synthesis provided zeolite catalysts with
Beta structure and textural properties comparable to materials previously published in

literature.

We determined that the zeolite Beta in Cu?* form (Cu/Beta) possesses primarily Lewis
acid sites. This suggests that Lewis acid sites play a crucial role in the catalysis of formylation

in the published literature.

We chose formylation of N-methylaniline as our model reaction. Primary tests showed
that 1,4-dioxane is the most suitable solvent for the reaction. We proved that the
formylation of N-methylaniline with formic acid in 1,4-dioxane proceeds even in the absence
of a catalyst under mild conditions. Reaction at 55 °C provided 23 % conversion of
N-methylaniline after 24 hours with 96 % selectivity. Considering that the reaction proceeds
spontaneously under relatively mild conditions, we speculated whether the use of a catalyst

would provide clear-cut benefits.

Initially, we chose stoichiometric concentration of both reactants, but the reaction did
not proceed under such conditions. Increasing the concentration of HCOOH to 1.2 or 2 molar
excess resulted in conversion of the N-methylaniline to N-methylformanilide. However, our
goal was to reduce the amount of harsh chemicals (e.g. HCOOH) and also we were

concerned about copper leaching; therefore, we chose lower 1.2 molar excess.

We performed a series of catalytic tests of N-methylaniline formylation over Brgnsted-
Lewis acid H*Beta and purely Lewis acid Cu/Beta and Sn-Beta in range of temperatures from
26 to 55 °C and compared the result to a catalyst-free reaction. In contrast to the published
literature, we did not observe any significant difference between reactions carried out with

and without any of the investigated catalysts.
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In addition, we have clearly demonstrated that the presence of formic acid leads to
leaching of copper from Cu/Beta zeolite into the reaction mixture, which leads not only to a
decrease in its Lewis acidity, but above all in undesired contamination of the reaction
mixture. This phenomenon has not been discussed in the literature. Due to the mentioned
disadvantages of this catalyst, we also examined another typical Lewis catalyst —
stannosilicate Beta zeolite (Sn-Beta). We have shown that Sn-Beta is more resistant to

leaching compared to Cu/Beta.

Last but not least, we discovered that minor factors including ambient temperature or
delay between sample collection and analysis may negatively impact the results from the
experiments. Taking these effects into consideration, we repeated the experiments with
additional precautions and verified that the above mentioned zeolites do not catalyse the
reaction. Nevertheless, we feel a need to express concern whether the authors of the
original studies have taken these details into consideration. Our results undeniably show
that the reaction is sensitive to factors such as ambient temperature which makes the

validity of the published results questionable.
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