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Abstract

From a green chemistry perspective, carbon dioxide (CO;) emerges as an appealing C1
synthon, given its abundance in the atmosphere and cost-effectiveness. Many essential
chemicals for daily life are derived from fossilized carbon sources like coal, petroleum, and
natural gas. However, the by-product of these processes, CO», poses environmental risks when
excessively emitted as a greenhouse gas. Achieving a balance between carbon emissions and

removal is crucial to address environmental concerns surrounding CO».

Utilizing CO; as a C1 source in organic synthesis holds promise for mitigating this balance in
the long term. Combining CO> with other underutilized fine chemicals, such as alkanes,
alkenes, and alkynes, to produce more valuable platform chemicals presents an economically
viable strategy due to carbon dioxide’s abundance, low cost, and recyclability. Despite its
simplicity, CO>'s high thermodynamic stability and low kinetic reactivity, owing to its highly

oxidized state, pose challenges to its use as a feedstock.

Overcoming these hurdles requires catalysts to enhance COz reactivity. Our work focuses on
developing and employing catalytic systems capable of activating CO> as a C1 synthon in
reactions with cyclohexene and a reducing agent to yield carboxylic acids or esters. In one
approach, we have developed heterogeneous catalyst systems comprising transition metals
(Au, Fe, Ni, Ru) supported on metal oxide (Ti0O;). Characterization techniques such as TEM,
EDX, UV-Vis, BET, and XRD were used to study the properties of these materials. The

catalysts were evaluated in a reaction involving cyclohexene, CO», and H>O.

In another approach, we explored the use of cyclo-tris(tetracarbonylruthenium) [Ru3(CO)12] as
a homogeneous catalyst in a reaction involving cyclohexene, methanol, and CO; in the
presence of an ionic liquid, 1-Butyl-3-methylimidazolium chloride ((BMIM]*CI). 'H NMR
and ATR-FT-IR were utilized to characterize [BMIM]'Cl. The reaction product was
characterised utilizing GC-MS.

Upon seeing that Ruz(CO)12 changes color from orange to black when exposed to heat, an
investigation was undertaken on the kind of transformations that the catalyst undergoes. This
investigation was carried out with the hopes of finding the structures that could be resulting
from Ru3(CO)12 during the reaction and their significance to it. The orange and black Ru

complexes were characterized utilizing DSC, TGA, ATR-FT-IR and PXRD.
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1. INTRODUCTION

1.1 Carbon Dioxide — a Brief Overview

Carbon dioxide (CO») is a naturally occurring, colourless and odourless atmospheric gas,
ranking fourth in abundance in the atmosphere. CO; is generated through respiration, during
which organisms metabolize food for energy. This serves as a substrate for photosynthesis,
where plants and select microbes convert it and water into organic compounds in the presence
of sunlight, releasing oxygen in the process.!? The primary ecological importance of CO> lies

in its ability to regulate the Earth’s temperature.

As a greenhouse gas, CO; allows short-wavelength solar radiation to penetrate the Earth’s
atmosphere and captures the long-wavelength radiation reflected from the Earth’s surface. The
captured energy is subsequently re-emitted towards the Earth, creating a warming effect. In
the absence of this mechanism, Earth’s average temperature would be an inhospitable -19°C,

instead of the current average of 14°C. 34

Natural sources of atmospheric CO; include biomass decomposition, biological respiration,
volcanic emissions, and wildfires.!* However, anthropogenic activities, primarily through the
combustion of fossil fuels and deforestation, have significantly augmented atmospheric CO»
concentrations. Since the advent of industrialization, atmospheric CO: levels have surged from
280 ppm to approximately 400 ppm, contributing to a temperature increase from 0.4°C in 1850
to 0.7°C in 2019. *> According to the Intergovernmental Panel on Climate Change (IPCC), the

majority of recent global warming could be attributed to human-derived activities.®



Figure 1.1 Global average long-term atmospheric concentration of CO; in ppm from 1146 to 2018
measured from EPICA Dome C & NOAA °

Additionally, elevated COz levels contribute to ocean acidification’; which is a consequence of
silicates and carbonate rock weathering by acid rain (upon interaction of CO> with rainwater).
The resultant alkaline ions change the ocean’s CO; absorption capacity, further acidifying
marine environments.* Furthermore, CO»-induced climate change leads to physical, health, and
ecological challenges which intensified by anomalous weather occurrences. These disruptions

can impair agricultural output, further impacting socio-economic stability.°®



Figure 1.2. Global average land-sea temperature anomaly relative to the 1961-1990 average
temperature sourced from Met Office Hadley Centre’

While CO., regarded as an industrial by-product, can be repurposed as a feedstock in chemical
sectors and academic endeavours® ? 1, this research is driven by the prospect of employing
CO: as a C1 reagent, in conjunction with olefins, for the production of high-value chemicals.
However, it's essential to recognize that solely using CO: in synthesis doesn't mitigate its

atmospheric abundance.'!

1.2 Uses of CO; as a C1 feedstock

Due to its abundance, low cost and recyclability’ '* CO; is highly desirable in the chemical
synthesis of various commodities — with the annual global consumption roughly being 110 Mt.
The primary industrial consumer of CO3 is in the production of urea which is used for the
manufacturing of nitrogenous fertilizers.'* ' Traditionally, CO; is used in the production of
carboxylic acids, carbonates, esters, efc. (Scheme 1.1); however, a comprehensive literature
survey reveals relatively few reports on the use of CO> as a C1 synthon in combination with

olefins during the production of carboxylic acids and esters.



Scheme 1.1 A summary of different reactions that involve the use of CO; as a C1 synthon with a variety
of starting materials in organic synthesis

(i) For production of carboxylic acids

Carboxylic acids (R-COOH) are a group of compounds with good chemical and physical
properties resulting from their hydroxyl (-OH) and carbonyl (-C=0) function in their molecular
structure. These properties present a great opportunity for their application in chemical
synthesis for making a range of products useful in areas such as medicine, pharmaceuticals,
polymer sciences and many more.!3 !¢ These class of compounds are usually produced through
the oxidation of aldehydes, primary alcohols, oxidative cleavage of olefins, dehydrogenation
of alcohols etc.'® 7 Though these conventional approaches efficiently produce carboxylic
acids, using CO» as a simplest alternative C; feedstock to nucleophiles such as olefins to obtain
carboxylic acids is an interesting and important approach because CO: is abundant and
relatively cheap. In addition, the olefins are produced in large amounts in petrochemical

industry through cracking process and as side products in pyrolysis of plastic.!® 1



This method of producing carboxylic acids can happen in two ways. Firstly, through
carboxylation whereby the CO, molecule is fully incorporated into the olefin without being
reduced.?’ 2! The production of propionic acid via carboxylation of ethene with CO-
(Scheme 1.2) is amongst the earliest reactions of this kind which was influenced by the
discovery of the reaction of metal complexes with CO» and olefins through their insertion into
the metal-carbon bond of a Ni complex, bis(cyclooctadiene)nickel(0), in the presence of 1,8-

diazabicyclo[5.4.0Jundec-7-ene (DBU) resulting in a metalalactone which upon hydrolysis

gives off the corresponding acid.? 22
60 °C Q
> /%)J\
H R OH
Ni(COD), >\'//0
\— + CO; > (DBU),Ni —_—
DBU \-O
85°C 9
o g R/\)J\OH

Scheme 1.2 Production  of propionic acid using propene and CO; facilitated by
bis(cyclooctadiene)nickel(0) and 1,8-diazabicyclo[5.4.0]undec-7-ene at 85 °C under acidic conditions

Furthermore, literature has also reported the carboxylation of alkenes with CO; via C-H bond
activation.”> In this approach a,B-unsaturated carboxylic acids are synthesized from a-
arylalkenes and COz in a reaction facilitated by a Lewis acid and a base as a catalyst. For this
reaction, 2,6-cardisubstituted pyridine and diethylaluminium chloride (EtAlClz) were used as

base and Lewis acid respectively in the presence of COz and an olefin (Scheme 1. 3).%

EtA1C12 OH
_ +  CO, base - -
toluene, 60 °C, 3 hrs 0

Scheme 1. 3 Synthesis of a,p-unsaturated carboxylic acids from 2,3-dimethylbut-2-ene and CO; in the
presence of diethylaluminium chloride as a catalyst, 2,6-cardisubstituted pyridine as a base and toluene
as a solvent at 60 °C for 3 hours

The second route reported for production of carboxylic acids is via carbonylation in which the
COgz is in-situ reduced to a more reactive CO which subsequently reacts with the olefin. An
example of this reaction is that between but-2-ene, hydrogen, and CO: (Scheme 1.4) catalyzed

by di-p-chloro-tetracarbonyldirhodium(I) , as a reverse water-gas shift reaction through the



reduction of CO> by hydrogen, in the presence of triphenyl phosphine (PPh3), methyl iodide
(CHalI) as a promoter and p-Toluenesulfonic acid (p-TsOH.H>O) as an acid additive.

[(RhCI(CO),),]PPh;
p-TsOH.H,0 H OH

CH;l
| + CO, + H; > 0

AcOH, 180 °C, 16 hrs

Scheme 1.4 Carbonylation of but-2-ene with CO; in the presence of hydrogen as a, di-u-chloro-
tetracarbonyldirhodium(l), p-Toluenesulfonic acid, methyl iodide and acetic acid at 180 °C for 16
hours

(ii) For production of esters

Generally, esters are derivatives of carboxylic acids obtained through a reaction between an

1.2} To access more esters through this well-established multi-step processes

acid and alcoho
requires the use of corrosive acids and besides that, high quantity of undesired by-products are
generated in the process.? Therefore the use of COz and olefins to access esters is a more
desirable alternative as it is a greener and economical approach. A few novel methodologies
for the synthesis of esters via the incorporation of CO: into olefins have been developed.
Amongst these is the synthesis of a,f-unsaturated ester (Scheme 1.5) facilitated by a transition
metal complex. A Pd or Ni complex is used in this reaction to react with CO> and ethene to

form a nickelalactone, followed by methylation of the metallacycle with CH3l producing

methyl acrylate.?

Ni(L), o)
=z + 0 — I-Nig
|
L OMe
%/&
0
I F
Mel L. //\,/Q N OMe ¥
>N 0O— > —
0 A ¢
‘Me O
!
[-Ni-L
L

Scheme 1.5 4 general synthesis route of making esters from an olefin and CO; in the presence of a
Ni(L); complex leading to a formation of a nickelalactone which through methylation with methyl iodide
gives of a methyl acrylate.



Recently, literature has reported the synthesis of esters through the alkoxycarbonylation of
olefins with CO,. 2>* This approach (Scheme 1.6) involves the use of cyclo-
tris(tetracarbonylruthenium)(3 Ru—Ru), Ru3(CO)12, as a catalyst, an ionic liquid, 1-butyl-3-
methylimidazolium chloride ([BMIM]CI) as a CO> absorbent and an additive that suppresses

hydrogenation of the olefin, methanol as a reducing agent to facilitate an in-situ reduction of

CO» to CO which in turn reacts with the olefin and the alcohol to form an ester.?® 2
Ru3(CO)pp O
[BMIM]C1
\7\ + CO, + MeOH > OMe

160 °C, 20 hrs

Scheme 1.6 Alkoxycarbonylation of but-2-ene with CO: and methanol in the presence of cyclo-
tris(tetracarbonylruthenium)(3 Ru—Ru) as a possible catalyst, 1-butyl-3-methylimidazolium chloride
as an additive at 160 °C for 20 hours™ °°

Although the utilization of CO> for chemical synthesis presents an attractive prospect, a
significant challenge arises due to the thermodynamic stability of this highly oxidized
molecule, making it difficult to react with other molecules.!! 27 These characteristics of CO2

can be understood through its chemical properties.

1.3 Chemical properties of CO:

Carbon dioxide is a linear molecule in its ground state, with 16 valence electrons and belongs
to the D oo h symmetry group. The CO; molecule is nonpolar with two polar carbon — oxygen
(C=0) bonds, with an extremely high dissociation energy of about 750 kJmol™!, that are of
equal bond lengths with two orthogonal m-orbitals.?® ?° The highest occupied molecular orbitals
(HOMO) of the two oxygen atoms make them weak Lewis bases and therefore are nucleophilic
centers. On the other hand, the lowest unoccupied molecular orbitals (LUMO) of the carbon

atom give it a Lewis acid character and are electrophilic centres.!! 28 3°
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Figure 1.3 Molecular orbital diagram of CO, showing the electron distribution within the different
energy levels of the molecules to highlight it's reactivity’!

The molecule of CO; is in its highly oxidated state therefore has a high thermodynamic stability
and a low kinetic reactivity.’> ¥ 3 The high stability and low reactivity of CO, can be
understood from its molecular orbitals. The orbitals of significant importance in the reactivity
of CO; are the 2s and 2p orbitals of the carbon and oxygen atoms, the 1s orbitals on the other

hand don’t play a role in reactivity and therefore stay unchanged.?! *>

The 2s orbitals of the two oxygens are too low in energy and therefore do not interact with any
of the carbon orbitals. Interaction between 2s and 2px orbitals of carbon with 2px orbital of
oxygen give rise to 20y, 26g bonding molecular orbitals and 36, anti-bonding molecular orbital
while the interaction between 2py and 2p, orbitals give rise to three doubly degenerate
molecular orbitals which are 17, bonding orbital, 17 non-bonding orbital and 2m, anti-bonding
orbital. The 16 valence electrons are distributed among four c-orbitals and two doubly
degenerate m-orbitals.*® The 17, non-bonding orbital localized at the oxygen atoms and 2, anti-
bonding orbital localized at the carbon atom have the highest significance in reactivity as
HOMO and LUMO respectively. As a result, the carbon dioxide molecule can be regarded as
amphoteric due to the Lewis basic character of the oxygen atoms and the Lewis acid character

of the carbon atom.>!

Indicated in the molecular orbital structure of COz above, it is expected to be energetically
favorable for the reactivity of CO> to happen through the 2w, anti-bonding orbital because of

two reasons; firstly, the doubly degenerate 2w, is empty therefore making it prone to lateral



distortion which destroys the degeneracy resulting in two orbitals, 2b; and 6a; while 17 non-

bonding orbital stays intact because it has a maximum pairing of electrons.®

The resulting 2b; orbital after distortion has a similar energy as before distortion while 6a;
orbital after distortion has its energy lowered significantly to almost the same energy as 1m,
non-bonding orbital making it energetically easier for electrons to occupy it in a reaction.
Secondly, the electrons of the doubly degenerate 17, non-bonding orbital localized towards the
highly electronegative oxygen are very low in energy making it energetically costly for them
to take part in a reaction.®> Therefore, COz is an electron acceptor with its reactivity regulated

by the electrophilic characteristics of the carbon atoms. !

Regardless of this reactivity of COz, the energy requirement for nucleophilic attack is still high
therefore highly energetic nucleophilic molecules have been used in the past to form new C-C
and C-H bonds. Examples of such nucleophiles are aziridines, epoxides, organometallic and
Grignard reagents. The issue with using this chemicals is that they are toxic, their production
is expensive and energy intensive therefore efficient and benign transformations under mild
conditions need to be established.!! This can be achieved by the application of transition metal

catalysis to activate the CO» through its coordination with the metal center.

1.4 Interaction of CO; with transition metals

The first step in activating CO> for further reactions is by coordinating it to a transition metal
centre. This coordination leads to changes in electronic structure and molecular geometry,
thereby enhancing its reactivity.*® Transition metals can activate CO, through interaction with
their surfaces via the carbon or oxygen centres, either singly or in combination, at single or
multiple coordination sites.>> Due to the amphoteric nature of the CO» molecule, it can interact
with metal centers by either accepting electrons through its carbon atom or by donating
electrons from its oxygen atoms to the metal center. This depends on the oxidation states of the
metal centers; for nucleophilic low oxidation state metal centers, the interaction will happen
through the carbon atom. While on the other hand the electrophilic high oxidation state metal

centers will interact with the oxygen centers.

This interaction can occur through different modes of coordination as illustrated in Figure 1.4.
In mode I (n'c) there is an electron transfer from the d. orbital of the transition metal to the
2m, anti-bonding orbital of the carbon atom. Mode II (n!0) shows an end-on coordination
between one oxygen atom (through its lone pair of electrons) and an electron deficient metal

centre with CO, molecule retaining its linear structure. In mode III (n?0,0), there is an

9



interaction between the two oxygen atoms of CO> and one electron deficient metal center
forming a metal-carboxylate system. Mode IV (n’c,0), illustrates a o-bond between the 7-
orbital of one of the oxygen atoms and an empty d-° metal orbital, together with -back bonding

from the d, metal orbital to the 2z, anti-bonding orbital of the carbon atom.?

Figure 1.4 Coordination mode of CO: with transition metals, 1) electron transfer from electron rich
metal to carbon atom, Il) interaction of lone pair on oxygen with metal center, I1l) electron transfer
from two oxygen atoms to an electron deficient metal centre, IV) this mode is a combination of I, Il and
111. V) side-on-bonding m-complex'!

Common coordination such as (n’c,0) and (n'c) have been extensively reported in literature.
Though both of these are common but (n’c,0) is the most popular because direct carbon metal
interaction in (n'c) is not energetically favorable due to the repulsive interaction between the
metal and carbon center. Therefore, activation through interaction of metal with one oxygen

and a carbon atom in (n’c,0) is expected to be energetically favorable.

Attractive
& o
o+ W,
b M
weof Z
. °\
0]
&—
Repulsive Repulsive

Figure 1.5. Illustration of the different electrostatic interactions that can occur between the CO; and a
metal centre’

In the (n’c,0) coordination mode, the C=O bonds are inequivalently elongated and the
molecule also loses its linearity to become a bent molecule with O-C-O bond angles between
130° and 136° depending on the complex. Some of these complexes reported in literature are;
(PCy3)2Ni(CO2), Nb(n-CsHsMe)>(CH2SiMes3)(n>-COz), Pd(PMePh,)>(CO»),

Mo(CO2)2(PMes)s etc.’ 3 3% Similarly, in the (3'c) mode, the C=O bond lengths are
asymmetrically elongated and the linearity changes leaving the molecule with a bent geometry
with a O-C-O angle of 126°. This coordination type can be found in complexes such as

Rh(diars)2C1(CO»), Ir(CO2)(Cl)(dmpe)z, (PMe3)sFe(CO2).*

10



As for the (n'0) end on coordination mode, the only complex that has been isolated so far is
the Uranium complex, (**ArO)stacnU(n'-OCO) in which the linearity of the CO2 molecule is
slightly changed to 178" O-C-O bond. Generally, interactions of a metal center with oxygen
atoms in (n'o) and (n?0,0) with reference to the molecular orbital projections, are highly
unfavorable due to the low energy of the oxygen electrons in the HOMO.* Nonetheless,
interaction between a metal center and an oxygen atom can be highly favored if there is an
oxygen defect, a vacancy, in the lattice of the reducible transition metal oxide surface. The role
of the oxygen atom in the CO2> molecule would be to replenish the surface oxygen of the

reducible metal oxide, when it adsorbs on the surface, thus reducing the CO, molecule to CO.*!

Coordinated CO; can further react due to changes in geometry and properties, which increase
its reactivity. It can react in three different ways; firstly through its reaction with electrophiles,
secondly through reaction with nucleophiles and lastly via oxygen transfer and C=O bond

cleavage producing a more reactive CO that can further react with something else.*

1.5 Aims and objectives of study

Based on the background information on COz, a partial aim of this study was geared toward
the use of CO; as a C; synthon to a cyclohexene (considered a less-valuable feedstock) for
synthesizing platform chemicals applicable in various chemical processes. To achieve this, the

study pursued the following objectives:

a. The incorporation of the CO; molecule into the cyclohexene double bond in the
presence of a source of hydrogen with the expectation of obtaining the corresponding
carboxylic acid through heterogeneous catalysis and an ester through homogeneous

catalysis.

b. The utilization of homo- and heterogeneous transition metal-based catalysts to enhance

the reactivity of COx.

11



2. HETEROGENOUS CATALYSIS

2.1. Introduction

At the heart of industrial activity lies mainly heterogeneous catalysis which contributes about
90 % to all chemical processes in petrochemical, pharmaceutical, food and other chemical
industries.** This catalytic process utilizes a chemical substance in a separate phase from the
reactants, enhancing the reaction rate without being consumed in the process.*> The basic
principle here is that the reactant materials are adsorbed over the surface of the heterogeneous
catalyst - the reaction site - concentrating their molecules there thus increasing their chances of

reacting with each other.*

Figure 2.1. Illustration of how adsorption of molecules happens on a catalyst surface, using hydrogen
and ethene as an example

The most important feature of the heterogeneous catalyst is the active sites found on the surface
of the catalyst. Usually, these exposed surface sites have an anisotropic character due to the
difference in atomic structure, to minimize the total surface energy. The different active sites
are presented in (Figure 2.2) and are classified into corners, steps, terraces, edges, kinks and
vacancies. These differences result in different chemisorption properties, selectivity and
catalytic activity.*? ** For example, in the hydrogenation of aldehydes over a Ru/C catalyst to
produce a,f-unsaturated alcohols, competition between C=C and C=0 bond hydrogenation
occurs. C=0O bond hydrogenation is highly favoured on planes, whereas C=C bond

hydrogenation is favoured on edges.**

Adatom ~
Terrace Kink

Vagancy Step Corner

az

&

Figure 2.2. Surface structure of a heterogeneous catalyst showing the different types of the possible
adsorption sites that can facilitate the catalytic reaction™
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Heterogeneous catalysis involves several steps:*®
- Reactant diffusion through the catalyst boundary
- Reactant diffusion through the catalyst pores
- Reactant adsorption on active sites
- Reaction of adsorbed substrates
- Desorption of products
- Product diffusion through the catalyst pores
- Product diffusion through the catalyst boundary

Heterogeneous catalysts are generally classified into bulk metal, metal oxides and supported
metals, each serving specific purposes based on their desired function and the pre-existing
knowledge of their chemistry and the chemical properties of the reactants.*’ In other words, a
thorough understanding of the target reaction and the chemical properties of the reactants and
catalyst is essential for selecting the appropriate catalyst.*® In the context of this research, a
catalytic system consisting of transition metals supported on a metal oxide was selected.
Titanium dioxide (TiO2) was used as a catalytic support, onto which gold, nickel, iron and

ruthenium was doped.

2.2. Justification of catalyst choice

The choice of catalyst and support was motivated by literature reporting CO; reforming of
methane (CHa) on a transition metal (platinum) supported on a reducible oxide, ZrO,.*! Studies
indicate that CO; reforming of CH4 on Pt/ZrO; occurs via two mechanisms. The first path
involves methane decomposition on Pt generating oxygen vacancies on the surface of the
support. Subsequently, the carbon interacts with oxygen from the catalytic support to form

carbon monoxide. *!
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Figure 2.3. Methane decomposition on a Pt particle subsequently generating an oxygen vacancy on the
reducible metal oxide support

The second path involves CO, adsorption and dissociation at the metal-support interface.
Adsorption occurs at the oxygen vacancy that formed in the first path, followed by dissociation
into CO and O which in turn replenishes the lost oxygen from the support for a continuous

mechanism.*' 4°

Figure 2.4. Adsorption of the CO; molecule via the oxygen atom onto the oxygen vacancy that was
formerly formed on the previous step

The concept underlying our research was for the reactants to adsorb onto the bifunctional

catalyst, as outlined below.
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/O\ / —_—
H™ O H <:> 0=C=0

Figure 2.5. Illustration of the possible interactions of the reactants with the catalyst system. The water
molecule through the oxygen atom interacts with the oxygen vacancy (Vo) splitting into hydroxy
radicals and hydrogen, CO; gets reduced to CO over the oxygen vacancy (Vo), cyclohexene adsorbs
onto the supported transition metal

Adsorption of the alkene takes place over the supported transition metal. This occurs through
either m-complexing or di-o-adsorption forming -complexed double bonds, m-complexed -
allyl species, mono-o-bonded alkanes and/or di-o-bonded alkanes. The alkene adsorbs on the
surface of the transition metal atoms with its = bond parallel to the plane of the surface atoms.
This happens through associative adsorption whereby the  bond raptures and two ¢ bonds are
formed between the two carbons which formerly had the m bond and the two surface transition
metal atoms. This happens as opposed to dissociative adsorption whereby C-H bond is broken

forming two o bonds between the previously joined atoms and the surface of the metal.*’
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Figure 2.6. Different possible modes, A-G, of interaction of cyclohexene with the metal surface and
the species that form as a result "’

The adsorption sites represented by circles forming a hexagonal shape in (Figure 2.6) show a
transition metal surface as face centred cubic (fcc) (111) where adsorption of alkenes,
cyclohexene used as an example, takes place. More than one atom or group of atoms are
involved in the catalysis. A and B shows possible locations of di-o-adsorption forming 1,2-di-
0-Ci-cyclohexane. C, D and E shows possible locations of m-complexing forming -Ci.2-
cyclohexene. F, G, and I show possible locations of 7-Ci.3-cyclohexene m allyl moiety. The
mono-o -Cp-cyclohexane species are indicated with one tiny circle at the carbon adsorbed on to
the surface site. (The subscript letter n and numbers indicate the number of the carbon, e.g.,

carbon 1, carbon 2, etc., attached to the metal surface).*’

i Adsorption on the support

Reducible metal oxides such as TiO> have oxygen vacancies on their surfaces. These defects
interact with the oxygen in the oxygen containing molecules resulting to their dissociation. The
CO2 is expected to adsorb on the oxygen vacancies which in turn dissociates into carbon
monoxide, CO, and oxygen, O. The formed oxygen will then replenish the lost oxygen on the
oxygen vacancy thus re-oxidising the TiO: in a similar way as in CO: reforming of methane,

CHa, on a transition metal, Pt, supported over a reducible oxide, ZrO,.*!

The adsorption of water takes place over the nanoparticles of the reducible metal oxide support

(TiO2). This can take place on the surface of the metal oxide®® and at the oxygen vacancy (Vo)
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formed as a result of a loss of an oxygen atom from the network on the crystal surface.’! 2 On
the surface of the reducible metal oxide, water can adsorb by dissociation or can adsorb
molecularly at different facets and coverages depending on what adsorption is energetically

favored.>”

In reducible oxides dissociative adsorption of water on the oxide surface depends mostly on
the position of the surface oxygen p orbital (O 2p level). If the surface O 2p level is located
inside the band gap high above the valence band maximum, then these oxides will split water
efficiently. During this adsorption, the O 2p level experiences a downshift towards the valence
band which results in a significant energy gain, enough to overcome the dissociation energy

barriers on the surface, that facilitates water splitting.>°

The scenario is different for TiO; since it has its O 2p level buried within the valence band,
therefore there is a slight downward shift of the O 2p level, so the energy gain is very small to
facilitate water splitting, therefore water adsorbs as a molecule on the surface of TiO». The
intermolecular interactions between the adsorbed water molecules on the TiO» surface,
hydrogen — hydrogen (H — H) repulsive forces and hydrogen — oxygen (H — O) attractive forces,
induce large energy gain. This energy gain is significant to overcome the dissociation energy

barriers on the metal oxide surface which in turn help water splitting into hydroxyl groups.

A hydroxyl group forms by the (-OH) group attaching to the titanium (Ti) site from dissociated
water. The other hydroxyl group forms when the hydrogen from dissociated water attaches to
the oxygen on the metal oxide surface, creating terminal and bridging hydroxyls®®, which is

followed by the hydrolysis of Ti—O lattice bond.>* >*

H ~N fo) 7~ H HO- H
! I I
M or A M+ or + H,0 MU, v 0r —
I I I I I I
1 ©)
‘OH H
— Mn+ 02. —

Figure 2.7. [llustration of how water interacts with metal oxide surface (a) adsorption of water on
metal site (b) dissociation of water molecule (c) hydrolysis of metal — oxygen bond”
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Water can also adsorb on defects, such as oxygen vacancies (Vo), on TiO,. These
electropositive centres, formed due to the loss of an oxygen atom on the metal oxide surface,
interact with other oxygen containing species through the oxygen atom and thus causing a
splitting of the water molecules.’! > 3 As the water dissociates across the oxygen vacancy it
forms bridging and terminal hydroxyls.>> 3 The (-OH) groups from water heals the vacancies
through the oxygen atom, occupying the voids left behind by the oxygen atom that was
removed when the oxygen vacancy was formed, therefore restoring the natural coordination of

the Ti and O atom in the crystal lattice of the metal oxide surface.> ¢ %7

Figure 2.8. Interaction of water with oxygen vacancies on the surface of reducible metal oxides (a)
hydroxyl formed as water dissociates over oxygen vacancies (b) types of hydroxyls formed, I is a
terminal hydroxyl, Il is a bridging hydroxyl with hydrogen coordinated to two metal atoms, Il is a
bridging hydroxyl coordinated to three metal™ >’

Though adsorption, can take place at the coordinated surface Ti sites but the presence of oxygen
vacancies on the surface of TiO> results in a competition for dissociation sites between water
dissociating at the surface Ti sites and water dissociating at the oxygen vacancies. Nonetheless,
the dissociation mechanism of water at the oxygen vacancies is more energetically favourable

than dissociation at the surface Ti sites.’®

All these adsorption modes of the reactants over the catalyst occurs in-situ as the reaction is
taking place in the reaction vessel. Figure 2.5 illustrates the postulated modes of adsorption of

reactants and the desorption of the product.

2.3. Preparation of heterogeneous catalyst

Reactions occur on the surface of heterogeneous catalysts as reactants concentrate over the
catalytic surface, thus accelerating the reaction.*’ It is important to have the supported metal
highly dispersed over the metal oxide support to maximize active sites for the reaction.’® The

catalytic supports not only serve as a means of high dispersion of active phase but may also
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participate in the catalytic activity, making the system a bifunctional catalyst; which was the

aim of the catalytic system reported here.

During the preparation of a supported catalyst, a precursor solution with a desired amount of
an active component is deposited on to the metal oxide support to achieve its optimal dispersion
of active sites. Typically, for precious metals such as Au and Ru, low metal mass loading of
0.1 — 1% per mass of support is used to minimize the costs. On the other hand, for relatively
cheap base metals such as Fe and Ni higher metal mass loading of 10 —40% per mass of support

is used to increase the space-time yield of the reactor.>

Preferably, precursor solutions are prepared using nitrate and carbonate salts where possible
because they decompose easily during the catalyst’s calcination step, thus avoiding potential
catalyst poisoning.%’ ¢! Wet impregnation was used as opposed to dry impregnation because in
wet impregnation migration of the precursor through the pores of the support happen through
diffusion driven by concentration gradient therefore there is no pressure build up within the
pores, caused by air bubbles, which will consequently lead to the collapse of pore structure of

the support, leading to a decrease in the surface area for dispersion of active sites.% ¢!

On the other hand, in dry impregnation, migration of the precursor through the pores happens
through capillary suction which traps and compresses the air bubbles within the pores and the
resulting pressure build up collapses the pore structure of the support.®! Precursor solutions are
made using preferably nitrate and carbonate salts where possible because they decompose
easily on the calcination step of the catalyst therefore are not capable of poisoning the catalyst.%
62Chloride and sulphide salts are avoided if possible because chloride and sulphide ions can act

as poisons in some reactions.*

19



a b

Support Support
Trapped air bubble

Por .
Y e ore .. =<=————Capillary flow
. A : . .
c e ..'. - Cale -
o . “:/Precursor ion vy J——Precursor ion

Precursor ion diffusion Precursor ion diffusion
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Precursor adsorption Precursor adsorption

Figure 2.9. lllustration of processes that happen during wet impregnation (a) and dry
impregnation (b)”

The next step involves a drying process to evaporate the solvent from the mixture to obtain the
catalyst.®* During the drying process, several critical aspects occur, including heat transfer from
the surroundings to the wet support and mass transfer as vapour into the surroundings.®* In this
process there is a convective flow of solvent towards the external surface of support, diffusion
of metal ions and adsorption of metal on to the support — thus affecting the distribution of the

metal onto the support.5® 6

Figure 2.10. lllustration of processes that happen during the drying process of the catalyst

The nitrate salts of Fe and Ni have low melting points (47.2 °C and 56.7 °C for Fe and Ni salts,
respectively) and hence they are in a molten state during drying which also affects the
distribution of the metal ions on the support.”” Thus, the desired drying temperature should be
above the melting point of these salts to afford uniform distribution, but also low enough to

avoid non-uniform distribution on the support surface. In contrast, the chloride salts have high
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melting points (254 °C and 500 °C for Ru and Au respectively) implying that drying temperature

is below their melting points to avoid non-uniform distribution of the metals resulting from

rapid flow of the solvents.

After the drying step, the catalysts are calcined at 600 °C to decompose the ligands coordinated

to the metal salt as well as removing any solvent trapped within the support structure.

Additionally, it ensures that the catalyst and support retains its structural integrity during the

reaction.®’ ¢ Calcination is usually performed under flowing air or oxygen to burn any organic

materials present.®

Finally, the catalysts were characterized to confirm the addition of metals onto the support and

to probe their structural features. This was achieved using techniques such as:

Powder X-ray diffractometry to study catalyst structure and chemical phases
Brunauer-Emmett-Teller (BET) to calculate the surface area of the catalysts
Transmission electron microscopy (TEM) to investigate morphological features
Energy-dispersive X-ray spectroscopy (EDX) for elemental analysis of the catalyst and
to confirm metal deposition onto the support

Solid-state ultraviolet-visible spectrophotometry (UV-VIS) which will indicate

absorbance changes that take place upon addition of the precursor ions.

2.4. Objectives

The main product that was targeted in this chapter is cyclohexanoic acid with the following

objectives:

11.

Preparation and characterization of different heterogeneous catalysts that are Au,

Ru, Ni and Fe based supported over TiO-.

To use the prepared catalysts to facilitate the reaction between CO>, HoO and

cyclohexene to produce cyclohexanoic acid

CO,/H,0 OH
NUTIO,

Scheme 2.1. Illustration of the reaction that is expected to take place between equimolar amounts of
cyclohexene (40 mmol), water (40 mmol) and 11 atm of CO: in the presence of Au/Fe/Ni/Ru supported

on TiO;
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3. HOMOGENEOUS CATALYSIS

3.1. Introduction

Industrially, only ~15% of all catalytic processes employ homogenous catalysts. This is mainly
because most catalytic processes that produce the base chemicals, which serve as feed stocks
for production of platform chemicals and other fine chemicals, require harsh conditions. As a
result of the low thermal stability of homogenous catalysts, they are not applicable to these
processes, and this is their main disadvantage in addition to the challenge of recovering them

from the reaction media.

For example, the main source of chemicals, crude oil, requires high temperatures (>650 °C) for
it to be processed catalytically to produce other platform chemicals while the upper temperature
limit of homogenous catalysts is only about 250 °C. Herein, the objective is to produce an ester,
which can be used as a substrate for production of other higher value-added chemicals, under

mild conditions with the aid of a homogeneous catalyst.

In homogenous catalysis, the catalyst and reactant molecules are dispersed in the same phase
(more often a liquid phase) in a reaction vessel for the duration of the reaction. At the molecular
level, the catalyst may be present in different intermediate forms during the catalytic cycle.
Homogenous catalysis involves the use of different types of catalysts, transition metal
complexes, Bronsted and Lewis acid and base catalysts, organic catalysts and biological
catalysts.®” ® For the purpose of this research, we will only focus on homogenous catalysts

driven by transition metal complexes.

These type of catalysts are made up of a metal center surrounded by organic and/or inorganic

ligands which are coordinated to the metal.®’

Each catalytically active entity acts as a single
active catalytic site.’® The catalytic activity depends on both the metal and the surrounding
ligands, but generally the properties of the catalysts can be enhanced by modifying the ligand
environment to tailor the catalyst for a specific selectivity and reaction rate,®’ therefore the

ligand choice is important when developing an appropriate catalytic metal complex.”
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Figure 3.1. Basic structure of an octahedral transition metal complex as an example

For the metal to facilitate the reaction between the reactants, a vacant site in the metal centre
is required to coordinate a molecule, initiating catalytic activity. The strength of substrate
coordination determines the rate of the catalytic process; stronger coordination leading to a
reduced rate of catalysis, and vice versa. Catalytic activation of substrates by these complexes

typically occurs at the metal centre through different elemental steps, including:

1. Oxidative addition - happens when a molecule, AB, adds on to the complex through

the breaking of a bond of that molecule into A and B then two new bonds metal-A

and metal-B are formed between the metal and the molecule.

1. mco

I. 1_CO
Rh Rh
17 1~co

I” ~CO

Scheme 3.1 An example of oxidative addition process involving the incorporation of Mel onto
[Rh(CO).15]" complex

1. Coordination — this is when a molecule, AB, interacts with the complex without the
molecule losing its integrity remaining as AB with the alteration of the electron

distribution within the molecule.

CO R

H | CO

e — )

H—Rh——PPh;, + /Rh\
| Ph,P Co

CcO
Scheme 3. 2. lllustration of ethylene activation through coordination on to RhH(CO),PPh; metal
complex

1il. Migratory insertion - this is the reaction between the coordinated substrates within

the complex. This happens through a vacation of the coordination site.
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1. lmco

/R ~ e
1”1 ~CO I
I I

Scheme 3. 3. An example of a reaction of methyl and Carbon monoxide within a complex via an
insertion reaction following the oxidative addition of Mel on [Rh(CO):l;]" complex.

v. Reductive elimination — this is the last step of the catalytic cycle. It is the opposite

of the oxidative addition and an important step for the regeneration of the catalyst.

(|3H3CO )
I
~ - CH;COI I | _CO
_Rh—CO = \Rh<
1 | CcO I/ CO

I

Scheme 3. 4. Removal of CH3;COI from the complex via reductive elimination to regenerate the
[Rh(CO):L,] complex.

These steps in a catalytic cycle involve the conversion of a precursor complex into its active
form, typically through ligand dissociation or interaction with a co-catalyst or promoter.
Alternatively, the cycle involves the activation of reactant X by the catalyst and the subsequent
activation of reactant Y by the product formed from the activation of reactant X. Lastly, the
cycle involves an intramolecular reaction within the complex, leading to a product through

reductive elimination, and eventually regenerating the catalyst.

Transition metals such as iron, cobalt, ruthenium, rhodium, iridium, platinum, and palladium
have been widely employed to develop complexes for various catalytic reactions. The reactions
that these metals have been used to catalyse include hydrogenation, hydroformylation,
isomerization, polymerization, oligomerization, metathesis and carbonylation of olefins.”!
Table 3. 1 summarizes the types of reactions and the corresponding metal complexes commonly

used in catalytic reactions involving olefins.
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Table 3. 1. Summary of reactions from literature involving olefins and metal complexes generally
used to catalyse them

Reaction Typical catalyst

Hydrogenation RhCI(PPhs)3, RuClo(PPh;)s, Co(CN)s*
Hydroformylation CoH(CO)s, RhH(CO)3

Isomerization RhH(CO)(PPh3)3, CoH(CO)4, Fe3(CO)12
Polymerization RhCI catalysts

Metathesis Grubbs catalysts

Carbonylation Co, Fe, Ru, Rh, Ni based carbonyl complexes

Though literature has reported several reactions based on catalytic transformation of olefins
using different transition metals, this work will focus on the carbonylation reaction of olefins

with COz driven by Ru3(CO)12 as a transition metal-based catalyst.

3.2. Carbonylation of olefins with CO; catalyzed by Ru3(CO)1.

A significant advancement in transition metal catalysis was the discovery of converting olefins
to aldehydes using a cobalt catalyst in the presence of hydrogen and carbon monoxide.
Subsequently, it was discovered that group 8 metal carbonyls can catalyse carbonylation
reactions involving olefins and alkynes. The resulting product is a carboxylic acid or an ester
when water or an alcohol was used, respectively, instead of hydrogen. Nickel was identified as
the preferred metal for higher yields with alkynes; while cobalt, rhodium, iron, ruthenium, or
palladium were found to be effective catalysts for carbonylation with alkenes. All of the above-
mentioned reactions are carried out using carbon monoxide as a carbonyl source. This
breakthrough paved the way for exploring various methods of achieving carbonylation
reactions of olefins using alternative CO sources. These sources include formaldehyde, formic
acid, formates and CO,,’? which is the surrogate in this study, and will be discussed in further

detail.

There are literature reports that document the use of CO> as a CO source using ruthenium as a
transition metal catalyst. This approach involves the in-situ reduction of CO; to CO which is

subsequently incorporated into the double bond of the olefin.
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3.2.1. Hydroformylation/reduction

The first report using Ru3(CO)i2 as a catalyst for carbonylation of olefins was that of
hydroformylation of cyclohexene in the presence of CO>, hydrogen (H»), lithium chloride
(LiCl) as a promoter in N-Methyl-2-pyrrolidone (NMP) as a solvent. The main product of this
reaction is cyclohexylmethanol at a yield of 86% and 3% of a minor product
cyclohexanecarboxaldehyde. It was found that without LiCl, the complete hydrogenation of
the olefin to an alkane took place. This means that the role of this salt is to suppress the
hydrogenation to favor hydroformylation. This is reported to be a two-step reaction with a
reverse water gas shift (RWGS) as a first step where H» reduces the CO2 to CO which is then

used for hydroformylation in the second step.”

Ru3(CO);; (2 mol%)
LiCI (8 mol%) OH H
+ CO, + H > +
NMP, 140 °C, 30 hours

Scheme 3. 5. Hydroformylation of olefins with CO: at (40 bars) and H. at (40 bars) in the presence
of Ru3(CO);; catalyst, LiCl promoter and N-Methyl-2-pyrrolidone solvent at 140 °C for 30 hours

3.2.2. Hydroaminomethylation

This reaction involves a three step one-pot synthesis of saturated amines. It is similar to the
above reaction, with an extra step involving a molecule with an N-H function and toluene as a
solvent. The aldehyde formed from the in-situ hydroformylation of alkenes as outlined in the
above reaction (Scheme 3. 5) undergoes condensation with the primary or secondary amine
through the N-H function to give an imine/enamine which upon hydrogenation subsequently

gives a corresponding saturated secondary or tertiary amine.”® ™

Ru3(CO);, (2 mol%) (\O
_ (\O LiCI/BTAC (1:1, 20 mol%) N\)
\/\ + + CO, + H, >
\) toluene, 160 °C, 5 days

HN

Scheme 3. 6. Hydroaminomethylation of olefins with amines, CO»/ H; (1:3 ratio) in the presence of
Ru3(CO) 12 (2 mol%), LiCl/ behentrimonium chloride (BTAC) (1:1) in toluene at 160 °C for 5 days

3.2.3. Alkoxycarbonylation

The above reactions have opened different possibilities of using different substrates in
carbonylation to obtain a variety of functionality. Recently, literature has reported a similar

carbonylation reaction of olefins with CO», methanol (MeOH) as a reagent and a solvent in the
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presence of an ionic liquid, 1-Butyl-3-methylimidazolium chloride [BMIM]CI. In this reaction,
MeOH was used as a CO; reducing agent and giving methyl cyclohexanoate as a product
instead of an aldehyde. It is reported that the reaction is driven by the reduction of CO; by
MeOH to CO or a formate through the hydrogen borrowing reaction. The alkoxycarbonylation
is the reaction of interest in our work which we carried out and reported on our findings.

0
Rus(CO)» (2 mol%)

[BMIMICI (2 equi) o~
+ CO, + MeOH >
160 °C, 20 hours

Scheme 3. 7. Alkoxycarbonylation of olefins with CO; (40 bar) and methanol (20 ml) in the presence
of Ru3(CO) 2 (2 mol%) catalyst, 1-butyl-3-methylimidazolium chloride (2 equivalents) at 160 °C for
20 hours

3.3. Objectives

The focus of our study in this chapter was on reproducing the methyl cyclohexanoate at lower
CO; pressure, 11.568 atm, following the alkoxycarbonylation reaction in Scheme 3. 7 with the

following objectives.

1) Incorporating a carbonyl and a methoxy group from CO> and MeOH respectively

into the cyclohexene structure catalyzed by Ru3(CO);» obtained from a supplier.

1) To determine the influence of additives such as [BMIM]CI on the rate of

conversion. In this instance, [BMIM]CI was synthesized.

1) In order to saturate the reaction solution with CO», the effect of dry ice was probed.
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4. MATERIALS AND METHODS
4.1. Heterogeneous catalysis
4.1.1. Preparation of TiO2 supported catalysts

For the synthesis of metal supported over a metal oxide, gold(IIl) chloride, nickel(Il) nitrate
hexahydrate, iron(IIl) nitrate nonahydrate and ruthenium(IIl) chloride salt precursors were
used as sources of gold, nickel, iron and ruthenium respectively. Titanium (IV) oxide
nanopowder of 21 nm particle size was used as a support of the above metals. 0.5% (11 mg)
metal loading of Au and Ru per mass (2 g) of TiO> was used and 25% (0.75 g) metal loading
of Fe and Ni per mass (2 g) of TiO> was used to obtain maximum dispersion and minimize the

chances of agglomeration of active sites.

The TiO; support was firstly damped with Sml of water then a precursor solution of each metal,
made by dissolving the respective mass of precursor salt in Sml of water, was added dropwise
to their respective wet support. It is important to achieve a uniform distribution of the active
sites on to the support therefore each mixture was continuously stirred at room temperature for
2 hours with a magnetic stirrer until a uniform mixture was obtained. Next, the solvent was
evaporated out by drying each mixture in the oven at 70 °C for nitrate salts and 100 °C for
chloride salts for 12 hours to try to achieve a uniform distribution of the active sites. After
drying, the obtained catalysts were each transferred to a horizontal furnace for calcination at

550 °C for 16 hours under air flowing at 15 I/min.

4.1.2. Preparation of black Ru complex from Ru3(CO)1:

The observation of a solution colour change, from pale yellow to black, prompted us to heat
the orange Ru3(CO)12 crystals prior to performing the carbonylation reaction. Mild heating
(70 °C) of the orange Ru3(CO)i2 crystals revealed that the catalyst itself undergoes a colour
change from orange to black upon heating. A comprehensive literature survey revealed limited
reports documenting this colour change — the significance being that Ruz(CO)i2 might not be
the only catalytically active species. In order to investigate this phenomenon, we carefully
prepared all possible forms of Ruz(CO)i2 (depending on the colour of the crystals). This was
achieved by placing the orange Ru3(CO)i2 in an inert atmosphere (argon gas was used) in a
closed vessel at 70 °C. The crystals were thinly and evenly spread across the surface of the

container to increase the rate of conversion. The sample was left to fully transform from an
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orange complex to a black complex for 3 weeks, was removed and stored at room temperature

for further analysis.

4.1.3. Application of catalysts

Reactions were carried out in a stainless steel Berghof BAR 845 pressure reactor (150 bar/250
°C/Bj. 86) equipped with a 250 ml teflon vessel, a lid with a teflon interior lining, magnetic
stirrer, feeding valve connected to a CO: gas line, pressure gauge, safety rapture and a heating
furnace. The autoclave was heated to 150 °C followed by the addition of the reactants,
cyclohexene (40 mmol), water (40 mmol) and catalyst (25 mg). The autoclave was then
pressurized with gaseous CO> (11.578 atm). The outlet was open for at least 1 minute to flush
out the air that was inside, then closed to allow the reaction to run for 48 hours. At the end the
autoclave was allowed to cool down to room temperature. The reaction mixture was then taken

for analysis on GC-MS.

4.2. Homogenous catalysis

4.2.1. Synthesis of 1-Butyl-3-methylimidazolium chloride
[BMIM]CI

Preparation of [BMIM]CI1 was carried out in a reflux set-up using equimolar ratios of 1-
methylimidazole (15 ml, 0.183 mol) and 1-cholorobutane (19 ml, 0.183 mol) under argon
atmosphere for 48 hours at 70 °C with continuous stirring on a hotplate in an oil bath. At
completion, the solution was cooled to room temperature. Two phases were formed with the
top layer being the unreacted material which was discarded. The product was washed 3 times
using fresh ethyl acetate with each wash in a round bottom flask (using a separating funnel
delays the process and causes a loss of product because it is viscous and sticky). After the wash,
the product was heated in the oven overnight to remove the ethyl acetate. The small traces of
ethyl acetate were removed under vacuum using a rotary evaporator at 70 °C for 2 hours and a

pale-yellow viscous product was obtained.

4.2.2. Synthesis of methyl cyclohexanoate

Reactions were carried out in a stainless steel Berghof BAR 845 pressure reactor (150 bar/250
°C/Bj. 86) equipped with a 250 ml teflon vessel, a lid with a teflon interior lining, magnetic
stirrer, feeding valve connected to a CO; gas line, pressure gauge, safety rapture and a heating
furnace. The autoclave was heated to 160 °C then added the mixture of [BMIM]CI (3.48 g, 20
mmol), cyclohexene (1 ml, 9.87 mmol), methanol (20 ml, 494.3 mmol) and Ruz(CO)12 (63.9
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mg, 0.1 mmol). The autoclave was then pressurized with CO» (11.578 atm, 118 mmol). The
outlet was open for at least 1 minute to flush out the air that was inside, then closed to allow
the reaction to run for 2, 4, 8, 12, 24 and 48 hours. At the end the autoclave was allowed to
cool down to room temperature. Then reaction mixture was firstly sampled by head space
analysis using a 100 um polydimethylsiloxane (PDMS) solid phase microextraction (SPME)
fiber bonded to fused silica with gentle heating at 35 °C on a hotplate for 20 minutes in a airtight
vial to extract product from the mixture which was then analyzed using GC-MS. Secondly, the
product was distilled from the mixture then analyzed by GC-MS by syringe injection. This
sampling methods were done to avoid injecting the ionic liquid into the GC column since it

does not boil and is not volatile therefore would block the column.

4.2.3. Control experiments with dry ice

Control experiments were conducted in a similar manner to the reactions highlighted in section
4.2.1. Solid CO; (about 30 g) was added to the mixture in the autoclave followed by gaseous
COg, in an identical procedure as previously mentioned.

4.2.4. Control experiments without CO2
Reactions were run in the similar manner as those in (section 4.2.1), in the absence of COx.
The reaction mixture was purged with argon gas to expel any dissolved COz, in order to create
an inert environment.

4.2.5. Control experiments with methanol-D4
Experiments were performed in an analogous manner to that described in section 4.2.1, with
the addition of 1 ml CD30D to 19 ml CH3OH to reduce the expenses.

4.2.6. Control experiments without Ru3(CO)12

Reaction was run in the similar manner as those in section 4.2.1 in the absence of Ruz(CO)12

catalyst.
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4.3. Instrumentation
4.3.1. Gas chromatography-mass spectrometry (GC-MS)

Qualitative and quantitative analysis of synthesis products was performed on an Agilent
technologies 7890A gas chromatograph and 7693 autosampler coupled with an Agilent
technologies 7000A mass spectrometer triple quadrapole. The gas chromatograph was
equipped with a Restek 13623 Rxi®-5sil MS capillary column (30 m x 250 um x 0.25 pum).
The following GC method was used: injection source, manual; inlet temperature, 250 °C;
carrier gas, Helium (40 psi on cylinder); pressure, 1.778 psi; total inlet flow 87.23 ml/min;
septum purge flow 3ml/min; injection mode, split; split ratio, 150 : 1; control mode flow,
0.55781 ml/min; holdup time 1.8415 min; oven temperature program, 45 °C for 2 min, ramp to
75 °C at 25 °C/min and hold for 1 min, ramp to 100 °C at 50 °C/min and hold for 1 min, ramp
to 150 °C at 100 °C/min and hold for 1 min, ramp to 250 °C at 100 °C/min and hold for 1 min.
The MS method was as follows: thermal auxiliary temperature, 250 °C; ion source, electron
ionization; source temperature, 230 °C; fragmentation energy, 70 eV; gain, 0.5; solvent delay,

0.5; peak width, 0.7 sec; scan type, MS 1; scan time 0.25 sec; acquisition range, 10 — 500 m/z.

4.3.2. Fourier transform infra-red spectroscopy (FT-IR)

ATR-FT-IR analysis was for structural characterization of [BMIM]CI and Ru3(CO);; catalysts.
This was performed using a PerkinElmer spectrum 100 FT-IR spectrometer (PerkinElmer,
USA). The spectra were obtained in attenuated total reflection (ATR) mode, 24 scans were run

at a resolution of 4 cm™! spanning the frequency range of 4000 to 600 cm’.

4.3.3. Nuclear magnetic resonance spectroscopy (NMR)

"H NMR spectrum was recorded on a Bruker Avance 111 600MHz spectrometer. Approximately
10 mg of sample was dissolved in 0.7 ml deuterated chloroform (CDCl3). The sample was then
transferred to a NMR tube and loaded onto the instrument for analysis. 16 scans were run for

the experiment and the chemical shifts are reported in ppm.

4.3.4. Ultraviolet-visible (UV-VIS) spectrophotometry

Optical properties of the heterogeneous catalysts and metal oxide support were investigated
using a PerkinElmer Lambda 950 UV-Vis diffuse reflectance NIR spectrophotometer in the

range of 200 to 800 nm at a scan speed of 300 nm.min".

31



4.3.5. Powder X-ray diffraction (PXRD)

The crystal structure of all catalysts was studied using PXRD. Their diffraction patterns were
recorded using Bruker D2 phaser 2nd generation fitted with a Cu-Ka radiation source and
Lynxeye detector. Radiation wavelength was 1.54184 A and produced at 30 kV and 10 mA.
Diffractograms were recorded at a 26 range of 10-100° with step size of 0.04° while the PSD

opening was 4.859°.

4.3.6. Transmission electron microscopy (TEM)

Morphology, particle size and arrangement of heterogeneous catalysts were studied using
transmission elecron microscopy. Images were collected with a ZEISS Libra 120 Standard,

operated at 120 kV, and Olympus Megaview G2 camera.

4.3.7. Energy-dispersive X-ray spectroscopy (EDX)

Data was collected on an Oxford INCA Penta-FET-X3 Si(Li) detector, accelerating voltage,
20 kV; livetime, 20 sec; tilt, 0; azimuth, 0; elevation, 45 degrees; real time, 29.31;
magnification, 21314 X; normalized processing; number of iterations, 5; total spectrum counts,

94788.

4.3.8. Thermogravimetric analysis (TGA)

Decomposition studies were performed using a PerkinElmer TGA 4000. 2 — 5 mg of sample
was loaded into the sample holder at 30 °C, with nitrogen gas flow of 20 ml/min. For all
isothermal analyses, the heating rate was set to 10 °C/min until it reached the intended
temperature, following this was a temperature hold time of 240 minutes. Non-isothermal
analyses were performed at a heating rate which was set to 10 °C/min until the required

temperature was reached.

4.3.9. Differential Scanning Calorimetry (DSC)

Exothermic and endothermic studies were performed using a TA DSC 250. 2—5 mg of sample
was placed in an aluminium pan and loaded onto the sample holder in a furnace at 30 °C with
nitrogen flowrate of 50 ml/min. All analyses were non-isothermal with a heating rate of 10 °C.
Analyses without cycles was performed by heating the sample to 255 °C. The analysis with 5
cycles was performed by heating the sample to 170 °C followed by cooling to 30 °C. This step

was repeated 5 times. On the last cycle, the sample was heated to 255 °C.
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4.4. Materials

Gold(IIT) chloride (AuCls), Nickel(IT) nitrate hexahydrate (Ni(NO3)2:6H20), Iron(III) nitrate
nonahydrate (Fe(NO3)3-9H>0, Ruthenium(III) chloride (RuCls), cyclo-

tris(tetracarbonylruthenium)(3 Ru—Ru) (Ru3(CO);2), Titanium dioxide (TiO), 1-methylimidazole
(C4HgN>), 1-chlorobutane (C4HoCl), cyclohexene (C¢Hio) and methanol (CH3OH) were all purchased
from Sigma Aldrich. Ultra-pure water was obtained from the biochemistry department at Rhodes

university, prepared using a Milli-Q water purification system. Dry CO, cylinder was purchased from

Afrox.

4.5. Conclusion

In this chapter, we outlined the synthesis procedure and application of the catalysts, Au/TiO»,
Fe/T102, N1/TiO2 and Ru/T102, which were used in the heterogeneous catalysis section of the
work. All the catalysts were prepared using wet impregnation method. A well detailed
procedure of their application in a reaction between cyclohexene, water, and CO> in an attempt

to synthesize cyclohexanecarboxylic acid at 150 °C for 48 hours was given.

A detailed application of Ruz(CO)12 as a catalyst in a homogenous catalytic reaction between
cyclohexene, CO; and methanol in the presence of an ionic liquid, [BMIM]"CI" as a promoter
was outlined. The synthesis procedure of the ionic liquid using and ATR-FT-IR spectroscopy
were well detailed. Additionally, the preparation of black Ru complexes from Ru3(CO)i2 was

outlined.

All techniques, solid-state UV-VIS, TEM, EDX, PXRD, 'H NMR, ATR-FT-IR, TGA, DSC

and GC-MS used in this work were described in detail.
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5. Results and Discussion
5.1. Heterogeneous catalysis

5.1.1. Catalyst characterization
The initial step involved the preparation of the catalysts intended for use in our reactions,
followed by their characterization using several techniques. The outcomes of these processes

are detailed below:

Figure 5. 1. Images illustrating the support and catalysts after calcination. (a) white; TiO: bare support
(b) orange; Fe/TiO; (c) yellow, Ni/TiO; (d) emerald green; Ru/TiO; (e) grey; Au/TiO;

The images of catalysts post calcination are displayed in Figure 5. 1, illustrating the differences
between the catalysts. The bare TiO2 support is white but with addition of metal precursors it
changes to various colors which is the first indication that the metals have been successfully

deposited onto the support.

These catalysts were then characterized using solid-state ultraviolet-visible spectrophotometry
(UV-VIS), powder X-ray diffraction (PXRD), transmission electron microscopy (TEM),
energy-dispersive X-ray spectroscopy (EDX) and Brunauer—-Emmett-Teller (BET).

Optical properties of the bare support and the catalysts were investigated using solid-state UV-
VIS spectrophotometry as a relatively sensitive technique in order to verify that the metals have
been deposited onto the support. Analysis of the UV-VIS spectra were conducted to examine
changes in absorbance and the band gap energy of the metal oxide support after transition metal

deposition.
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Figure 5. 2. UV-Vis spectrum of the bare support (TiO:) and that of the rest of the catalysts made of
different metals (Au, Fe, Ni, and Ru) supported over TiO;

In the absorption profile of the bare TiO> there is minimal absorbance changes from 800 nm to
422 nm, followed by a sharp increase in absorbance at lower wavelengths. After the addition
of different metals on to TiO, its absorption profile changed significantly for the transition
metals we investigated. The profile of Ni/TiO> reveals that there is absorbance in the visible
region which decreases until 600 nm then starts increasing abruptly from 0.23 au at 560 nm
until it reaches maximum absorption of 1 au at 286 nm with an extra peak at 440 nm. In the
absorption profile of Fe/Ti0; there is an immediate sharp increase of absorbance in the visible

region from 0.28 au at 730 nm to 1.02 au at 286 nm with an extra peak at 525 nm.

Ru/TiO2 has a similar absorption profile pattern to that of bare TiO2, but with a higher
absorbance displayed in the 800-422 nm wavelength region. The absorbance then increases
sharply from 0.36 au at 410 nm until it reaches maximum absorbance of 0.97 au at 286 nm. In
the absorption profile of Au/TiO: there is an absorbance peak at 588 nm then the absorbance
starts to increase sharply from 0.30 au at 461 nm until it reaches a maximum absorbance of

0.99 au at 286 nm.
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The band gap energies of all the catalysts were calculated and compared to that of a bare
support in order to verify their deposition onto the support. Furthermore, it was used as an
indicator to establish whether the interaction between the metals and support is physical or
chemical in nature. These calculations were performed using Tauc’s method” 7® of determining

the band gap energy and are shown in the appendix.

Figure 5. 3. Determination of the band gap energy (E,) of the bare TiO: from Tauc plots with the linear
part extrapolated to x-axis with the red line for comparison after depositing different supported metals
onto it
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Figure 5. 4. Determination of the band gap energy (Eg) of Ni/TiO2, Fe/TiO2, Ru/TiO2 and Au/TiO2
from the Tauc plots with the linear part extrapolated to x-axis with the red line, to highlight the changes
with deposition of each metal

From the band gap energies obtained in (Figure 5.3 and Figure 5.4), it is clear that with addition
of a metal on to the support the band gap energy of TiO: is lowered. The value of the band gap
obtained for the bare TiO> is 3.2020 eV, with deposition of Ni the value decreased to
2.8942 eV, 2.7768 eV for Fe, 2.9962 eV for Ru, and 3.0274 eV for Au. Generally, the band
gap energy was lowered significatly for Fe and Ni compared to Au and Ru, which could be
attributed to the larger amount used for Fe and Ni deposition. The changes in the band gap
energy with addition of the respective metal indicates a chemical, rather than physical

interaction, between the metal and the metal oxide support.

The structural properties of the bare TiO2 and the catalysts were characterised using PXRD for
the analysis of their diffraction patterns. Commercially procured TiO> was characterised to

identify its phase before use. This was done since TiO; naturally exists as three main
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polymorphs which are rutile, anatase and brookite - with the latter being less stable therefore
less likely to occur.”” The metal oxide support was also characterised post-calcination, in order
to establish if any phase changes occurs during calcination, since elevated temperatures is
known to convert brookite to anatase as well as rutile.”” 7° Finally, the catalysts were
characterised using PXRD to identify their crystalline structure and also determine if any

distortions occurred in the TiO> crystal lattice.

Figure 5.5. X-ray diffractogram displaying the diffraction pattern of the bare TiO; before and after

calcination

The diffractogram of untreated TiO; displays peaks at 25.57°, 27.74°, 36.39°, 38.10°, 41.54°,
48.24°, 54.25°, 55.33°, 62.88°, 68.91°, 70.41°, 75.37°, 82.90°. These peaks indicate a mixture
of anatase and rutile phase in the TiO> sample with the peaks at 25.57°, 38.10°, 48.24°, 54.25°,

7930 while

62.88°,68.91°, 70.41 and 75..37° corresponding to anatase phase diffraction pattern
the peaks at 27.74°, 36.39°, 41.54°, and 55.33° correspond to rutile phase diffraction pattern’’
81 The same sample of bare TiOx charcterised with PXRD before calcination was calcined at
550 °C and was analysed on PXRD again to check if there is any change in the diffraction
pattern with calcination. The result is that the diffraction pattern before and after calcination is

exactly the same meaning no phase transformation during calcination.
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Figure 5.6 shows the PXRD patterns of the catalysts produced in this study. Illustrated in the
diffraction pattern of Ni/TiO» we observe an additional peak at 33.38° which corresponds to
the presence of Ni metal ion®, and there is a minor shift in the diffraction peaks of TiO, to
lower diffraction angles. This suggests a disruption in the crystalline structure of TiO2 upon
addition of Ni. This relates to the unit cell expansion distorting the lattice structure of TiO> as
the Ni-ion is incorporated into the crystal lattice. The distortion is attributed to the larger size
of the Ni** cation which has the ionic radius of 0.72 A, compared to that of the Ti*" cation
which has an ionic radius of 0.68 A. The incorporation of Ni** cation into the TiO> could

possibly lead to the formation of oxygen vacancies on the surface of TiO,.”

Figure 5.6. X-ray diffractograms displaying the diffraction pattern of Ni/TiO,, Fe/TiO>, Ru/TiO> and
Au/TiO: after calcination

The diffraction pattern of Fe/Ti0Ox is identical to that of bare TiO». The absence of the Fe peaks
in the diffraction pattern shows that there was minimal distortion of the TiO crystal lattice
upon Fe-ion incorporation. This is because the size of the Fe** cation (0.64 A) is similar to that

of Ti** (0.68 A).5

The diffraction patterns of Ru/TiO2 and Au/TiO; are identical to that of bare TiO», there with
no peaks indicating the presence of Ru or Au. The absence of these peaks is related to the
amount of salts used as precursors to make these catalysts. Since low amounts were used, the

metal ions may have been insufficient to be incorporated into the lattice structure of TiO2. An
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alternative hypothesis could be that the Ru and Au metal ions were present in amounts below

the detectable limitations of the instrument.

Figure 5.7. Merged X-ray diffractograms of the catalysts and support at a selected region to
demonstrate the tiny shift of the peaks, indicated by the black vertical line, and to demonstrate the
presence of an extra peak in the Ni/TiO; catalyst at 33.38°, indicated by the brown line.

EDX elemental mapping was used to confirm the elemental composition of the bare TiO2 and
catalysts. The spectrum of bare TiO> shows only the expected peaks of titanium (Ti) and
oxygen (O), indicating its purity. From Figure 5.9, it is evident that the modification of TiO2
with the transition metal cations shows the additional peaks of the corresponding metal used to
prepare the catalysts. Unfortunately, due to instrumental software limitations, we could not
accurately integrate the peak areas in order to gain insight to the relative stoichiometric

quantities of each element in the prepared catalyst.
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Figure 5. 8. EDX spectrum showing the elemental mapping of the bare TiO:

Figure 5.9: EDX spectra showing elemental mapping of the catalysts; Ni/TiO., Fe/TiO:, Ru/TiO; and
Au/TiO;
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The general morphology, arrangement and particle size distribution of both the catalysts and

Ti0; support were further investigated using transmission electron microscopy (TEM).

Figure 5.10: TEM image, left, and average particle size, right, of bare TiO;

The TEM findings depicted in Figure 5.10 illustrates that the untreated TiO: exhibits a
morphology typified by predominantly aggregated spherical particles exhibiting a non-uniform
size distribution. The particles are at a nanoscale, with an observed average grain size of
~20 nm. Interestingly, these findings remain consistent across the supported metal variants, as
evidenced by their respective TEM images and particle size distributions, as illustrated in
Figure 5.11 and Figure 5.12. Remarkably, addition of the transition metals onto the support did
not yield any significant impact on the average particle size, as indicated by the uniformity
observed across all catalyst samples. This is in contrast to our expectation of increased particle
size as a function of increasing calcination temperature. This is due to the fact that increased
temperature leads to a decrease in porosity of the particles which causes it to coalesce through
grain boundry diffusion.®® # Nonetheless, this result seems favourable, since a particle size

increase is typically associated with a decrease in surface area, which is undesireable.
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Figure 5.11: TEM images of the produced catalysts showing particle morphology and extent of
agglomeration
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Figure 5.12: TEM average particle size of catalysts; Ni/TiO,, Fe/TiO:, Ru/TiO; and Au/TiO;

The surface area, pore size and pore volume of each catalyst was determined using BET

analyses as outlined in Table 5.1.

Table 5.1: Surface properties of the prepared catalysts determined from BET analysis

Catalyst  Pore size (BJH), nm Surface Area, (Sger) m?/g  Pore volume (BJH), cm?/g
TiO; 28 41.15 0.3298

Fe/ TiO, 8.4 126.8 0.3836

Ni/ TiO; 33.52 36.92 0.2830

Ru/ TiOs 58.90 14.10 0.20

Au/ TiO; 6.90 208 0.5034
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From Table 5.1, it is evident that there is a decrease in both surface area and pore volume upon
the addition of nickel and ruthenium; while Au/TiO> demonstrates the largest surface area.
These effects could indicate the coarsening of the particles after calcination, although further

investigation into the exact nature of this effect is required.

5.1.2. Catalytic activity in the synthesis of cyclohexanecarboxylic acid

After preparing and characterizing all catalysts, we tested each in our attempt to synthesize
cyclohexanecarboxylic acid from cyclohexene. This reaction involved reacting cyclohexene
(40 mmol), H>O (40 mmol) and COx in the presence of each catalyst (25 mg) at 11 atm and
150 °C. Aliquots of the products were removed from the reaction mixture at regular time

intervals and analyzed via GC-MS.

Figure 5.13. Chromatographic profile of the products obtained in the synthesis of
cyclohexanecarboxylic acid in the presence of Fe/TiO> catalyst after 48 hours (11 atm; 150 °C). The
peaks labelled a-d are listed in Table 5.2.

Figure 5.13 displays the chromatogramic profile obtained from the synthesis of
cyclohexanecarboxylic acid from cyclohexene and CO> using Fe/TiO; as a catalyst; which was

obtained after 48 hours. The chromatogram shows that several products formed during the
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reaction, which was identified from the analysis of the m/Z fragmentation patterns (Figure A1-
A4) in combination with NIST library comparison, Table 5.3 Similar products were obtained
using the Ni/TiO; and Au/TiO; catalytic systems, although the extent of conversion naturally
differed, Figure 5.14. Slight differences in retention times occurred with Au/TiO2, which is

attributed to minor adjustment of instrument method.

Figure 5.14: Chromatographic profiles of the products for the synthesis of cyclohexanecarboxylic acid
from cyclohexene, accelerated by [I] Ni/TiO: catalyst and [W1] Auw/TiO; catalyst. Pressure = 11 atm;
Temperature = 150°C; time = 48 hrs

Table 5.4: The list of compounds identified and labelled in the chromatograms, Figures 5.13 & 5.14,
with corresponding % conversion for each catalyst

% Conversion

Retention Molar mass
time(minutes) Compound (g/mol)
Au/TiO, Fe/TiO; Ni/TiO;
2.96 (a) cyclohexene 82.14 63 16 69
7.47 (b) cyclohexanone 98.15 19 14 1.5
8.2 (c) cyclohexenone 96.13 10 19 6
11.47 (d) cyclohexane-diol 116.2 8.7 50 23

The products obtained using the Ru/Ti0O; catalyst for the synthesis of cyclohexanecarboxylic
acid were unexpectedly different to that demonstrated thus far, Figure 5.15. Analysis of the
resulting chromatograms revealed two peaks at t: = 2.757 min and t; = 2.963 min. These peaks

do not show pure Gaussian distribution profiles, suggesting a more complex sample matrix,
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although this would require exhaustive deconvolution analyses. Nonetheless, a comparison of
the fragmentation patterns with the NIST library reveals that compound (a) is cyclohexane
(t:=2.757 min) and compound () is unreacted cyclohexene (t:=2.963). This implies that using
Ru/TiO; as a catalyst leads to the formation of hydrogenated products rather than carboxylated

products.

Figure 5.15: Chromatographic profile of the products obtained using the Ru/TiO: catalyst, indicating
hydrogenation rather than the anticipated carboxylation products.

In an attempt to provide energetically favourable conditions for the caboxylation of
cyclohexene, the reaction temperature was increased to 200 °C. This increase in temperature
did not affect the reaction products obtained from the reaction. Once the reactions were
completed, the catalysts were isolated and dried overnight at 60 °C. All the recovered catalysts
were grey in colour as illustrated in Figure 5.16. These solids were once again analyzed using

EDX and solid-state UV-Vis spectrophotometry.
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Figure 5.16: Image showing the colour change that took place on the catalyst during the reaction;
Ni/TiO; before (left) and after (after) reaction at 200 °C as an example.

Figure 5.17: UV-Vis spectra of the catalysts after the reaction between cyclohexene (40 mmol), water
(40 mmol) and CO: (11 atm) after 48 hours at 200 °C

48



Figure 5.18: EDX spectra showing elemental mapping of the catalysts; Ni/TiO,, Fe/TiO,, Ru/TiO> and
Au/TiO: after the reaction at 200 °C to determine their elemental composition

The EDX spectra of the catalysts after reaction shows the presence of an additional carbon peak
(Figure 5.18), which was absent prior to perfoming the synthesis. The additional peak can be
ascribed to carbon deposition on the catalysts, leading to catalyst poisoning. The source of the
carbon deposited onto the catalyst could be from the olefin or the CO». In order to verify the
carbon source, we repeated the experiment under inert conditions in the absence of CO».
Physical inspection of the catalysts after this set of reactions revealed the same colour change
as previously noted, albeit to a lesser extent. However, it was interesting to note that performing
the reaction in the absence of olefin (while introducing CO; into the system), no colour change
was observed — indicating that the decomposition of the olefin was responsible for poisoning
the catalyst. Subsequent reactions were therefore performed at temperatures below 200 °C in

order to avoid olefin decomposition, and thus catalyst poisoning.
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N-formylation of Amines with CO2 !

The results above show us that no CO; has taken part in the reactions, regardless of this our
interests was still to use COz as a C1 source under mild conditions, therefore a slightly different
approach was taken. A formylation reaction of a myriad amines with CO» and Hantzsch 1,4-
dihydropyridine (a reductant) in the presence of Fe/TiO2 was carried out. Interesting results

were obtained and this work is in the process of being published.

The synthesis of the formylated product A1 was chosen as our model reaction by employing
p-toluidine (1a, 4 mmol), CO: (2 eq. 1b), 1,4-dihydropyridine (DHP, 1 eq, 1¢), and Fe/TiO:
(catalyst, 0.04 g, 1d) in a planetary ball mill under neat (solventless), mechanochemical
activation. Details of the conditions are given below according to the instrument makeup, but
briefly, a milling speed of 500 rpm was applied for 60 minutes halting for 10 minutes every 30
minutes with 6 milling balls (4 mm size). (4 mm size, mass 0.52¢g). A second parallel jar was
also filled with the same mixture under the same conditions to balance the mill and provide a
replicate. The two reaction vessels were tightly closed to prevent the escape of CO.. The
Fe/Ti0z acted as both a catalyst and a grinding auxiliary, facilitating energy transfer. This was
especially important where the reagents were liquid (e.g. liquid amines); otherwise, too much
liquid was ineffective in grinding. Following column chromatography purification, the

expected formylated product A1 was obtained in a 33% yield (Scheme 5.1).

0
0.04 g )
- H
NHa EtOOCIICOOEt & Fe/TiO, NH EtOOC._- | COOEt
‘ ] N T
(; * C0: - N Solvent free N
H

1a 1b Ic Al Bl

Scheme 5.1: N-formylation of toluidine (4 mmol) using CO: (2 eq.) and 1,4-dihydropyridine (1 eq) in
the presence of Fe/TiO; (40 mg) under mechanochemical conditions at a milling speed of 500 rpm with
6 milling balls (0.52 g) each for 60 minutes

After that, the effect of various parameters, such as number of balls, revolution per

minute/speed (rpm), and milling times on the model reaction, were explored. According to

1 *This part is partially based on the publication: Sekaleli, B. T.; Salami, S. A.; Geswindt, T. E.; Smith, V.J;
Krause, R. W. M. Mechanochemically Assisted N-Formylation of Amines with Carbon Dioxide and Hantzsch
1,4-dihydropyridine as the reductant Catalyzed by Fe supported over TiO2. RSC mechanochemistry (2024),
Manuscript prepared for publication (2024)
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reports in the literature, these parameters directly impact the active surface area and total mass,
two crucial factors for the transmission of energy and the rise in internal temperature and
pressure of the reaction.®® Even though the reaction temperature rises during milling, as a result
of friction and heat dissipation, planetary ball milling does not allow for the direct temperature
control.® As a result, when the trials were carried out with more mill balls (4-10), the yields
for A1 increased from 27% to 48% (Table 5.5, entries 1-4). The findings demonstrated that
ball mass significantly affects yields. Similarly, speed (rpm) has an effect on the yield, with the
best yield (62%) for Al recorded at 800 rpm within 60 minutes (Table 5.5, entry 5). Finally,
we investigated the effect of milling times, and as expected, this also improves the yield, but
not as dramatically, only improving from 62% at 60 minutes to 74% after three hours. (Table
5.5, entries 5-10). The maximum yield (74%) of A1 was recorded in 150 minutes at 800 rpm
with ten (10) milling balls that had a diameter of 5 mm (Table 5.5, entry 9). After this, zirconia
jars and balls (ZJ diameter 6.4 mm, weight 0.384 g)) were used as a grinding vessel/material
instead of stainless steel. Despite the modest yields (72%), the result indicated that the
composition of the mechanochemical materials does not appear to have an impact on the

reaction yield (Table 5.5, entry 11).

Table 5.5: Effect of technical parameters on the mechanochemically assisted N-formylation reaction

Entry  Catalyst loading Speed/rpm  Milling ball number Time/min  Yield%  Material

1 0.04 500 4 60 27 Steel
2 0.04 500 6 60 33 Steel
3 0.04 500 8 60 48 Steel
4 0.04 500 10 60 48 Steel
5 0.04 800 10 60 62 Steel
6 0.04 850 10 60 59 Steel
7 0.04 800 10 90 65 Steel
8 0.04 800 10 120 69 Steel
9 0.04 800 10 150 74 Steel
10 0.04 800 10 180 74 Steel
11 0.04 750 10 150 72 Zirconia

Reaction conditions: Fe/TiO: 0.04 g, 4 mmol of p-toluidine (0.43 g), CO: 2eq. (0.86 g), DHP leq.
0.43 g), NB. Reaction was carried out with ten balls (diameter: 5 mm, weight 0.52 g) for 150 minutes.

We next investigated the N-formylation processes in a variety of solvents such as n-hexane,
THF, CHCI3, CH3CN, MeOH, and DMSO with the results shown in (Figure 5.19). The results

show that the reaction performed poorly in weakly polar or non-polar solvents, while polar
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solvent such as MeOH and DMSO gave better yields (A1 was produced in 56% and 72% yields,
respectively within 150 minutes). This may be due to the solubility of CO» in polar solvent and
will be investigated further. Encouraged by these results we evaluated the effect of water and
ionic liquid [EMIM]Br on the reaction. lonic liquids (ILs) have attracted much attention for
several decades due to their exceptional properties like including nonvolatility, immiscibility
with nonpolar or weakly polar organic solvents, and thermal and chemical stability.57 8 ¥ 90
ILs have been used as effective catalysts and separable solvents in recent years. It is noteworthy
that the characteristics of ILs may be readily modified to various desired reactions by altering
the structures of cations and anions.’! ILs with rationally designed structural components, such

as amino acid, azolate, phenolate, pyridine, etc., are effective catalysts in CO; capturing and

conversion into valuable products or chemicals.’?

To our delight, the ionic liquid significantly increased the product yield (Figure 5.19), while
water had the opposite effect (27%), despite being a polar solvent. This is likely due to
solubility difficulties, although we have recently started to examine the use of an additional

solid support.

Figure 5.19: Solvent optimization of the model reaction by varying the type of solvent used while
keeping the other parameters constant

While we attempted to use a range of supported metal catalysts (data not presented here),

including Ru, Au, Zn, and Ni, it was the Fe/Ti10 that demonstrated excellent catalytic activity
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for the N-formylation reaction, achieving complete conversion of p-toluidine in good yield and
purity. It should be noted that the same catalyst performed unsatisfactorily in the absence of
[EMIM]Br, indicating that the IL was critical in increasing the activity and the yield of the

reactions, and this effect deserves further attention.

It is well known that DHP is easily oxidized even in the presence of air at room temperature.
On the other hand, conventional DHP reactions required an excess DHP or inert gases. As a
result, the impact of the molar equivalents of CO2/DHP on catalytic performance was
examined. As seen in (Figure 5.20), the molar equivalent of CO2/DHP was modified to enable
the N-formylation of amines under best condition. The N-formylation reaction was
significantly impacted by the CO2/DHP ratio according to the results obtained. The reaction
went quite smoothly as the molar ratio of CO2/DHP grew up to 2/1, and good yield were
attained (Figure 5.20). However, excess CO> (high molar ratio of CO2/DHP) is unfavorable for
the formation of Al. The result revealed that the reaction could be conducted under the best
conditions (CO2/DHP = 2/1, for 150 min at room temperature) in the presence of

Fe/TiO: (0.04 g).

Yield (%)
3

65
60
55
50
0 0.5 1 1.5 2 2.5 3
COyDHP (eq.)

Figure 5.20: Optimization of the molar equivalent by varying the ratio of COy/DHP to see how the
reaction changes

Catalytic investigations were next carried out to improve the product reaction yields by varying

the quantity of the catalyst from 0.01 gto 0.1 g while keeping the other experimental parameters
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constant. It is noteworthy that when the catalyst quantity was raised to 0.06 g, the conversion
rate steadily improved from 87% to 96% (Figure 5.21). It is, however, noteworthy that in the
absence of a catalyst, formylation yields of ~54% were still obtained. This could indicate there
might be another catalytic species (Figure 5.21). In this respect, the Li group has demonstrated
that certain ionic liquids can act as a formylation catalyst, which is supported by our
observations of no reaction in the absence of IL and Fe/Ti0.”* The optimal catalyst quantity

for a successful formylation for these present studies was determined to be 0.06 g (Figure 5.21).

100
85
90
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20
75
70
65

Yield (%)

0 0.02 004 0.06 0.08 0.10
Miass of Fe/Ti0,

Figure 5.21: Investigating the effect of catalyst Fe/TiO: on the model formylation reaction by varying
the mass of catalyst used with each reaction while keeping the other parameters the same

Following the above optimized reaction conditions, we set out to assess the applicability of this
unique technique for the construction of versatile formamides. The scope of the formylation
was evaluated with various amines (primary, secondary, aromatic, aliphatic) and we were
excited to discover that the functional group and substitution pattern on the phenyl ring of
primary aromatic amines had only a little impact on the result of the transformation. When
primary or secondary aliphatic amines with various substituents were subjected to the N-
formylation reaction, the corresponding formamides A4, A16, A24, and A29 were produced in

near quantitative yields (86-95%) (
Scheme 5.2).

The formylation of the sterically hindered amines, such as A26 also proceeded smoothly in

excellent yield (86%) and high purity. This reaction was also active for an amine containing
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anthraquinone A19, and the product was obtained in 80% yield. Similarly, unsaturated aliphatic
and cyclic amines, such as propargylamine and cyclohexylamine were well tolerated (A4/A16
in yields of 83% and 93%, respectively). This formylation was also suitable for weakly
nucleophilic aromatic amines. As an example, the reaction with aniline afforded A17 in a 92%
yield. Methyl groups Al, A2, and electron-withdrawing (A3 = R-COOR, A5 = NO,, A6 =
COOH, A8 =F, A9 to A13 = Cl, I, Br) substituents on the aromatic ring were well tolerated,
giving excellent yields above 83%. Particularly noteworthy was the good yield (95%) of the
N-formylation product A28 for the reaction involving N-methylaniline. Under the optimized
conditions, heterocyclic amines, including furan, thiazole, pyridine, and imidazole moieties,
were also compatible with the reaction and generated A20-A23, A25-A27 in 77-95% yield.
Interestingly, the reaction involving diamines such as o-phenylenediamine, and 1,8-
diaminonaphthalein afforded only the di-formylated products (A15, A18) in good yields (80-
84%).
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Scheme 5.2: Products obtained with N-Formylation of amines catalyzed by Fe/TiO; using CO; and
DHP in the presence of IL under mechanochemical condition. The pure product was obtained following
column chromatographic purification and characterized using FTIR, NMR.

Despite the low cost of the catalyst, we briefly investigated its reusability (Figure 5.22). It was
discovered that the catalyst could be recycled at least five times with a good yield of formamide
without any significant loss in catalytic activity. In each instance, approximately >90% of the
Fe/Ti02 was simply recovered from the reaction mixture by washing with ethyl acetate. The
small loss of activity (~2% per repeat), correlates well with the small loss of catalyst mass
during the washing and re-weighing manipulations, mostly due to some very fine particles
produced during ball milling. However, in order to verify if there was any physical change in

the catalyst surface, some pre- and post-reaction characterization was undertaken.
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Figure 5.22: Efficiency of the recycled catalyst in the N-formylation of ethyl anthranilate under same
reaction conditions

The catalyst before and after reaction was then characterized using PXRD, ATR-FT-IR and
DSC.

The XRD patterns of the Fe/Ti0; catalyst before reaction exhibit a number of diffraction peaks
which are observed at 25.5°, 27.7°, 36.2°, 37°, 37.9°, 38.7°, 41.5°, 48.2°, 54°, 55.3° and 56.7°
(Figure 5.23 and Figure 5.24). After the catalyst was used in the reaction, the diffraction
pattern almost unaltered, demonstrating the sturdiness of the catalyst even under harsh
mechanical force induced by the ball milling. However, there are new peaks arising from the
organic materials being adsorbed on the catalyst. These new peaks are seen at 10.3°, 16.3°,
19.2°, 20.5°, 29.4°, 30.1°, 30.9°, 34.1° and 40.2°. Furthermore, there’s a slight shifting of the
original peaks to higher diffraction angles indicating a unit cell contraction which is as a result
of the repeated high impact force of the milling balls delivering shock on the structure of the

catalyst.
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Figure 5.23: PXRD diffractograms showing the diffraction pattern of Fe/TiO: before and after the
formylation reactions

Fe/Ti0; before reaction

Figure 5.24: Overlaid diffractograms of Fe/TiO: before and after reaction highlighting the differences.

As seen in (Figure 5.25), the chemical composition of the Fe catalyst was preserved, but it was
still possible to see traces of the residual formamides and substrate molecules on the recovered
catalytic system. The FT-IR spectra of the employed catalytic system revealed new peaks at
3341 cm™ and 1714 to 821 cm™! on the recovered Fe/TiO; following five recycles, which are
attributed to the aromatic CH groups and aldehyde group of the residual formamide (Figure

5.25).

The FT-IR spectrum of the catalyst before reaction displays the (Ti-O) bending vibrations at
428 cm’!, there are no other bands observed on the spectrum. The FT-IR spectrum of the

catalyst after reaction on the other hand shows the (Ti-O) bending vibrations at 447 cm’'.
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Figure 5.25: FT-IR spectra of Fe/TiO: before and after the formylation reactions

The thermograms of the catalyst before and after reaction show different events. On the
thermogram of the catalyst before reaction there is no clear event seen. The thermogram of the
catalyst after reaction on the other hand displays three distinct thermal events at 68 °C, 102 °C
and 138 °C. These thermal events correspond to the phase change or melting of the substrates

that adsorbed on to the surface of the catalyst during the mechanochemical reaction (

Figure 5.26).

Figure 5.26: DSC thermograms of Fe/TiO2 before and after formylation reactions

Furthermore, the efficiency of our catalytic system was assessed by comparing the N-
formylation of amine with CO» and DHP utilizing the present Fe catalyst system to the catalytic
performance of other catalysts reported in the literature (Table 5.6). The N-formylation of
various optimized experimental conditions was chosen as the model reaction for comparison.
The findings demonstrated that our catalyst system, when compared to previously published
catalysts, had a comparable yield to formamide; nevertheless, the present catalytic system

offers a more promising path toward sustainability through mechanochemistry.
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Table 5.6: Comparison of efficiency of various conditions in the N-formylation of aniline using CO:
as the carbonyl source.

Entry Catalyst Reductant  Solvent Time Yield% Ref.

1 DUT-5-CoH Ho/PhSiHs; THF 20h 99 [11]

2 [PPN][Ru(CO):Cl H» hexane 10 h 99 9]

3 NGU/K-900 PhSiH3 CH3;CN 6h 99 [10]

4 Ru/PNP pincer complex H» THF 16 h 99 [1]

5 ACH-AA PhSiH3; CH;CN 6h 99 [41]

6 Fe/TiO; DHP [EMIM]Br 2.5h 99 Present study

5.2. Homogenous catalytic approaches for the esterification of olefins
5.2.1 Synthesis of 1-Butyl-3-methylimidazolium chloride [BMIM]|*CI

The first objective in this part was to synthesize [BMIM]"CI, an important additive in our
reaction without which the targeted product (ester) cannot be obtained. This ionic liquid was
synthesized using 1-methylimidazole and 1-chlorobutane as starting materials as illustrated in

Scheme 5.3.

N 70 °C Cr
[» . ol AN — ‘N+//\ N/\/\
I|\I 48 hours, reflux, Ar \;l

Scheme 5.3: Synthesis of 1-butyl-3-methylimidazole from equimolar amounts of 1-methylimidazole and
1-chlorobutane at 70 °C for 48 hours under inert conditions

This is a Menshutkin type of reaction that happens through SN2 quaternization between a
neutral tertiary amine, 1-methylimidazole, and a neutral alkyl halide, 1-chlorobutane. As a
result, two ions of opposite charge are formed through a polar transition state, which eventually

separate forming an organic salt with an organic cation and an inorganic anion.
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Scheme 5.4: [llustration of the Sx2 quaternization reaction between I[-methylimidazole and I-
chlorobutane

Once the product was isolated, it was characterized using 'H NMR and ATR-FT-IR

spectroscopy.

Figure 5.27: 'H-NMR spectrum of [BMIM]CI obtained after a reaction between equimolar amounts of
1-methylimidazole and 1-chlorobutane at 70 °C for 48 hours under reflux in an inert atmosphere, (600
MHz, CDCI3): 6 (ppm) 9.25 (s, IH, C2-H), 7.6 (t, 1H, C4-H), 7.44 (t, 1H, C5-H), 4.24 (t, 2H, C7-H),
4.03 (s, 3H, C6-H), 1.8 (m, 2H, C8-H), 1.27 (m, 2H, C9-H), 0.86 (¢, 3H, C10-H)
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Figure 5.28: FT-IR spectrum of [BMIM]CI obtained after a reaction between equimolar amounts of 1-
methylimidazole and 1-chlorobutane at 70 °C for 48 hours under reflux in an inert atmosphere

As illustrated by the FT-IR spectrum in Figure 5.28, the quaternary amine salt formation was
confirmed by the band at 3383 c¢m!, the bands at 2955 and 2874 cm™ correspond to the
asymmetric and symmetric (C-H) stretching vibrations of the methyl groups. Finally, the (C=C)
and (C=N) bond stretching vibrations are represented by the bands at 1639 and 1567 cm’,

respectively.

5.2.2 Synthesis of methyl cyclohexanoate from cyclohexene

The preparation of methyl cyclohexanoate was carried out using cyclohexene, methanol and
CO» as starting reagents in the presence of Ru3(CO)i2 as a catalyst and [BMIM]CI as an
additive. The inspiration to perform this reaction was drawn from the green chemistry
perspective, where CO>, an abundant waste material, can be reused as a C1 synthon. To
delineate the progress of the reaction, a series of experiments were performed as a function of
time. The reaction is presumed to occur through the mechanism outlined in Scheme 5.5. The
resulting product was characterized via GC-MS in order to identify the compounds and

calculate the percentage conversion as a function of time. Confirmation of the compounds
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identified was done by comparison of the m/Z fragmentation pattern to that documented in the

NIST library, Figures 5.29 and 5.30.

RU3(CO)12 (2 mol %)
[BMIM]CI (2 equi) o~

+ CoO, + MeOH >
160 °C

Scheme 5.5: Synthesis of methyl cyclohexanoate from cyclohexene (9.87 mmol), CO; (11.578 atm),
MeOH (494.3 mmol) in the presence of 2 mol % Rus3(CO);» and 2 equivalents [BMIM]CI ionic liquid

at 160 °C.

Figure 5.29: Chromatographic profile of the reaction products after 48 hours for the reaction between
cyclohexene (9.87 mmol), methanol (494.3 mmol) and CO; (11.578 atm) in the presence of 2 mol %
Ru3(CO);; and 2 equivalents [BMIM]CI ionic liquid at 160 °C. Retention time at; 3.22 minutes is
unreacted cyclohexene; 7.35 minutes is methyl cyclohexanoate

63



Figure 5.30: Mass spectrum of the compound at the retention time of 3.22 minutes on the
chromatogram with the mass of 141.8 g/mol, identified as methyl cyclohexanoate

Figure 5.31: Chromatographic traces of products obtained as a function of overall reaction time. P =
11 atm; 160 °C. Unreacted cyclohexene — tr = 3.22 min, methyl cyclohexanoate — tr = 7.35 min
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The percentage yield of the obtained ester as a function of time was calculated relative to the
unreacted cyclohexene detected in the reaction mixture (Table 5.5), and the corresponding

calibration curves are presented in the appendix.

Table 5.5: Percentage concentration and yield of methyl cyclohexanoate determined from calibration
data

Reaction time (hours) 5;35 (i::f; % Concentration Product % yield
2 5,27 98,5 1,50
4 4,82 90,0 10,0
8 4,56 85,3 14,7
12 4,40 82,2 17,8
24 4,04 75,4 24,6
48 3,91 73,0 27,0

Figure 5.32: Percentage yield of methyl cyclohexanoate as a function of reaction time. Reaction
conditions: cyclohexene (9.87 mmol), methanol (494.3 mmol) and gaseous CO; (11.578 atm) in the
presence of 2 mol % Ruz(CO) ;2 and 2 equivalents [BMIM] Cl ionic liquid at 160 °C.

Since CO» is considered as a reagent, we wanted to establish if the reaction rate would be
influenced if the reaction solution was saturated with CO». Therefore, we saturated the reaction
solution with dry ice to determine any change in the rate of formation of methyl
cyclohexanoate. These reactions were performed in an analogous manner as the previous

reactions and time intervals, and the products analysed using GC-MS.
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Figure 5.33: An example of the chromatographic profile obtained after allowing the reaction to
proceed for 48 hours. Reaction conditions: cyclohexene (9.87 mmol), methanol (494.3 mmol), excess
solid CO; (=20 g) at 11 atm and 160 °C. The peak at t,=7.35 min is methyl cyclohexanoate

Figure 5.34: Merged 3d total ion chromatograms of products obtained after reaction as a function of
time 2, 4, 8, 12, 24 and 48 hours of reaction between cyclohexene (9.87 mmol), methanol (494.3 mmol)
and excess solid CO: (= 20 g) at 160 °C. Retention time at; 3.22 minutes is the unreacted cyclohexene;

7.35 minutes is methyl cyclohexanoate.

66



By saturating the reaction solution with CO», we observed a dramatic increase in the rate of
conversion of cyclohexene to methyl cyclohexanoate, (Table 5.6). This dramatic increase in
methyl cyclohexanoate formation from 27 % to 87 % after 48 hr is mainly attributed to the
increased dissolution of CO; in the solution as opposed to performing the experiment under a
CO» atmosphere.

Table 5.6: Results showing product yield with the addition of solid CO; obtained by calibration curve
Percentage concentration and yield of methyl cyclohexanoate determined from calibration data

Reaction time (hours) Efzs( (ZXICJZ; Z?cﬁfég:;: Product % yield
2 5,34 95,0 5,00
4 3,73 65,5 34,5
8 2,95 51,2 48,8
12 1,58 26,1 73,9
24 1,13 17,8 82,2
48 0,83 12,4 87,6

Figure 5.35: Graph of time against percentage yield for the reaction between cyclohexene (9.87 mmol),
methanol (494.3 mmol) and solid CO; (11.578 atm) in the presence of 2 mol % Ru3(CO)12 and 2
equivalents [BMIM]Cl ionic liquid at 160 °C.
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In order to verify if CO; dissolution (or CO; in general) participates in the reaction, we repeated
the experiments under completely inert conditions, purging the reaction solutions with argon
gas to displace dissolved CO». These experiments illustrated no methyl cyclohexanoate

formation even after 72 hours, which exemplifies the importance of CO> in the reaction.

Since we used methanol as one of the reactants, we presume that the methoxy group is as a
result of methanol consumption. This was verified by repeating the reaction with the addition
of deuterated methanol (CD3OD, 1 ml), with the expectation of obtaining an isotopically
labelled ester product. The reaction was allowed to proceed for 48 hours under identical
reaction conditions used initially, and the products analysed using GC-MS. The fragmentation
pattern obtained demonstrated the production of methyl cyclohexanoate with a molecular

weight four units higher; thus, confirming that the methoxy group originated from methanol.

Figure 5.36: Mass spectrum of *H labelled methyl cyclohexanoate

It was also important to establish if these reactions occur in the absence of the added catalyst
as well as the ionic liquid used. We established that the esterification reaction does not occur
in the absence of Ru3(CO)12 as the catalyst. This indeed proves that Ru3(CO)12 plays an integral

role in lowering the activation energy of this reaction at moderate temperatures and pressures.
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Similar results were obtained in the absence of [BMIM]'CI, indicating that the ionic liquid
also plays an important role in the reaction. From a literature survey”* *° this can be due to

several reasons, including:

¢ Enhancing the solubility of reactants and catalysts

e Stabilizing the reactive intermediates formed during the catalytic reaction by
surrounding these species with a solvating shell, thus promoting the desired reaction
pathway

e Modifying various reaction factors such as acidity/alkalinity, polarity and hydrogen

bonding capabilities within the reaction environment.

The exact role that [BMIM]"CI plays in the presented reaction system is still contentious, and

is a possible area of investigation for future studies.

Finally, it is important to determine the catalytic turnover — the ability of a catalyst to undergo
multiple cycles of catalysis without being consumed in the reaction itself. These experiments
were performed by recovering Ruz(CO)i2 used in the initial reaction by evaporation of the
organic reagents and products, while the catalyst and ionic liquid remained as a viscous liquid.
This was verified by GC-MS analysis which only showed trace amounts of reactants/products
being present. To the residue, we added similar amounts of cyclohexene, methanol and CO-

and the reaction was allowed to proceed for 48 hours at 160 °C and 11 atm.
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Figure 5.37: Chromatographic profile of the products obtained when using recycled catalyst and ionic
liquid after 48 hrs.

The chromatograms obtained after analysing the reaction solution suggests the formation of a
different product to methyl cyclohexanoate, indicated by the presence of a new peak at t, = 8.92
min (Figure 5.37). The m/Z fragmentation pattern corresponding to the species eluting at 8.92
min suggest a product with a mass 14 units higher than that of methyl cyclohexanoate, (Figure
5.38). The reason(s) for the formation of a different product is still unknown, but there is a
strong experiment indication that the Ru3(CO)2 catalyst undergoes a structural change in
geometry, which is known to impact catalytic performance and may lead to alterations in
reactions pathways and product formation. Currently, there are limited literature reports
detailing Ru3(CO); catalytic turnover numbers, or reports that Ru3(CO)i12 undergoes structural
changes which could influence in catalytic activity. Our current hypothesis is that under the
reaction conditions, the Ru3(CO)12 complex forms higher nuclearity ruthenium carbonyl

clusters. In turn, these clusters might catalyse different reactions.

70



Figure 5.38: Mass spectrum of the product obtained after reaction as a function of time, after 48 hours
of reaction between cyclohexene (9.87 mmol), methanol (494.3 mmol) and CO; in the presence of
recycled Ru complex and ionic liquid solution at 160 °C.

During the course of these investigations, there was one prominent change that was observed
in the reaction mixtures (Figure 5.39). The colour of all the reaction solutions turned from
yellowish to black after the reaction, with the colour change intensifying with increasing
reaction time. This drastic colour change posed the question: “What is going on in our
reaction?” Such an abrupt change could indicate a formation of a new chemical species with

different optical properties.

71



Figure 5.39: Image depicting colour observations of solutions (a) before reaction, and solutions post-
reaction after (b) 2 hours, (c) 4 hours, (d) 8 hours, (e) 12 hours, (f) 24 hours, (g)48 hours.

To establish what is happening, we set-up a fractional distillation for one of the solutions from
the reaction to separate each volatile compound. The distillates were observed to be clear and
transparent, while the Ru complex and ionic liquid solution that was left behind remained
black. Additionally, we heated each reaction component individually at 160°C (MeOH, C¢Hio,
[BMIM]CI and Ru3(CO)12) to ensure that none of these components was the cause of these
observations. No colour change was observed for MeOH, C¢Hio, and [BMIM]'CI; while

Ru3(CO)12 changed colour from orange to black upon heating.

This result implies that Ru3(CO):2 transforms into a different species when heated above 70 °C,
therefore the colour changes observed during the course of the reactions are linked to the
transformation of Ru3(CO):» as a result of the reaction temperature, 160 °C. This information
is quite important since it implies that the Ruz(CO)12 moiety might not be the only catalytically
active species present, which is in stark contrast to what is currently documented in literature”®
7. Furthermore, a thorough literature survey revealed limited information of the colour changes
observed during these reactions, as well as the different catalytically active Ru species

involved.

5.3. Conclusion

In the first section of this chapter, synthesis of heterogeneous catalysts, Au/TiO2, Fe/Ti0,,

Ni/Ti0; and Ru/Ti0; was performed. Utilizing nitrate salt precursors for base metals (Fe and
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Ni) 25 % metal loading was used, while for precious metals (Au and Ru) 0.5 % metal loading
on to the support was used with chloride salt precursors. An extensive characterization was
performed on the catalysts using solid-state UV-VIS, TEM, EDX, PXRD and BET techniques
to confirm the deposition of the metals onto the metal oxide support as well as to study the

changes that accompany this deposition.

UV-VIS showed a change in band-gap energy of the support from 3.20 eV to 2.89, 2.77, 2.99
and 3.02 eV for Ni, Fe, Ru and Au respectively. EDX spectrum of each catalysts displayed all
the corresponding elements as expected. The morphological studies using TEM showed that
the particle size of the catalysts was unchanged after deposition with an average size of 20 nm
and a spherical shape. PXRD results for Fe/Ti0, displayed no change after deposition due to
similarity in size of Ti*" (0.68 A) Fe** cation (0.64 A). Due to the larger size of Ni** (0.72 A)
the diffractogram of Ni/TiO2 showed new peaks showing the disruption of the lattice struicture
of TiO2 by the Ni metal. The diffractograms of Au/TiO2 and Ru/TiO2 were similar to that of
bare TiO; due to low percentage loading or the low detection limit of the instrument. BET
analysis showed a decrease in pore volume and surface area upon addition of Ni and Ru, while

upon Au and Fe addition there was a pore volume increase and surface area increase.

The catalysts were subsequently applied in a reaction between cyclohexene, water and CO2 (11
atm) at the temperature of 150 °C. This reaction was performed in attempt to synthesize the
corresponding cyclohexane carboxylic acid. Unfortunately, the results from GC-MS analysis
showed that the reactions using Fe/T102, N1/Ti02 and Au/T10; as catalysts produced oxidation
products namely cyclohexenone, cyclohexanone and cyclohexane diol at different yields.
Ru/TiOz on the other hand produced a hydrogenation product, cyclohexane. Upon the elevation
of the temperature to 200 °C in an attempt to promote formation of desired product, all the

catalysts were poisoned.

One of the catalysts, Fe/TiO2 was further applied to N-formylation of primary and secondary
amines in the presence of Hantzsch 1,4-dihydropyridine, CO,, [EMIMI]|'Br  under
mechanochemical conditions. Under relatively mild, reaction conditions, the N-formylation

reaction furnished the anticipated formamides in good to excellent yields (75-99%).

In the second section, homogeneous catalysis was applied. The reaction was performed using
cyclohexene, CO2, methanol in the presence of Ru3(CO);2 as a catalyst and [BMIM]*CI as a
promoter. [BMIM]*CI" was successfully synthesized and characterized using 'H NMR and
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ATR-FT-IR then used in the reaction while the catalyst was utilized as obtained from the
supplier. This reaction was performed to get a methyl cyclohexanoate as a product which was
synthesized successfully with a yield of 27% when using gaseous CO.. The yield improved to
87% when using solid CO; indicating a better absorption into the reaction. The color changes
observed in the reaction media from yellowish to black as a result of possible transformation

of Ruz(CO)12 prompted a further investigation on the catalyst alone.
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6 Characterization of Ru3(CQO); with thermal treatment

6.1 Introduction

In the previous chapter we saw colour changes in our reaction solutions and we want to
establish its cause. The initial thought was that it could be due to the formation of ruthenium
metal oxides, which is known to be black in colour. This was later discarded as there were no
indication of oxidation state change of Ru’ (in combination with studies conducted under
completely inert conditions). This is further substantiated with reference to the hard-soft acid-
base (HSAB) principle which states that hard acids favour coordination with hard bases while
soft acids prefer soft bases. Non-polarizable small acceptor or donor atoms with high charge
density are regarded as hard acids or bases respectively, while polarizable large acceptor or
donor atoms with low charge density are classified as soft acids or bases respectively.”® * Since
there are no other ligands involved in the experiments, there would be nothing to stabilize the

“harder” metal center if oxidation does take place.

A number of literature reports were explored where Ru3z(CO)i2 was used as a catalyst with
reactions involving CO; and olefins. These studies focussed on the the mechanistic aspects of
how this cluster complex catalyses these reactions. The use of Ru3(CO)i2 as a catalyst for
reactions involving olefins and CO; in literature has been applied in hydroformylation,

hydrocarboxylation and oligomerization reactions.

Hydroformylation can happen in different approaches. Firstly literature reports the use of
syngas and alkenes in the presence of Ruz(CO)12 as a catalysts precursor, 2,2-bipyridine (BIPY)
as a promoter and tetrabutylphosphonium bromide (Bu4PBr) as an ionic liquid solvent to

regioselectively obtain oxo-alcohols and aldehydes'®

Lo :
Bu4PB

RQ + CO, + H, it > R/\)J\H + R/\/\OH
180 °C, 4 hrs

Scheme 6. 1: Hydroformylation of olefins with CO, and H in the presence of 2,2-bipyridine promoter,
tetrabutylphosphonium bromide ionic liquid and Rus3(CO) .

It has been postulated that the above reaction follows a number of steps of which the first step

is the formation of an anionic ruthenium carbonyl cluster through the protonation of Ruz(CO);..
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Ru3(CO)12 + Ha » [HRu3(CO)11]
Scheme 6.2: Protonation of Rus(CO);> with H> to form an anionic ruthenium carbonyl cluster

[HRu3(CO) 1]

The next step is the reaction of [HRu3(CO)11]” with the promoter BIPY to form a chelate

complex.

[HRu3(CO)  + BIPY =————= [HRu3(CO)(BIPY)] + 2CO

Scheme 6. 3: Complexation of [HRus3(CO),,]” with BIPY to form a chelate complex [HRu3(CO)o(BIPY)]
that will act as a catalyst in the hydroformylation reaction
The proposed mechanism for the catalytic reaction is as follows:

e Association of the olefin into the chelate complex

e Hydride transfer to coordinated olefin to form an alkyl-ruthenium cluster

e Release of an alkane

e Association of CO and H> molecules to form the corresponding oxo-alcohol and

aldehyde

O

/\)J\ [HRu3(CO)o(BIPY)J
R H
/\

[Ru3(CO)o(BIPY)(COCH,CH,R)]

)

[Ru3(CO)o(BIPY)(CH,CH,R)T

Scheme 6.4: lllustration of the general reaction mechanism of the hydroformylation reaction between
olefins, CO; and H, facilitated by the in-situ formed chelate complex [HRu3(CO)o(BIPY)]
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Secondly, hydroformylation reactions have been reported in literature to happen through water
gas shift reactions (WGSR) under basic and acidic conditions. The important starting materials
here are CO and H»O. During the catalytic cycle, H» is produced in situ through the reduction
of H>O by CO. The produced Ha is in turn used up together with the CO to incorporate into the
double bond of the olefin to produce an aldehyde and alcohol. An example of this reaction from
literature is the hydroformylation of an olefin in the presence of CO, H,O, THF and
Ru3(CO)p.'!

0 O
Ru3(CO)12
/% > H + H
THF/MG3N/H20,
10 hrs

Scheme 6.5: Hydroformylation of olefins with CO and H>O through a water gas shift reactions under
acidic/basic conditions in the presence of Ru3(CO);z in THF for 10 hours

Under acidic conditions, it is assumed that the very first step is to convert Ruz(CO);2 in situ to
catalytically active specie Ru2(CO)o then the catalytic cycle proceeds. It is postulated that the

mechanism takes place as follows:

e Protonation of the active carbonyl complex to form a ruthenium carbonyl hydride

cation, [HRu2(CO)o]"
e Coordination of CO to form a neutral ruthenium carbonyl hydride, HRu>(CO)10

e Activation of the carbonyl by H20 to form a metallacarboxylic acid, HRu2(CO)9yCOOH,

with the release of a proton

e Decarboxylation to form another ruthenium carbonyl hydride, HoRux(CO)o, releasing

CO;

e Reductive elimination to regenerate the catalytically active specie, releasing H»

This type of reaction is not only applied for hydroformylation, it is also applied for reduction

of a myriad of functional groups in organic synthesis.!%! 102
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H2 uz( )9 / H

H,Ru,(CO)y [HRu>(CO)o]+

CO, /— co

HRu,(CO),COOH HRu(CO)io

H* H,0
Scheme 6.6: General mechanism of hydroformylation of olefins with CO and H>O through a water gas

shift reactions under acidic conditions with the conversion of Rusz(CO) ;2 to Rux(CO)o

Basic conditions on the other hand follow a different mechanism of reaction;'?! 103

e Activation of CO ligand through hydroxylation to form a metallacarboxylic acid,

Ru3(CO)11COOH

e Decarboxylation of Ru3(CO);1COOH to form a ruthenium carbonyl hydride anion,
[HRuz(CO)11]

e Protonation of [HRu3(CO)11]” with H2O to form a neutral ruthenium carbonyl hydride,
[H2Ru3(CO)11]

e Reductive elimination of H forming Ruz(CO)1;

e (Coordination of CO to regenerate Ru3(CO)12
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OH

Ru3(CO)12
CO
Ru3(CO)p; Ru;(C0O),;;COOH
H,
CO,
HzRLI3(CO)11 [HRU3(CO)1 1]'
OH- H20

Scheme 6.7: General mechanism of hydroformylation of olefins with CO and H>O through a water gas
shift reactions under basic conditions

Lastly, reverse water gas shift reaction (RWGSR) is another process which hydroformylation
is proposed to proceed by. An example of such a reaction is reported whereby cyclohexene,
COz, H> are used as starting materials in the presence of Ru3(CO)12 as a catalyst, N-Methyl-2-

pyrrolidone (NMP) as a solvent and LiCl as a promoter.'%* 195

Ru3(CO)p2

LiCl H OH
+ CO, + H; > +

NMP, 140 °C, 30 hrs

Scheme 6.8: Hydroformylation of olefins with CO; and H; through a reverse water gas shift reactions
in the presence of Rus3(CO);2 and LiCl promoter in N-methyl-2-pyrrolidone at 140 °C for 30 hours

The literature only describes the mechanism of this reaction in two steps, no clear indication
of how Ru3(CO)i, takes part in the catalytic cycle, the only thing stated is that [H3Rus(CO)12]

and [HRu3(CO)11] complexes are identified as active species. It is hypothesized that H, reduces
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CO2 to CO, then the solution of the syngas produced in situ is used up for hydroformylation of

the cyclohexene to produce cyclohexanecarboxaldehyde and cyclohexylmethanol.

Hydrocarboxylation is another type of carbonylation reaction that has been reported with
Ruz(CO)12 and tetrakis(acetato)dirhodium(Il) (Rho(OAc)s as a bimetallic catalyst. An example,
is the carbonylation of a methyl group, from a phenyl ring of anisole, with CO2 and H> in the
presence of lithium iodide (Lil) and 1-hexyl-3-methylimidazolium tetrafluoroborate

([HMIM]BF4) ionic liquid as promoters.'%

~
0] OH

Ru;(CO)12/Rhy(OAcC),
. co, + mH, > + CHCOOH + CH,

[HMIM]BF4, 140 °C, 12 hrs

Scheme 6.9: Carbonylation reaction of a methyl group on a phenyl ring of anisole, with CO;and H> in
the presence of Rus(CO)12/(Rh2(OAc)4, Lil, [HMIM]BF; at 140 °C for 12 hours

It is reported that the first step of the reaction mechanism is RWGSR, which is specifically
catalyzed by Ru3(CO)2 and [HMIM]BF4 while Rh2(OAc)4 and Lil catalyze the cleavage of the
methyl group of anisole to react it with CO produced in the first step and H> to form the rest of
the products. For the sake of our work, the only mechanism that will be reported on is that

involving Ruz(CO);2.

The ionic liquid is particularly important in this reaction, without which the reaction does not
take place. Moreover, within the ionic liquid itself the anion, BF4", plays the most important
role by interacting with Ru3(CO)i2. The following mechanism has been proposed for this

reaction;

e Ligand exchange between [HMIM]BF4 and Ru3(CO)» releasing CO, which will be
used up in the reaction, and forming [Ruz(CO)11(BF4)]

e Formation of a hydride complex [HRu3(CO)11] through reaction of [Ruz(CO):11(BF4)]
and H> releasing HBF4

e Incorporation of CO; into the hydride complex to form a formate complex

[Ru3(CO)11(OCOH)

e Reaction of previously formed proton with the formate regenerating the starting

complex Ru3(CO)12
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e Incorporation of CO; into the hydride to form [Ru3(CO):11(OCOH)] which then
releases CO forming another formate [Ruz(CO)10(OCOH)]

e The formate then reacts with H> to form [H2Ru3(CO)11(OCOH)] which subsequently
releases H>O to regenerate the initially formed hydride complex [HRu3(CO)11]

BF4 H,O CO,

Ru3(CO) ) (HRu3(CO)\ T H0
C
[(Rus(CO)1(BF,)T [Ru3(CO); (OCOH)] [H2Ru3(CO)1o(OCOH)T
H,
HBF, (HRu3(CO) 1] A\COZ A [(Ru3(CO)1o(OCOH)T H,

Scheme 6.10: General mechanism illustrating carbonylation reaction of a methyl group on a phenyl
ring of anisole, with CO, and H> in the presence of Rus(CO)2/(Rh2(OAc)y, Lil, [HMIM]BF4 at 140 °C
for 12 hours

Lastly, oligomerization of ethylene has been reported to take place in the presence of Ruz(CO)12

in heptane as a solvent to form butene.

Ru3(CO)12

— > N
Heptane, 20 atm, 3 hrs NN

Scheme 6.11: Oligomerization of ethylene to butene facilitated by Rus3(CO);: in heptane at 20 atm for
3 hours

It 1s presumed that for this reaction to happen ruthenium carbonyl hydride species must be

formed as intermediates. Therefore, the following mechanism is postulated;

e Formation of a hydride releasing a CO

e Addition of ethylene which then forms ethyl derivative

e FEthylene insertion

e [-hydride elimination to form butene.

81



Ru3(CO)yp > [HRu3(CO)i ]

[HRu3(CO)i1]

RU3(CO)1 1(CH2CH2CH2CH3)

)\ [Ru3(CO)11(CH,CH3)]

Scheme 6.12: Mechanism of Oligomerization of ethylene to butene facilitated by Ru3(CO),: in heptane
at 20 atm for 3 hours

Transition metal carbonyl compounds seems to be among the most versatile group of transition
metal compounds. This versatility comes from the interaction of the metal and the carbonyl
ligands. Firstly, the m-backbonding where the electrons from the d-orbital of the metal center
move to the empty and degenerate m-antibonding LUMO of the carbonyl ligand. Secondly, the
o-donation of electrons from the ligand HOMO to the d-orbital of the metal center. This
compounds can occur as mononuclear, binuclear and polynuclear/cluster complexes, which

Ru3(CO)12 falls under.'%7 198
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Figure 6.1: Molecular structure of cyclo-tris(tetracarbonylruthenium)(3 Ru—Ru)'"”

Ru3(CO)12 is a polynuclear triangular cluster with ruthenium atoms forming a triangle which
is almost equilateral with 12 terminal carbonyls attached onto them (Figure 6.1) giving the
compound a D3, symmetry.!% 110 1! The accurate structure of the compound has axial Ru-CO
bond lengths of 1.942 A and equatorial Ru-CO bond lengths of 1.921 A. The axial Ru-C-O
bond angles are bent ranging from 172° to 173° because of the Van der Waals repulsions
between the axial oxygen atoms. On the other hand, the equatorial Ru-C-O bond angles are

linear with bond angles of 178° — 180°.!12

The kind of reaction this complex follows depend on the type of electron transfer that is
involved in a reaction regardless of whether it is inter or intramolecular transfer. The initial
reaction step could either involve, electron addition (reduction) to the LUMO via nucleophilic
attack, removal of electrons (oxidation) from the HOMO via electrophilic attack or it could be
an intra-molecular transfer which is normally influenced by pyrolytic reactions. As
electrophilic attack happens, m-backbonding decreases while nucleophilic attack increases -
backbonding. It is these m-backbonding adjustments by the CO ligands that facilitate more

reactivity of the cluster with electrophilic and nucleophilic reagents. 13 114 115

Going down the group the distance between HOMO and LUMO of metal carbonyl clusters
increases as well as metal-metal bond strength, resulting in thermostability and chemical
inertness. Ruthenium being in the same group as iron and osmium the reactivity of Ruz(CO)i2
can be compared to that of triosmium dodecacarbonyl, Os3(CO)i2 and triion dodecacarbonyl,
Fe3;(CO)12. It has been reported in literature that Ru3(CO)i2 reacts with halogens giving

monomeric species, Ru(CO)4X,, through cleavage of the metal bonds followed by
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polymerization of the monomeric species to produce Ru3(CO)12X¢ species without the loss of

CO groups.!13 116

0Os3(CO)12 on the other hand reacts with halogens to produce compounds with the formula,
0s3(CO)12X>. This difference in reactivity is stated to be related to the stability of the metal-
metal bond."'” Other literature reports that Fe3(CO)i2> undergoes cleavage of the triangular
moiety on its reaction with other substrates while Ruz(CO)i2 regularly forms more stable
trinuclear species. This difference in reactivity is linked to increase in stability of metal-metal

bond going down the group.''®

Ru3(CO)12 has been applied in catalysis for the activation of C=C, C=0, C=N double bonds of
organic molecules. A few examples of this application is, the oligomerization of ethylene at
atmospheric pressure and 100 °C.'" It has also been used as a homogenous catalyst for water
gas shift reaction'?” and for hydroformylation of alkenes with CO> and H> in the presence of
promoters at 150 °C to form aldehydes.!?! It is important to note that at the end of all these
reactions  different species of ruthenium carbonyl were identified e.g.
[RuzH2(CO)9(MeC=CMe)], [RusH2(CO)o(EtC=CEl)], [RusH(CO)9o(MeCCHCEY)],
[H3Ru4(CO)12] ™", [HRu3(CO)i1]™.

It has also been reported in literature that in a reaction where temperature conditions are high
enough to allow a breakdown of the complex, these metal carbonyl clusters undergoes
decomposition followed by condensation whereby the decomposed species bind again to form
larger carbonyl clusters and most interestingly form carbide complexes.!?? There are a number
of studies reported in literature that show how the Ruz(CO)2 cluster behaves and changes with
temperature in different reactions in wet conditions (in solvents) and in dry conditions (without

solvent).

It is reported that when Ru3(CO):2 is heated in benzene or cyclohexane, the complex forms a
new cluster complex which crystallizes as red needles. The cluster was found to decompose
above 235 °C under vacuum. Upon mass spectroscopic analysis, the molecular weight was
found to be 1050 g/mol. The conclusion was that this cluster complex is Rus(CO)1s.'% A
development was made on this new cluster to accurately determine its structure. The same
cluster was synthesized and with mass spectroscopic and XRD data the structure was deduced

4

to be RusC(CO)17 a carbide cluster complex!>* which was also obtained when heating

Ru3(CO)12 in chlorobenzene at 160 °C.'"°
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Some decomposition studies reported Ru3(CO)i2 deposited on carbon in order to follow its
decomposition in He at 39.9 °C and H; at 64.9 °C. It was found that after 19 hours the complex
completely decomposed without forming any stable cluster. There was no report on the
intermediate clusters as a function of time except that as time progressed, the intensity of the

carbonyl bands kept on decreasing until complete decomposition.

Transformation in H; on the other hand was also monitored with FT-IR and after only 10
minutes new species started forming, eventually the complex transformed to H4sRu4(CO) after
21 hours. When the temperature was increased to 400 °C the Ru3(CO)1> complex eventually
decomposed to metallic Ru in both He and H». The same study also reported that in solution,
the Ru3(CO);2 incorporated some ligands into its structure forming new complexes as well as
transforming into the following complexes; Ru(CO)s, RusC(CO)is, [Rus(CO)16C]*,
Rug(CO)17C and [Rue(CO)1s]*.!% Another study has shown that Rusz(CO)i2 decomposes to
metallic Ru and CO gas under argon and nitrogen using TGA and DSC.!%

More literature reports show that pyrolysis of Ruz(CO)i2 in a sealed tube transforms to
RusC(CO)17 of which upon carbonylation with CO at 70 °C produces RusC(CO)is and
Ru(CO)s.'?” Work that was done on thermal decomposition of Ru3(CO)i2 under variable
temperature mass spectrometry in the gas phase shows results that are far different. At 226 °C
the complex stayed intact. From 226 °C to 626 °C the complex transformed to eleven analogues;
Ru3(CO)i1 1. Above 626 °C all CO ligands were removed completely leaving Rus species.!®

No carbide clusters were observed in this study.

Studies on the decomposition of Ru3(CO)12 impregnated onto TiO: interestingly reported that
Ru3(CO)12 when deposited on TiO; at -173 °C adsorbs molecularly but when deposited at 27
°Cit adsorbs dissociatively forming Ru3(CO)s. When the temperature is elevated to 127 °C, 227
°C and 357 °C the complex transforms to Rusz(CO)s, Rus(CO)7 and Rus(CO)s respectively.'?®

It is important to highlight that only one article from literature reported the color change in
their reaction but does not explain what is the color change attributed to, therefore there is no
consensus in literature about this. For that reason, the ambit of this study is to possibly

determine the nature of this color change and the consequences of this changes.
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Table 6.1: Summary of possible decomposition products of Ru3(CO) > according to literature

Species Molecular mass
Ru3(CO)11 611.33
Ru3(CO)1o 583.33
Ru3(CO)y 555.33
Ru3(CO)s 527.33
Ru3(CO)7 499.33
Ru3(CO)s 471.33
Ru3(CO)s 443.33
Ru3(CO)4 41533
Ru3(CO);3 387.33
Ru3(CO)2 359.33
Ru3(CO) 331.33
Rus 303.33
RusC(CO)17 1094.33
RusC(CO)15 937

[Rue(CO)16CT? 1066

[Rus(CO)1s]* 1110

6.2 Results and discussion

The pure Rus3(CO)i> was placed in the oven at 70 °C for 3 weeks to allow complete
transformation and it changed color from orange to black. From here the obtained product from
the oven will be referred to as “black Ru complex” while the pure sample will be referred to

“Ruz(CO)12”. (Figure 6.2) shows the complex before and after applying heat.
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Figure 6.2: Image showing Rus(CO),, before (left) and after placing in the oven (right)
The two samples, black Ru complex and Rus3(CO);2, were then characterized with different
techniques, energy-dispersive X-ray spectroscopy, fourier transform infrared, powder X-ray
diffraction and matrix-assisted laser desorption/ionization-time of flight mass spectrometry.

The following results were obtained:

Figure 6.3: EDX spectra of Rusz(CO): (left) and black Ru complex

Results obtained from EDX display similar spectra for both orange and black Ru complex. The
elemental contents of Ru3(CO)i» after heating at 70 °C are the same as before heating, both
samples contain carbon, oxygen and ruthenium. This indicates that, there could be a
rearrangement of the metal cluster forming a new specie/s without loss of the CO ligands or it

could mean that there was an incomplete decomposition of the metal cluster with loss of some

of the CO ligands.
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Figure 6.4: FT-IR spectrum Rus(CO) ;. before subjecting it to heat
The IR spectrum of Rus(CO)2 displays three groups of bands; at 2927 to 2853 cm™!, 2061 to
1982 cm™ and 591 to 443 cm™'. The more characteristic bands at 2061 to 1982 cm™ are
indicative of terminal carbonyl stretching vibrations while the bands at 591 to 443 cm™! arise

from metal carbon stretching vibrations.

Even though FT-IR as a technique can’t necessarily show the exact number of carbonyl ligands,
it is important to note that there is a significant overlap of modes of like symmetry. This is
helpful to identify structural changes on Ru3(CO)2 in carbonyl region when the symmetry
changes due to transformation of the complex to a bigger complex or removal of carbonyl

ligands during decomposition.
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Figure 6.5: FT-IR spectrum of the black Ru complex obtained after applying heat on the orange one at
70 °C
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Figure 6.6: Merged FT-IR spectra of Rus(CO);: and black Ru complex to highlight the differences

There are a number of significant changes in the IR spectrum of Ru3(CO);; after heating it at
70 °C. The bands at 2927 and 2853 cm™! disappeared entirely. In the carbonyl region, the band
at 2061 cm! has shifted to 2051 cm™, 2012 cm™' shifted to 2014 cm™, 1995 cm™' shifted to
1997 cm!. The magnified spectra in (Figure 6.7) shows that the band at 1975 has shifted to
1970 cm™. There’s also an appearance of new carbonyl bands at 1958 and 1943 cm™.. In the
metal carbon region, the band at 591 shifted to 588 cm™!, 542 shifted 543, 468 shifted to 464
cm’!. There’s also appearance of new bands at 455, 447, 435, 415 and 408 cm’!.

This small shifts in wave numbers imply a change in bond lengths. A change to higher
wavenumber means the bond length of the carbonyl or metal carbon bond has become shorter,
conversely a change to lower wavenumber means elongated bond length of the carbonyls or
metal carbon bond indicating a change in symmetry of the cluster. The appearance of new

carbonyl and metal carbon bands indicate a change in symmetry of the cluster.

Within the structure of the Ruz(CO):» the carbonyls producing the bands at 2012, 1995, 1982

and 1975 cm™! seem to be of equal intensities meaning their dipole moment is similar, while
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the carbonyl at 2061 cm™ has a lower intensity which means that it has the lowest dipole
moment amongst all the carbonyls. Black Ru complex on the other hand has carbonyls bands
with different intensities; the bands at 2014 and 1997 cm™ have the highest intensities meaning
higher dipole moment while the bands at 1984, 1970, 1958 and 1943 cm™! have respectively

decreased intensities therefore decreasing dipole moment.

Similar changes are observed in the metal carbon bands, in the Ru3z(CO):> the band at 542 cm”
! has the highest intensity, followed by 572 cm™! then 591 cm™, the bands at 468 and 443 cm’!
on the other hand have almost similar intensities. In contrast, the metal carbon bands of the
black Rucomplex look different, the band at 572 cm™! has the highest intensity followed by 543
cm! then 588 cm’!, the bands from 464 to 408 cm™' on the other hand all have different
intensities with 443 cm™! having the highest intensity. Since the components of the complex
haven’t changed, they still are Ru, C and O we can relate the change in dipole to change in
bond lengths. The lower the dipole moment seen from lower intensity, the shorter the bond and

vice versa.

Figure 6.7: Enlarged ATR-FT-IR spectra of “orange” and “black” Ru3(CO);> highlighting the
differences in the carbonyl and the metal-carbon bands
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The elongation and shortening of the bond lengths in the complex implied by the changes seen
on the IR spectrum of the black Ru complex arise from the intra-molecular electron transfer
between the Ru metal centers and the carbonyl ligands through o-donation from the HOMO of
the carbonyl ligands which causes shortening of the CO bond length. It also happens through
m-donation from the metal d-orbital to the carbonyl ligand LUMO resulting in the elongation

of the CO bond length.

Figure 6. 8: MALDI-TOF Mass spectrum of Rus(CO);,

The mass of orange and black versions of Ru3(CO)i2 were determined using MALDI-TOF MS
in the presence of dithranol matrix. The spectrum of orange Ru3(CO);2 shows the mass of 675
g/mol; with the theoretical mass being 639.33 g/mol. There is a 36 g/mol mass difference which
could possibly result from the matrix. Since this technique applies a soft ionization, the
complex does not undergo extensive fragmentation. The fragmentation pattern displays another
peak at m/Z = 580 g/mol, possibly due to losing two CO groups from the complex; followed
by 550 g/mol after losing one CO group from the last fragment then lastly 522 g/mol from

losing a single CO group. A total of four CO groups were lost in this process.
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Figure 6.9: MALDI-TOF Mass spectrum of black Ru complex

The spectrum of black Ru complex on the other hand shows one peak with a mass of 580 g/mol
indicating that two CO ligands were lost during the pyrolytic process in the oven. Therefore,
the resulting complex in this case should be Ru3(CO)10. The lack of a fragmentation pattern in
the mass spectrum of this resulting specie demonstrates, to a certain degree, the stability of this

formed complex.
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i. Analysis of the two variants of Ru3(CO)12 via Powder X-ray Diffraction

Figure 6.10: PXRD diffractograms for orange and black variants of Rus3(CO);>

Figure 6.11: Magnified XRD diffractograms of Rus(CO),: and black Ru complexes from 11— 17 (20(°))
and 28 — 37 (20(°)) to highlight the observed differences

The diffraction pattern (Figure 6.10) of the black Ru complex and orange Ru3(CO);2 look
similar but upon magnification (Figure 6.11) the differences becomes evident. The orange

variant has three overlapping peaks at 12° which is absent from the black variant. There’s a
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new peak that appeared at 12.8° in the black complex which is absent on the orange variant. In
the orange complex, the peak at 13.6°is split into two peaks at the top while in the black one
of the peaks disappear. Moreover, the peak at 16.5° is broad with its top splitting into two peaks
with equal intensities but this peak in the black has the two peaks with different intensities with

the right peak being more intense that the left peak.

Another major difference is that the peak at 24.6° in the diffractogram of the orange Ruz(CO)12
has low intensity while the same peak in the diffractogram of the black Ru complex has a higher
intensity. Lastly the peaks at 30.6° and 32.8° in the diffractogram of the orange Ruz(CO)i2 are
more intense that those in the diffractogram of the black Ru complex. These differences imply

that the complexes have different crystal structures.

Figure 6. 12: Merged PXRD diffractograms, illustrating the differences in the profiles between the
orange and black variants of the Rus(CO) ;> complex

The two complexes were further subjected to different thermal conditions and comparatively
studied with different techniques; thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC), powder X-ray diffraction (PXRD) and Fourier transform infrared (FT-IR).
The orange Ruz(CO)12 and black Ru complex were subjected to heat at different temperatures

in the TGA isothermally and non-isothermally to study their decomposition profile.
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Table 6. 2. Possible species produced during thermal decomposition of Ruz(CO) ;>

Species Molecular mass (g/mol) Ligands lost (%)
Ru3(CO)12 639.33 0
Ru3(CO)11 611.33 4
Ruz(CO)1o 583.33 9
Ru3(CO)y 555.33 13
Ru3(CO)s 527.33 18
Ru3(CO)7 499.33 22
Ru3(CO)s 471.33 26
Ru3(CO)s 44333 31
Ru3(CO)4 415.33 35
Ru3(CO)3 387.33 39
Ru3(CO)2 359.33 44
Ru3(CO) 331.33 48
Rus 303.33 53
i. Isothermal analysis at 100 °C

Figure 6.13: TGA profiles of orange coloured Ru3(CO) ;2 complex (left) and the black variant obtained
after thermal treatment at 100 °C for 4 hours (right)

96



The TGA profile of Ruz(CO)12 after 4 hours at 100 ° C shows 8 % mass loss corresponding to
a loss of two CO groups, forming Ru3(CO)1o. In contrast, the profile of black Ru complex after
4 hours shows 4 % mass loss corresponding to a loss of one CO ligand forming Ruz(CO), since

the MS spectra already indicated the formation of the black variant is due to Ruz(CO);o.

ii. Isothermal analysis at 120 °C

Figure 6.14: TGA thermogram of Rus(CO) ;> and black Ru complex at 120°C for 4 hours

The TGA profile of orange Ru3(CO)12 after 4 hours at 120 °C shows 35 % mass loss
corresponding to a loss of eight CO ligands forming Ru3(CO)s. In contrast, the profile of black
Ru complex after 4 hours shows 6 % mass loss which still corresponds to a loss of one CO

ligand forming Ru3(CO)po still in the process of losing the second CO ligand.

il Isothermal analysis at 150 °C

Figure 6.15: TGA thermogram of Rusz(CO),: and black Ru complex at 150 °C for 4 hours

97



The TGA profile of orange Ru3(CO)1> after 4 hours at 150 °© C shows 49 % mass loss
corresponding to a loss of eleven CO ligands forming Ru3(CO). In contrast, the profile of black
Ru complex after 4 hours shows approximately 7 % mass loss which corresponds to a loss of

about two CO ligands forming Ruz(CO)s.

The thermogram (Figure 6.15) shows that after 50 minutes the resulting complex becomes
stable for 3 hours. These results from the mass spectroscopy of the black Ru complex obtained
in the oven at 70 ° C after 3 weeks and TGA suggest that temperature ranging from 70 to 150 °C
is required to form Ruz(CO)sg and is time dependent, had the orange Ru3(CO)12 been left longer
in the oven it could have eventually formed the thermally stable Ru3(CO)s species. Lower
temperatures require more time and higher temperatures require less time, this is also suggested

by the TGA thermograms at 100, 120 and 150 °C.

iv. Non - isothermal analysis from 30 to 550 °C

Figure 6.16: TGA thermogram of “orange” and “black” Ru3(CO);: from 30 to 550 °C

The TGA profile of orange Ruz(CO)12 for the non-isothermal analysis from 30 to 550 °C shows
55 % mass loss corresponding to a complete decomposition of the complex to Rusz. There is
also about 1 % mass gain which is not clear what could the cause of that be. The black Ru
complex thermogram on the other hand shows a number of thermal events with a total mass

loss of 19 % suggesting a formation of Ruz(CO)e.

There is a general trend from the TGA results which is that both the orange and black
Ruz(CO)12 lose more CO ligands with higher temperature. Though the ligand loss happens for
both, but it happens at a much lower rate for the black than the orange Ruz(CO)1». Interestingly,
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the orange Ru3(CO)i2 reaches complete decomposition (55 %) at 550 © C while the black
Ru3(CO)12 only reaches 19 % mass loss. These results imply that after heating the pure
Ru3(CO)12 at 70 ° C, (most probably true for any pyrolytic temperature), and allowing it to cool
down results in a more thermally stable complex but if heated constantly without allowing it to

cool the process continues to happen until complete decomposition.

This stability could explain why we obtain a different compound in the second cycle of the
catalyst in the reactions because after the reaction the catalyst and ionic liquid mixture is
allowed to cool down to room temperature before it is reused instead of using it while it is still
hot (which is challenging). Nonetheless, this may not be entirely true because dry pyrolytic

conditions are different from the wet pyrolytic conditions.

Out of all the literature that we found, none except for one article reported their results beyond
the first cycle of the catalyst. This literature reported that Ru3z(CO)12 was used together with an
ionic liquid to facilitate a hydroformylation reaction between CO>, H> and 1-hexene. It is
reported that this reaction successfully afforded the anticipated aldehyde but when the same
catalyst system was recycled, an alcohol was selectively formed instead of the targeted

aldehyde.'?
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Figure 6.17: Merged TGA thermograms of Ru3(CO);> and black Ru complex at 100 °C for 4 hours

Figure 6.18: Merged TGA thermograms of Rus(CO);» and black Ru complex formed after thermal

treatment at 120 °C for 4 hours
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Figure 6.19: Merged TGA thermograms of Rus(CO),2 and black Ru complex at 150 °C for 4 hours

Figure 6.20: Merged TGA thermograms of Ru3(CO);> and black Ru complex from 30 to 550 °C
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The overall trend displayed by the merged thermograms is that Ru3(CO):» is less thermally
stable than the black Ru complex. The slope of the decomposition profile of the Ruz(CO)i2 is
much steeper than that of black Ru complex meaning that the rate of decomposition of the
orange is higher than that of the black. This is due to the difference in thermal stability of the

two complexes.

Figure 6.21: DSC thermograms of Rus3(CO),: and black Ru complex from 30 to 250 °C

233

Figure 6.22: Merged DSC thermogram of Rus(CO);2 and black Ru complex from 30 to 250 °C
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The DSC thermograms (Figure 6.21 and Figure 6.22) highlight a clear distinction between
the two forms of Ru3(CO)i2 before and after thermal treatment. The thermogram of orange
Ruz(CO)12 demonstrates two events occurring at 156 °C and 233 °C. The first event at 156 °C
is the melting point of the complex and the second event at 233 °C is the decomposition of the
complex. The thermogram of the black Ru complex on the other hand does not show any
thermal event within the temperature range investigated, indicating the thermal stability of this

species.

The non-isothermal TGA and DSC thermogram of the orange Ru3(CO)i> were overlaid
(Figure 6.23) to check if the thermal events in both thermograms correlate with each other and
the conclusion is that they do correlate because the melting point on the DSC thermogram
happens exactly at the start of the thermal event of the TGA thermogram followed by the

decomposition of the complex.
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Figure 6.23: Merged DSC (30 250 °C) and TGA (30 - 550 °C) thermograms of Ru3(CO) ;>

The orange Ruz(CO)i2 was heated to 175 °C then cooled to 30 °C (Figure 6.24). This process
was repeated four times, the fifth time the sample was heated all the way to 250 °C. This
analysis was performed to investigate the formation of the thermally stable species of
ruthenium carbonyl obtained in the oven heated at 70 °C through heating and cooling which

seemingly forms a stable complex having seen the TGA thermograms.

Unfortunately, the stable species did not occur because each cycle produced a melt. The reason
for this could be due to the cooling cycle not being sufficient to allow the formation of a more
thermally stable species. Furthermore, it was noted that the peak intensity decreases with each
succeeding cycle, which could indicate that the sample becomes increasingly stable. This was
deduced since it is known that the intensity of a peak represents the rate of transformation,
therefore the more intense the peak the faster the transformation and less thermally stable the
complex and vice versa. The recrystallisation temperature on the other hand kept decreasing

with each cycle indicating formation of different species with each cycle.
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Figure 6.24: DSC thermogram of Rusz(CO) > from 30 to 250 °C after 5 cycles

Figure 6.25: DSC thermograms of Rus(CO),: showing each step for cycle 1 and 2
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Figure 6.26: DSC thermograms of Ru3(CO) ;> showing each step for cycle 3 and 4

Figure 6.27: DSC thermograms of Rus(CO),> showing each step for cycle 5
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All samples subjected to thermal analysis were analysed with ATR-FT-IR and PXRD.
Surprisingly, the infra-red spectra of all samples that was heated above 100°C was identical

(Figure 6.34).

Figure 6.28: XRD diffractograms for Ru3(CO),. and black Ru complex after 100 °C thermal analysis

Figure 6.29: XRD diffractograms for Rus(CO),> and black Ru complex after 120 °C thermal analysis

Figure 6.30: XRD diffractograms for Ru3(CO)> and black Ru complex after 150 °C thermal analysis
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The diffraction patterns of both orange Ru3(CO)12 and black Rucomplex display an amorphous
pattern after exposing them to temperatures of 100 °C, 120 °C and 150 °C. These results show
that the two complexes undergo a similar phase change, losing its crystalline properties when

heated above 100 °C.

Thermal treatment at 150 °C for both samples shows an emergence of one peak on each of their
diffractograms. For Ru3(CO)12 the peak appears at 44.3° while for the black Ru complex the peak
appears at 27.2°. The peaks develop completely when both Ruz(CO)12 and black Ru complex are
exposed to the temperature of 550 °C. Their diffractograms (Figure 6.31) at this temperature

are comparative to that of a metallic substance.

This results for the Ruz(CO)2 are in agreement with the results of the TGA thermogram at
550 °C, where the Ruz(CO)i2 loses all of its ligands through decomposition. The black Ru
complex on the other hand did not display complete decomposition on its TGA thermogram at
550 °C but the diffraction pattern looks as though it is metallic and all the peaks that appear on
its diffractogram also appear on the diffractogram of the Ru3(CO);> which has extra peaks at
38.4° and 42°.

Interestingly, physically they both look different after being exposed to 550 °C (Figure 6.33),
the sample obtained from the Ru3(CO)i2 looks grey while that obtained from the black Ru
complex is still completely black. All the other samples that were exposed to 100 °C, 120 °C
and 150 °C also look completely black like the sample exposed to 550 °C.

Figure 6.31: XRD diffractograms for Ru3(CO)> and black Ru complex after 550 °C thermal analysis
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Figure 6.32: Merged XRD diffractograms for Ru3(CO);> and black Ru complex after 550 °C thermal
analysis

Figure 6.33: Picture of procured Ru3(CO), (left) and (right) the black Ru complex obtained after being
exposed to 550 °C

Since all FT-IR spectra of the Ru3z(CO)12 samples were identical after being treated at 100 °C
and above, only one example of the resultant spectra is shown (Figure 6.34). The IR spectra of
all the samples after TGA analysis does not display carbonyl bands nor the metal-carbon bands
that were observed prior to being exposed to the thermal conditions in the TGA analyses. The

complete characterization of these samples is still ongoing, especially considering the strong
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evidence that the Ruz(CO)12 complex might not actually be the (only) catalytic species present

in most of the reactions documented in literature.

96.7

95.9 H

Transmittance (%)
\Yui ]
Lad
iy

90.5

3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Figure 6.34: IR spectrum of black Ru complexes after 100, 120, 150 to 550 °C thermal analysis

6.3. Conclusion

A comprehensive literature review was conducted on Ru3(CO);2 about its use in catalytic
reactions to understand its role in the reactions. Additionally, an investigation was undertaken
on the kind of transformations that the catalyst undergoes when exposed to heat. This
investigation was carried out with the hopes of finding the structures that could be resulting
from Ru3(CO)2 during the reaction and their significance to it. The orange Ru3(CO);» that was

exposed to the oven temperature of 70 °C for 3 weeks, turned black, “black Ru complex”.

The orange and black Ru complexes were characterized utilizing DSC, TGA, ATR-FT-IR and
PXRD. Results obtained from DSC and TGA suggest that the catalyst transforms to different
species at different temperatures. They also demonstrated that black Ru complex become more
thermally stable when allow to cool. Orange Ru complex undergoes a continuous
transformation rapidly when not allowed to cool. ATR-FT-IR showed that Ru3(CO)2 loses its
symmetry when heat is applied to it indicating a transformation. PXRD confirmed this

observation by showing that Ru3(CO)12 becomes amorphous with heat exposure indicating the
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transformation. Nonetheless, the results don’t indicate which specie/s are present during the

reaction therefore results are inconclusive.
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7. Concluding remarks

The study has presented a successful conversion of carbon dioxide (CO;) through homogenous
catalysis. This success gives an indication that the utilization of CO» in organic synthesis offers
a promising role in the reduction of its emissions. In addition to other ways to mitigate the
effects of this greenhouse gas on climate change, our results show that committed use of CO>

in organic synthesis can help achieve net-zero emissions.

The central focus of the study revolved around exploring the viability of utilizing CO, as a C1
synthon in conjunction with cyclohexene, water, or methanol to synthesize the corresponding
carboxylic acids and/or esters. The objective was to achieve this transformation with the
assistance of transition metal catalysts, aimed at overcoming the inherent thermodynamic
stability of CO». The study was bifurcated into two distinct sections of catalysis: heterogeneous

and homogeneous catalysis.

In the heterogeneous catalysis section, various catalysts including Au/TiO2, Fe/TiO2, Ni/TiO»,
and Ru/TiO; were synthesized using the wet impregnation method. The resulting catalysts
underwent comprehensive characterization utilizing solid-state UV-VIS, TEM, EDX, BET,
and PXRD techniques. Subsequently, these catalysts were applied in a reaction alongside
cyclohexene, water, and CO; at a temperature of 150 °C. However, the anticipated product,
carboxylic acid, was not obtained. Instead, oxidation products, including cyclohexanone,
cyclohexenone, and cyclohexane diol, were observed for Au/TiO2, Fe/TiO2, and Ni/TiO;
catalysts, while Ru/TiO> catalysed a hydrogenation reaction yielding cyclohexane. Despite
raising the temperature to 200 °C in an attempt to promote product formation, all catalysts were

poisoned during the reaction, and the desired product remained elusive.

In the second approach, a reaction involving cyclohexene, methanol, and CO; (initially in
gaseous form, followed by solid) was conducted in the presence of an ionic liquid, [BMIM]*CI,
as an additive, and Ru3(CO)i2 as a catalyst. The ionic liquid ((BMIM]"CI") was successfully
synthesized and characterized via '"H NMR and ATR-FT-IR techniques, while the catalyst was
utilized as obtained from the supplier. The reaction yielded the expected ester, methyl
cyclohexanoate, with a 27% yield when performing the reaction under a CO; atmosphere and
an 87% yield when the reaction solution is saturated with solid CO,. This outcome suggests
that solid CO; readily absorbs into the reaction media, rendering the reaction more efficient

compared to the gaseous counterpart.
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To elucidate the mechanism of this reaction, the initial reaction mixture of the catalyst and non-
volatile ionic liquid was reutilized in the same reaction with fresh reactants. However, the
desired product was not obtained, potentially attributed to a colour change observed in the
catalyst from orange to black during the reaction, indicating either a chemical or physical
change. Further investigation and literature review were conducted on the catalyst alone to
ascertain if it functions as a catalyst or participates in the reaction. Additionally, heat was
applied to the catalyst to explore the transformations it undergoes in hopes of elucidating the
resulting structures and their correlation with the reaction. Unfortunately, inconclusive results
were obtained due to a lack of appropriate experimental setup and insufficient literature

reporting on obvious colour changes or turnover numbers.

In terms of future prospects, while intriguing results were obtained in the second approach of
the reaction, there remains a need to comprehensively understand the mechanism involved.
Questions regarding the catalyst-induced colour change, its absence in literature, and the role
of the ionic liquid warrant further investigation through meticulously designed experiments
utilizing appropriate equipment and analytical techniques. These endeavours will pave the way

for a deeper understanding of the reaction mechanism and potential applications in the future.
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Appendix

Tauc’s method of determining the band gap energy using the following equation:
(ahv)" = A(hv — Ey),

whereby a is absorption coefficient, h is Planck’s constant, v is photon’s frequency, A is
proportionality constant, E, is band gap energy and n is the nature of the electron transition, if
n = 0.5 then transition is direct allowed, if n = 2 then transition is indirect allowed.”® '3° The
Tauc’s equation can now be related to the straight line equation therefore a graph of (ahv)!'®

vs (hv) can be plotted.!*® The value of a can be obtained from the Beer lambert law:

Transmitted light, I, is equal to the exponentially decaying intensity of incident light, I,, passing

through an absorbing medium with a thickness, 1. This is given by:
[=1Ie™,
(/L) = e,
log (I/L,) = e,

log (I/lo) = -allog(e),
log (I/L,) = -al-(0.4343),

log (Io/I) = al-(0.4343),
log (Io/I) is absorbance A,

A= al(0.4343),

whereby A is absorbance value from the UV-vis data, 1 is width of powdered samples of which

in our case was Imm. The incident energy hv can be obtained from:

whereby E is energy in electron volts (eV), h is Planck’s constant, c is speed of light and A is

wavelength from the UV-vis data in nanometers (nm).

When all the calculations are done and the values obtained, the graph of (ahv)'™ vs (hv) can
now be plotted to obtain the value of the band gap energy from the graph by extrapolating the
linear region of the graph with a straight line to the x-axis which represents the energy.”” !3!

Whether the value of n is 0.5 or 2 depends on which one gives a better linear fit and thus
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identifies a correct transition.'*° In this study the value of n that gives the best fit is found to be

0.5.

Figure Al: Mass spectrum of the unreacted cyclohexene, 82.2 g/mol, during the reaction between
cyclohexene (40 mmol), water ( 40 mmol) and CO; (11 atm) in the presence of the catalysts (25 mg)
after 48 hours at 150 °C

Figure A2: Mass spectrum of cyclohexanone, 98.04 g/mol, obtained after the reaction between
cyclohexene (40 mmol), water ( 40 mmol) and CO: (11 atm) in the presence of the catalysts (25 mg)
after 48 hours at 150 °C
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Figure A3: Mass spectrum of cyclohexenone, 96.3 g/mol, obtained after the reaction between
cyclohexene (40 mmol), water (40 mmol) and CO; (11 atm) in the presence of the catalysts (25 mg)
after 48 hours at 150 °C

Figure A4: Mass spectrum of cyclohexane-diol, 115.5 g/mol, obtained after the reaction between
cyclohexene (40 mmol), water (40 mmol) and CO; (11 atm) in the presence of the catalysts (25 mg)
after 48 hours at 150 °C
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Figure A5: Calibration curve of cyclohexene used to calculate concentration of product in reactions
with gaseous CO;

Table Al: Points used to draw calibration curve in (Figure A5)

Areal Area 2 Area 3 Mean area
Concentration(mg/ml) x10’ x10’ x10’ x10’ Initial concentration
40 5,37 5,37 5,85 5,53 38,6 (mg/ml)
20 2,53 2,74 3,67 2,98
10 1,50 1,40 1,60 1,50
5 0,60 0,82 0,74 0,72
0,5 0,17 0,25 0,30 0,24
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Figure A6: Calibration curve of cyclohexene used to calculate concentration of product in reactions

with solid CO;

Table A2: Points used to draw calibration curve in (Figure A6)

Area 1 Area 2 Area 3 Mean area
Concentration (mg/ml)  x10’ x10’ x107 x10’ Initial concentration
40 5,43 5,72 6,27 5,81 38.6 (mg/ml)
20 2,70 3,28 3,09 3,03
10 1,75 1,84 1,57 1,72
5 0,57 0,74 0,85 0,72
0,5 0,17 0,25 0,26 0,22
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