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ABSTRACT

New pyrazolyl functionalized N-heterocyclic carbene ligand precursors and their
transition metal complexes for the catalytic oxidation of paraffins

The synthesis and characterization of four pyrazolyl functionalized N-heterocyclic carbene
(NHC) ligand precursors namely: 2.1a) 3-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1-methyl-
1H-imidazol-3-ium chloride), 2.2a) 3-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1-ethyl-1H-
imidazol-3-ium chloride), 2.3a) (1-benzyl-3-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1H-
imidazol-3-ium chloride) and 2.4a) 3-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1-(4-
nitrophenyl)-1H-imidazol-3-ium chloride) was conducted. Thereafter the salts were subjected
to anion metathesis with NaBF4 resulting in yields ranging between 82.7 and 99 % (2.1b —
2.4b). After salt metathesis with NaBF4, the *H NMR (400 MHz, DMSO-ds) data showed that
the imidazolium acidic C, protons of the salts shifted slightly upfield from circa & 9.0 to 8.9,
suggesting that it was more shielded. 2.1b and 2.4b were the most stable, with 2.2b being very
unstable. The synthesis of Ni(Il), Cu(l) and Co(Il) complexes was completed for the most stable
ligand precursors using direct deprotonation and were obtained in low yields (< 35 %).
Characterization was carried out using NMR, FTIR, and MS. The broadness of the *H NMR
for complex 3.1, [Co'"(3-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1-(4-nitrophenyl)-1H-
imidazol-3-ium);]+2BF4 together with the complementary lack of the expected far downfield
carbene signal in its 13C NMR spectrum, suggest that the complex exhibits behaviour typical of
paramagnetic high—spin Co(ll) ions in a tetrahedral geometry. Complex 3.3, [Cu'(3-(2-(3,5-
dimethyl-1H-pyrazol-1-yl)ethyl)-1-methyl-1H-imidazolylidene) (NCCHz)2]*BF4 and complex
3.5, [Ni"(3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-1-methyl-1H-imidazol-3-ium)+2BF4,
were the least stable of all the complexes. All the complexes showed significant downfield
shift of aryl protons peaks in their *H NMR spectra. This indicated the effect of metal
coordination to the NHC ligand. All the synthesized complexes were hygroscopic.
Consequently, only two of the five successfully synthesized and characterized complexes were
thermodynamically stable to be tested as catalysts in the oxidation of cyclohexane. The most
stable complexes are 3.2, [Cu'(CH2CN)2((3-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1-(4-
nitrophenyl)-1H-imidazol-3-ium)]sBFs and 3.1, [Co"((3-(2-(3,5-dimethyl-1H-pyrazol-1-
yl)ethyl)-1-(4-nitrophenyl)-1H-imidazol-3-ium);]*2BF4 both derived from the ligand precursor
2.4b. Catalytic oxidation of cyclohexane was done to test the catalytic activity of these stable
complexes. The catalytic oxidation of cyclohexane results in the production of the alcohol




(cyclohexanol, A) and the ketone (cyclohexanone, K) products, with the K resulting from the
secondary oxidation of the A. As a result, one of the measures of oxidation catalytic efficiency
is chemoselectivity of the catalyst expressed as the K/A ratio. Hence, the pyrazolyl-
functionalized NHC-Co(ll) 3.1 and NHC-Cu(l) 3.2 complexes with H>O> as the oxidant in
refluxing acetonitrile were the catalytic systems used to oxidise cyclohexane into
cyclohexanone and cyclohexanol. Complex 3.1 had a higher TON of 104 and had a higher
conversion of 38 % after a reaction time of 24 h, but exhibited poor selectivity with 53 %
chemoselectivity towards cyclohexanone after 24 h. Complex 3.2 had a low TON of 18 at a
correspondingly low conversion of 19%, showed a good selectivity towards cyclohexanol at 83
% after 24 h. The K/A ratio for 3.1 calculated using number of moles is 1.11, while for 3.2 is
0.2.
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CHAPTER 1: INTRODUCTION

1.1. PARAFFINS

Many industrial processes such as Sasol’s low-temperature Fischer-Tropsch process produce
copious quantities of paraffins. Paraffins or alkanes are saturated, non-polar chemical
compounds constituted of only hydrogen (H) and carbon (C) atoms. The general chemical
formula for paraffins is CnHn+2, where n is equal to the number of carbon atoms in the
compound. Paraffins can structurally be grouped according to whether they are linear / straight
chain alkanes (n-alkanes), branched alkanes or cyclic alkanes. While straight-chain alkanes
have larger surface areas thus higher boiling points. Branched alkanes on the other hand are
more compacted and therefore have a smaller surface area. Paraffins (n-alkanes) that are
composed of fewer than five carbon atoms per molecule are usually gaseous at room
temperature. Those with 5-15 carbon atoms are generally liquids, and the n-alkanes that have
more than 15 carbon atoms, solids, traditionally referred to as waxes.

Paraffins are so vastly abundant in nature that they are also considered to be the most
hydrocarbons in pollutants.® Paraffins constitute most of natural gas and crude oil, and to-date,
direct conversion of low cost and highly abundant paraffins such as methane (natural gas) to
value added compounds economically under mild conditions still remains a challenge to
researchers.? Because of their abundance, paraffins are consequently used as the primary
feedstock in the chemistry industry.® One of the most common commercially and/or
industrially used processes in the transformation of paraffins is hydrocracking, where long-
chain paraffins such as heavy fuel oils are converted into products such as high-quality diesel
and kerosene. However, such a process requires very high temperatures (400-600 °C) when

using heterogeneous catalysts' making it expensive.

1.1.1. Catalytic oxidation of alkanes

The field of alkane oxidation remains challenging to synthetic chemists because of the difficulty
in selective oxidation of the C-H bond in hydrocarbons. The conversion of these saturated
compounds into valuable products such as alcohols, carboxylic acids and alkenes under
controlled catalytic conditions has the potential to offer large economic benefits.>* Paraffins
derived from natural gas, such as methane, are present in large quantities at remote locations,




however, transportation is quite expensive. Consequently, converting natural gas into liquids
such as methanol would make natural gas a very reliable source of energy and transportation
would be much cheaper.* Currently, paraffins derived from both petroleum and natural gas
can be converted (Scheme 1.1) into energy, fuel and chemicals at high temperatures.

H H}ﬂH H*ﬂH
H.!'_H oxidation ~A- oxidation NS

¢l — ¢ —— ¢

H OH OOH

Scheme 1.1: Catalytic activation of methane to methanol and methanoic acid

There are hardly any functioning catalytic processes for converting paraffins directly to more
valuable products. The major hurdle that chemists are battling with when functionalizing
paraffins on an industrial scale is regioselectivity and while operating under mild conditions
and consuming as little energy as possible.>® With paraffins, since all the bonds in the molecule
between C-H and C-C are sp® hybridized single bonds, no one position is preferred in the
molecule for functionalization to occur , hence, the product stream is a mixture of all possible
products.

1.2. CATALYSIS

Catalysis in chemistry can be defined as a process of employing a catalyst to accelerate the rate
of areaction. A catalyst can be defined as a compound or substance that accelerates the rate of
a reaction, this process involves the kinetics of the reaction. The catalyst can accelerate the
reaction in both the forward and reverse directions by lowering the activation energy of the
reactants without it being changed in the process, this allows for the position of equilibrium of
the reaction to be left unchanged. Any process that makes use of a catalyst is referred to as
catalysis. The catalyst does not affect the state of equilibrium of the reaction, hence catalysis
is a kinetic phenomenon. Figure 1.1 shows a graphical representation of the effect of using a

catalyst on the activation energy of the reaction.
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Figure 1.1: Effect of using a catalyst on the activation energy of a reaction

The term catalysis is a very broad term for different processes which can be classified into three
main groups as shown in Figure 1.2.

Catalysis

Biomimetic catalysis Chemical catalysis Biological catalysis

Homogeneous Heterogeneous
catalyst catalyst

enzyme catalyst or
natural protein

Figure 1.2: Flow diagram showing different sub-sections under the umbrella of catalysis

1.2.1. Biological catalysts / Biocatalysts

Biological catalysts or biocatalysts are natural proteins or nucleic acids which catalyse a

specific biochemical reaction inside a living cell. The most common example of a biological




catalyst is an enzyme. Enzymes are natural proteins that possess catalytic activity. Enzymes
can speed up a reaction without altering the equilibrium and they do not get consumed in the
chemical reaction they are speeding up. These proteins are responsible for catalysing some of
the fastest reactions known to humanity. Enzymes are very complex proteins that have a well-
defined structure. They can also be classified as chiral organic molecules which contain metal
ions and H.0 molecules to aid in preserving their structure and activity.®

The selective oxidation of the inert C-H bond in hydrocarbon compounds is still a long-standing
problem for synthetic chemists. This is because activating the inert bonds require harsh
conditions and very strong oxidants to force the substrate to react. Metalloenzymes are to date
regarded as the perfect model to obtain the desired end results. Scheme 1.2 illustrates an
example that shows how a perfectly controlled reductive activation of an oxidant e.g. Oz on the
active site of P450 cytochrome can produce powerful oxidising species.’

OH

15-beta mutant
P450 BM3

' @ O, NADH

testosterone 86%

Scheme 1.2: Example of selective oxidation of a saturated C-H bond by a biological agent

(mutant cytochrome)’

1.2.2. Biomimetic catalysts

Biomimetic chemistry is a term that is used to describe chemical processes that mimics certain
important principles of enzymatic systems or biological catalytic systems.2 Ronald Breslow
first introduced this field of chemistry in 1972.° Biomimetic chemistry consists of areas such
as bioorganic, bioinorganic and biophysical chemistries. Biomimetic chemistry can be thought
of as an umbrella covering a wide range of topics including the synthesis of artificial enzymes.
Biocatalysts generally bind to their substrate through metal ions, ion-pairing or Lewis acid-base
coordination and use the functional groups’ chemistry in its structure to achieve catalysis.*

This reaction scheme results in a catalytic process that is selective to the substrate reaction, and




that is high in stereo selectivity.  The mechanism of acid-base catalysis modelled the
mechanism of catalysis depicted by the active cites of biocatalysts.5 11

Synthetic metalloporphyrins have been studied extensively as biomimetic mock-ups of
cytochromes P450 (biological catalysts). The first group of biomimetic catalysts for the
oxidation of compounds such as adamantane and cyclohexane were introduced by Groves et
al.2 Since then, this field has taken on a life of its own. Researchers have introduced electron
withdrawing groups as substituents and introduced additives such as imidazole and pyridine
and choosing the relevant oxidant to achieve biomimetic catalysts that are as efficient as a
biological catalyst such as cytochrome P450.

1.2.3. Chemical catalyst

Chemical catalysts can be split into homogeneous catalysts and heterogeneous catalysts.
Homogeneous catalysts are in the same phase as the reactants and the products, usually in the
liquid phase. Homogeneous catalysts are characterised by high selectivity and operating at
milder conditions. However, it is quite difficult to separate the product from the catalyst,
making it expensive to recycle the catalyst. On the other hand, heterogeneous catalysts are in
a different phase from the reactant and the product, they are usually in the solid phase. These
catalysts have lower selectivity, but can be easily separated from the products, making them
recyclable and reusable, resulting in a high turnover number. To date, the mechanism of the
heterogeneous catalytic process is poorly understood. But because the catalyst is recovered at
the end of the reaction, heterogeneous catalysts are largely used on an industrial scale.t31

Heterogeneous organometallic catalysis has evolved tremendously over the past five decades
hence aided in the development of organic synthesis.’®> The Heck reaction is considered a
prototypical reaction example of organometallic catalysis. The evolution of organic chemistry
had aided greatly in the functionalization of C-H bonds. The direct transformation of C-H
bonds to C-C or C-X (where X is N, O or S) bonds was reported as far back as 1885 in the
Hofmann-Lo6ffler-Freytag reaction'®, and more recently in reactions such as the Suzuki cross-
coupling reaction. Hemilabile complexes such as pyrazolyl-functionalized N-heterocyclic
carbene palladium catalyst reported by Wang et al. are excellent catalysis for C-C coupling
reactions such as the Heck and Suzuki reactions.’




1.2.3.1. Fenton and Shul’pin chemistry

Selective oxidation of the inert C-H bond in hydrocarbons under mild conditions still remains
a huge impediment for synthetic chemists. Fenton reported the first generation of successful
oxidation of alkanes over a century ago. Fenton used iron (Fe) based catalysts for the oxidation
of alkanes, however very low selectivity and yields were reported towards alcohols and tended
towards carboxylic acids. This was because alkane oxidation occurs via radical chain reactions
that consists of hydroperoxyl intermediate species as shown in reaction Scheme 1.3. This
intermediate species is far more reactive than the substrate and thus can undergo excessive
oxidation leading to products such as ketones, aldehydes and carboxylic acids depending on the
nature and stability of the radical.®

Fe?* + H,0, Fe*+ HO-+ OH"
ferrous hydrogen ferric  hydroxyl hydroxyl
peroxide radical
Fe3* + H,0, Fe?* + HOO + H*

2H,0, HO + HOO + H,0

Scheme 1.3: Fenton reaction for the oxidation of organic compounds®®

1.3. CARBENES

Carbenes are defined as neutral compounds containing a divalent carbon surrounded by a six-
electron valence outer shell. Four of the six electrons are involved in 6-bonding, while the other
two remain on the central carbon known as the carbene carbon. Free carbenes are unstable,
highly reactive molecules due to their incomplete electron octet and coordination unsaturation.
The first stable carbene was successfully isolated in the late 1980s.r®  Subsequently,
experiments were conducted with the aim to explore and optimise the properties of stable
carbenes. To date, three types of carbenes are recognized in carbene chemistry, namely Fischer
carbenes or singlet carbenes, Schrock carbenes or triplet carbenes, and N-Heterocyclic carbenes
(NHCs).




1.3.1. Singlet and triplet carbenes

Fischer carbenes also referred to as singlet carbenes, were the first reported carbenes in 1964
as ligands in transition metal complexes.?® They were referred to as singlet carbenes due to the
multiplicity of their ground state. Fischer carbenes form strong ¢ bonds with the metal centre.
However, they contain a vacant p-orbital which allows for the n-back donation of electrons
from the metal to the carbene. As a result, these carbenes contain both electrophilic and
nucleophilic properties.?! These ligands bind well with transition metals of low oxidation state.
Thermodynamic stabilisation of singlet carbenes can be obtained when ¢ electron-withdrawing
and 7 electron-withdrawing substituents are introduced to the ¢ and px orbitals, thus forcing the
carbene orbitals to interact. The ¢ orbital is stabilized by mesomeric and inductive effects,
while & electron donating groups such as —OR, -SR, - NR2 and halides raise the energy of the

vacant pr orbital.

Schrock or triplet carbenes were reported ten years after the Fischer carbenes. They bind well
with transition metals of high oxidation state and have a nucleophilic carbonic carbon. They
are called triplet carbenes because of their electron spin. Triplet carbenes are generally more
stable in a gaseous state. These carbenes behave as biradicaloid species?® because they
participate in a stepwise radical addition reaction, consequently, they go through an
intermediate step with the two unpaired electrons, making these ligands stereoselective. Triplet
carbenes are paramagnetic and the two unpaired electrons are either in a linear or bent (i.e. sp
or sp? hybrid, respectively) shape. 2°?* Figures 1.3 (a) and (b) show the ground states of the
singlet and triplet carbene, resp.

Figure 1.3: (a) Singlet carbene and (b) Triplet carbene




1.3.2. N-Heterocyclic carbenes

N-heterocyclic carbenes (NHCs) have attracted the most attention amongst other carbenes.
NHCs were first introduced in the early 1960s when Wanzlick investigated their reactivity and
stability.’® Inthe late 1960s Wanzlick and Ofele independently reported on the application of
NHCs as ligands for transition metal complexes.?? In 1988 the first stable carbene was isolated;
however, unfortunately, the isolated carbene, which was called the (phosphino)(silyl)carbene
did not show any ability to bind to any metals. The coordination chemistry of NHCs was similar
to that of phosphines in metal complexation; however, NHCs afforded more stable complexes,
which are also more reactive. Thus, they have been used as phosphine substituents in most
recent studies. The field of carbenes lay dormant for over twenty years because it was believed
that carbenes were too reactive and too unstable to isolate. Figure 1.4 show the first N-
heterocyclic carbene isolated was 1,3-di(adamantly)imidazole-2-ylidene in 1991 as reported by
Arduengo and co-workers.?® The carbene could be isolated because it was stable due to the
bulky nature of the wing-tip substituent; this is due to the kinetic and electronic stabilization
through orbital overlap.2* NHCs are highly molecular ligands, and this accounts for their large
structural and stereochemical diversity.

@N\g\l/@

Figure 1.4: Structure of 1,3-di(adamantly)imidazole-2-ylidene, the first isolated NHC

NHCs or “Hot Carbenes” have become one of the most prominent class of ligands in
organometallic and inorganic chemistry, thus, overshadowing the singlet and triplet carbenes.’
NHCs can form complexes of higher thermal and hydrolytic stability with most transition
metals (irrespective of whether they are in high or low oxidation state), and some main group
elements i.e. Be, S, and 1.2 NHCs are strong two-electron sigma donor ligands that form
very stable metal-ligand bonds, with negligible n-back bonding from the metal centre. Their
coordination chemistry is similar to that of phosphines, however, the metal-ligand bond
between phosphines and metals is weaker than that of NHC-metal bonds. The reaction Scheme
1.4 below shows the relative equilibrium probability of an NHC-metal bond to break compared
to a phosphine-metal bond. The specific coordination chemistry allows NHCs to stabilize and

activate metal centres.?’




ML,
Scheme 1.4: Relative equilibrium probability of an NHC-metal bond to break compared to a
phosphine-metal bond?’

NHC are composed of two nitrogen (N) atoms adjacent to the carbene carbon atom. Figure 1.5
shows the structure of imidazol-2-ylidene which is the most stable NHC both in solution and in
the solid state. This stability rises if the lone pair on the nitrogen is considered to be largely p-
orbital based, and hence the strong n-donation from the N atoms can stabilize the carbene. This
is known as the push-push mesomeric effect. Scheme 1.5 illustrates the mesomeric structures
of NHC and the stabilization of the singlet state presented in Fig 1.3a. The sigma electron
withdrawing and n-donating abilities of the nitrogen atoms relative to carbon also add to the
NHC’s stability. Additional stability is also due to the double bond in the ring.

-
N—R
N/
R e

Figure 1.5: General structure of an N-heterocyclic carbene, R represents wingtip substituents

Scheme 1.5: Mesomeric structures of NHC depicting its stabilization of the singlet state

NHCs, like other ligands, can be characterised by two important parameters which influence
the reactivity and stability of their respective complexes. These parameters are electronic
parameters and steric bulk parameters. Electronic parameters are the - and n- donating and nt-
accepting abilities of a ligand. These properties depend on the frontier orbitals of the ligand.
Figure 1.6 shows the frontier orbitals of imidazole and also depicts which orbitals are
responsible for the electron-withdrawing and electron-donating groups. The electron-donating
ability of a ligand is associated with the highest occupied molecular orbital (HOMO). The




higher the HOMO energy level, the stronger the electron-donating ability of the ligand. The
electron-accepting ability is associated with the lowest unoccupied molecular orbital (LUMO).
The lower the LUMO energy level, the stronger the electron-accepting ability.?82° The stability
of a free N-heterocyclic carbene is said to be largely from the o charge transfer from the
carbonic carbon to the neighbouring heteroatom (nitrogen). However, the dominant factor in
the stability of carbenes is the donation of the lone pair of electrons from nitrogen into the empty
p(n) orbital of the carbonic carbon.

O/OQ n- electron donating
o- electron withdrawing

Figure 1.6: Frontier orbitals of imidazole

Steric bulk prevents optimum orbital overlap due to ligand repulsion, resulting in weak labile
bonds. Steric bulk can be easily estimated in comparison to electronic factors by considering
ligand coordination. In some cases, even the positive electronic factors can be overshadowed
by the steric hindrance imposed by the ligand on the metal centre. However, these electronic
and steric interactions can be manipulated to achieve reactivity, regio- or stereo-selectivity.

These two parameters combined are referred to as stereo-electronic properties. For NHCs,
stereo-electronic properties can be fine-tuned to increase activity and selectivity of NHC-metal
complexes by variations in the ring substituents (wing-tip substitutes,) and heterocyclic
backbone (which influences electronic factors).?* Altering the nature of the azole ring affects
its electronic properties; for example, benzimidazole has the least amount of donating power
followed by imidazole, and imidazoline has the highest electron-donating power. The type and
number of heteroatoms in the azole ring affect the electronic properties of the carbene. Thus,
altering the azole ring gives rise to the different types of NHCs with different stereo-electronic

properties. Table 1.1 contains some of the most used NHCs reported to-date.
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Table 1.1: Some of the most used N-heterocyclic carbenes

Name Structure Common examples
Imidazolylidene R= Ad=|Ad , R= Me= IMe,
f\N_R R= Mes= IMes, R=2,6-
N—/ (iPr)2CsHz = IPr, R = tBu=
- ItBu
Imidazolinylidene R = Mes= SIMes
,\CN‘R R = 2,6-(iPr)2CsH= SIPr
H 30
Oxazolylidene f\o
N~/
: i 31
Thiazolylidene f\s
N—/
Triazolylidene™ R\__N R=R'=PhTPT
Y N-R
N—/
R”
Benzimidazolylidene®® Q
N-R
N~/
R”
Pyrrolidinylidene3* R
R™ =
“Abnormal” R
imidazolylidene>-3¢ R YN ®

N,N-diamidocarbene®® OWO

1.4. DONOR FUNCTIONALIZED NHC

Many experiments have been conducted with the aim to optimise the reactivity and stability of

NHC complexes; these include changes or modifications on the wingtips (the nitrogen atoms
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in the ring) and on the ring backbone.®” Steric protection from the wingtip substitution provides
extra stability. Recent studies show that the use of a chelating ligand motif, particularly where
N-donor ligands such as pyrazole, pyrrole, pyridine, etc., are tethered to NHCs to form bidentate
or polydentate ligands has the potential to moderate the lability of each of the individual ligands
and increase stability and reactivity.*

The reactivity of NHCs can be investigated by measuring their nucleophilicity and Bronsted
basicity. The pKa of the NHCs can be determined both experimentally in water and THF, or
computationally by determining the pKa of their corresponding conjugated acids and by
measuring their proton affinity.?® The pKa of NHCs was found to increase with an increase in
the electron-donating character of the wing tip substituents.’® The nucleophilicity or Lewis
basicity of NHCs was studied extensively by Mayr et al. who studied the Kinetics between
NHCs towards reference electrophiles. It was determined that the IMes and SIMes were 103
times more nucleophilic than triazol-ylidene.?® The Lewis basicity of the NHCs was determined
computationally using the methyl cation affinity. It was established that imidazole and
imidazoline type NHCs are stronger Lewis bases than triazole ones.?

Owing to their strong Lewis basicity, NHCs can bind to almost any substrate, from transition
metals,®® main group elements,*° to organic molecules forming very stable adducts.?* Hence,
NHCs are able to form very strong metal-ligand bonds. N-donor ligands such as pyrazole on
the other hand form weak labile metal ligand bonds. Often it is beneficial to incorporate these
weaker N-donors into the metal catalyst because they can easily dissociate to give room for the
reaction to occur (active site). However, due to the weak metal-ligand bond, N-donor ligands
can be lost through self-reductive elimination, where the labile ligand dissociates from the metal
centre resulting in undesired products, and ultimately complex or catalyst deactivation.38 4!
When tethered to a stable NHC donor, a relatively labile sp? N-donor will become anchored to
the metal centre thereby allowing only partial ligand dissociation, this phenomenon is referred
to as hemilability.* When a hemilabile complex is applied as a catalyst, the hemilabile arm
allows temporary coordination of the substrate and improve the stability of the metal centre
within the catalytic cycle. Scheme 1.6 depicts the hemilabile coordination of a bidentate ligand
motif. The electronic and steric properties (including the number and type of connecting atoms)
of the hemilabile ligand restrict the size and shape of the reactants entering the active site and
the products leaving the active site, hence, resulting in high product selectivity, which is

essential in catalysis.
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Scheme 1.6: Hemilabile coordination of a bidentate ligand motif.*3

Complexes that have the hemilability property have showed excellent results in various types
of catalytic reactions e.g. exceptional results have been obtained by Burgess and co-workers
with the Ir(l) hydrogenation catalyst which contains a chiral NHC-oxazolyl chelate.** These
compounds showed high activity and enantioselectivity (>98% ee) for the reduction of highly
substituted prochiral olefins. Nonetheless, the hydrogenation activity of the catalyst was
dependant on the stereo-electronic properties of the NHC-oxazolyl ligand. Satisfactory results
under mild conditions have also been reported for the Rh(l) mixed donor pyrazolyl
functionalised NHC chelate complexes as hydrogenation catalysts.?® However, to the best of
our knowledge, complexes similar to the ones reported here containing hemilabile ligands have
not yet been applied in oxidation catalysis, or paraffin activation catalysis, which is the main
aim of this study.

NHCs have a high o-basicity (donating ability) and a low =m-acidity (accepting ability),
properties like these increase the catalytic activity of metal-NHC complexes for numerous
organic transformations. Steric and electronic properties can be fine-tuned to increase activity
and selectivity of the metal-NHC complexes by varying wingtip substituents or N-substituents
on the NHC while increasing or decreasing the number of connecting atoms (n) between NHC-

N donor ligands to respectively increase flexibility by decreasing rigidity or vice versa.

Tethering a donor ligand to the NHC forming a polydentate ligand can potentially increase the
stability of the resulting complex. Donor ligands are ligands that contain at least one anionic
or neutral 2e"donor atom (e.g. S, N, O, C, or P). N-donor ligands such as pyrazole form very
weak labile metal-ligands bonds which, break easily, unlike the stable and strong bonds formed
between metal-NHC. Hence, when the two are chelated together, they form a stable hemilabile
ligand which allows partial dissociation creating a vacant coordination site, stabilizing the
intermediate species and activating the substrate. This also allows the ligand to open room for
reactions like oxidative addition to occur on the active site in the catalyst, resulting in very

stable and yet active catalysts.
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1.5. PYRAZOLYL FUNCTIONALISED NHC TRANSITION METAL COMPLEXES

Most published articles on mixed donor NHC-X ligands (X= N, O or S) or hemilabile ligands
reported using platinum group metals (PGM) as the metal centres.*>*® 26 This is because they
are more effective in providing more active, selective and stable catalysts. However, one major
disadvantage is that they are costly and toxic. The synthesized catalysts can perform different
organic transformations depending on the metal centre, the ligands used and the type of
coordination chemistry. Most reported catalysts containing hemilabile ligands and PGM as
metal sources are hydrogenation catalysts.?5 4% 44

Researchers are now considering first-row transition metals such as nickel (Ni), copper (Cu),
and cobalt (Co) because they are cheaper and less toxic in comparison to the PGM, and
consequently more favourable.*’#® Furthermore, they are easier to separate from products,
resulting in catalysts with high turnover numbers (TON) and high turnover frequencies (TOF).
Copper complexes have been reported to have high activity in oxidation catalysis, as they often

mimic nature.!8

Research shows that a symmetrical NCN (Fig. 1.7) ligand is quite challenging to coordinate to
any metal, using either direct deprotonation or the Ag20 route. This is because the a- carbon
on the imidazole is highly acidic, leading to bond cleavage at the a-position. However, a few
articles have reported on the successful use of trans metalation as a method for complexation.
Thus, for the symmetric ligands, the Ag20 route will be used, because many researchers have

had outstanding results using the route, and the mechanism is easy to understand.

alpha carbon

//N/—\._;\N \/

N
|

G

Figure 1.7: Proposed symmetrical ligand

1.6. SYNTHESIS OF NHC-TRANSITION METAL COMPLEXES

N-heterocyclic carbene-transition metal complexes can be successfully synthesized using two

well-established methods, namely i. free carbene and ii. transmetalation.
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1.6.1. Free carbene method

The generation of a free carbene can be done by deprotonating the salt or ligand precursor using
a strong base in a suitable solvent under inert (air and moisture-free) conditions.*® The resulting
free carbene can then be reacted with an appropriate metal source to obtain the desired
corresponding complex. Scheme 1.7 shows an example of the generation of free carbene using
the direct deprotonation of a salt. This route was commonly used for the synthesis of NHC-
transition metal complexes of non-noble transition metals such as cobalt and iron.*

/

N® _Base _ j
[ \>_H Aprotic [ >. H_<\

N H2

\ solvent

Scheme 1.7: Generation of free carbene using direct deprotonation of a salt

Complications that have been reported include decomposition when attempting to isolate the
free carbene. This is because the free carbene is very unstable and highly reactive. However,
these complications can be bypassed by using alternative methods such as in-situ reactions to
generate free carbenes as intermediate species and reacted them with the metal centres to
produce the desired complex. These reactions involve reacting the salt with a basic ligand of a
suitable metal source generating the free carbene following the subsequent binding of the metal

source to the free carbene in-situ resulting in the desired complex.®!

1.6.2. Transmetalation method

This method involves the transfer of ligands from one metal to another. The metal that the
ligands are transferred from is usually silver (Ag), this is because the bonds between ligands
such as NHCs and the Ag (I) ion are very weak and highly active and break easily once the
intermediate silver complex is reacted with a required metal precursor that will yield the desired
complex.%? There are reports on other metals such as copper being used in transmetalation.

The first transmetalation reaction was reported in 1998 by Wang after the isolation of the first
Ag complex by Arduengo et al.>*** This method is the most commonly used method in the
synthesis of noble metal-NHC complexes.’® 4 However, this method has its faults, for
example, this reaction has to be carried out in the absence of UV light since some intermediate

silver complexes are very sensitive to sunlight and may decompose if exposed.
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1.7. CATALYSED ALKANE OXIDATION USING COPPER, NICKEL AND COBALT
COMPLEXES

First-row transition metal complexes such as that of copper®® % | nickel®®, cobalt®®, iron” %,
vanadium®® etc., have been reported to display fairly good catalytic activity under mild
conditions towards the oxidative functionalization of alkanes. Itoh et al. reported that the Ni(ll)
complex [Ni(TPA)CH3COO)(H20)(BPh4)] was a very robust and effective catalyst that showed
high alcohol-product selectivity towards alkane hydroxylation using m-chloroperbenzoic acid
as the oxidant. The TON for the Ni(Il) complex was much higher than that of Co(Il), Fe(ll) or
Mn(11) complexes of the same ligand. Co(ll) followed by Ni(Il) complexes showed excellent
alcohol-product selectivity, while Fe(Il) and Mn(Il) showed the least selectivity.%® %° This
indicated that although the Ni(I1) complex had the highest catalytic activity, followed by Fe(l1)>
Co(11)> Mn(11), the Co(Il) complex had the highest alcohol product selectivity. Copper based
intermediates such as [CuO] with a Cu(ll) oxyl radical character have been reported to exhibit
excellent reactivity and selectivity towards hydrogen abstracting from saturated
hydrocarbons.5°

1.8. AIMS AND OBJECTIVES

This study aimed to successfully synthesize and fully characterise four pyrazolyl-functionalized
imidazolium salts varying in bulkiness and electronic properties and consequently examine the
stability of the salts in various conditions. Thereafter to use the most stable salts to synthesize
and characterize their Cu(ll), Ni(Il) and Co(ll) complexes for the catalytic activation of
paraffins. Due to their hygroscopic nature, only the complexes showing the most stability were
chosen as the catalysts. The substrates chosen for this study were cyclohexane and n-octane.
Cyclohexane was chosen as a substrate because of the value of its oxidised products which are
cyclohexanol and cyclohexanone, both of which are industrially and commercially important
for the manufacturing of Nylon-6,6, adipic acid and polyamide-6.> 6!

The first goal was to synthesize and characterise the starting materials required using NMR and
mass spectrometry (MS) i.e. functionalised pyrazole, benzyl bromide, 1-(4-nitrophenyl)-1H-
imidazole, ethyl imidazole, etc. Secondly, synthesize the pyrazolyl functionalised imidazolium
salts and characterize them using NMR, MS, FTIR and elemental analysis (EA) and thereafter

synthesize their corresponding transition metal complexes and characterize them using NMR,
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MS, EA. Lastly to test the catalytic activity of the least hygroscopic complexes in the
peroxidation of the saturated substrates.

1.9. OUTLINE OF DISSERTATION

Each chapter is typically independent, containing a general introduction with a brief literature
review, experimental section, results and discussion (- as one section), and conclusions.

Chapter 2: Synthesis and characterization of novel pyrazolyl functionalized n-heterocyclic
carbene ligands

Chapter 3: Synthesis and characterization of pyrazolyl functionalized NHC transition metal

complexes

Chapter 4: Preliminary studies of cyclohexane oxidation

The last chapter, Chapter 5, amalgamates all the chapters and provides conclusions and
documentation of the contributions of this research and future learning and research

possibilities.
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CHAPTER 2: SYNTHESIS AND CHARACTERIZATION OF NOVEL
PYRAZOLYL FUNCTIONALIZED N-HETEROCYCLIC CARBENE LIGAND
PRECURSORS

2.1. SUMMARY

N- heterocyclic carbenes (NHC(s)) are among the most versatile and active donor ligands in
transition-metal catalysis, organic and organometallic chemistries. Donor functionalized NHCs
have attracted a lot of attention after the isolation of stable NHCs. This is because donor ligands
such as pyridine and pyrazole form very weak labile bonds when coordinated to metal centres
that break very easily and may lead to catalyst deactivation. NHCs, on the other hand form
very strong ¢ bonds with metal centres; this is owed to the strong o donating ability of the
NHCs. When the two monodentate ligands (N-donor and NHC) are tethered together the
strongly bonded NHCs anchors the labile ligand to the metal centre allowing for stronger
binding to the metal centres. The ligand precursors (salts) introduced in this chapter vary in
bulkiness and electronic properties of varying the substituents on the imidazole ring. All the
ligand precursors proved to be unstable in air and moisture and decompose rapidly. They
showed stability in solution in deuterated DMSO and dry solvents. The salts were synthesized
under inert conditions and stored in a desiccator while further characterization was conducted.
The salts were analysed using NMR (*H, 3C, °F), mass spectrometry, elemental analysis and
FTIR. In addition, because all the salts had similar functional groups, the IR spectra were
similar, varying only in peak intensities. Most of the salts were obtained as amorphous solids
at best, and thus, no crystallographic data could be obtained. They are highly air-sensitive and
quickly imbibed varying quantities of moisture upon exposure to air. Salt 2.2a, (3-(2-(3,5-
dimethyl-1H-pyrazol-1-yl)ethyl)-1-ethyl-1H-imidazol-3-ium chloride), was a highly viscous
golden-brown oil that rapidly decomposed into a blackish paste when exposed to air for as little
as a few seconds. The salts reported in this chapter are new with the exception of salts 2.1a,
(3-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1-methyl-1H-imidazol-3-ium chloride) and 2.1b
(3-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1-methyl-1H-imidazol-3-ium tetrafluoroborate).

2.2. INTRODUCTION

N- heterocyclic carbenes (NHCs) have become one of the most versatile and active donor
ligands in homogeneous transition-metal (TM) catalysis.?® They can stabilize and activate

metal centres and due to their high trans effect and they can bind very tightly to metal centres.®?
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Since the pioneering work of Olefe and Wanzlick which highlighted the transition metal
coordination of azolium-based NHCs, the field of NHCs has exploded.!* 2" The isolation of
bench stable NHCs meant they could now be treated in the same way as the electron-rich
phosphine ligands. Hermann and co-workers were some of the first to note the similarities
between the electron-rich phosphine ligands and NHCs in their coordination chemistry.?’
NHCs have a strong ¢ donating ability with a negligible amount of ©-back donation resulting
in complexes of higher thermal and hydrolytic stability.>! To take advantage of these properties
the NHCs were applied as phosphine substitutes in homogeneous catalytic systems. It was most
successful with catalytic systems such as the Pd(0) Heck reaction (C-C coupling) catalyst and
the Ru(l1) Grubbs metathesis catalyst where the substitution resulted in a considerable increase
in catalytic activity.*">* However, a null result was observed when an NHC was substituted
into the Wilkinson’s ([RhCI(PPh3)3]) hydrogenation catalyst and the Crabtree’s
([Ir(PCy3)(pyridine)(COD)]) catalyst, where very little to no improvement were observed.
Nolan et al. reported that when NHC has substituted into the [Rh(IMes)PPhs). CI] a decrease
in the catalytic activity was observed.®® Nevertheless, Crudden et al. discovered that the use of
a phosphine scavenger such as CuCl resulted in a significant increase in the hydrogenation

catalyst activity.?

Donor functionalized NHCs have attracted a lot of attention after the isolation of NHCs and
their use as electron-rich phosphine substitutes. Donor functionalized NHCs are NHCs that
contain at least one other anionic or neutral 2 electron donor atom such as C, N, O, S or P,
resulting in a polydentate ligand on coordination to a metal centre. The interest in these ligands
for applications in catalysis grew immensely due to the strong bonds formed between the NHC
and the metal centre. However, despite the strong-bonding interactions, major complications
existed.®? Some electronic and structural (steric bulk) factors related to NHC ligands generated
conditions where the ligands became susceptible to reductive elimination, leading to catalyst
decomposition. The most stable and thermodynamically favoured conformation is the square
planar arrangement for NHC ligated complexes.>> A micro review on donor functionalized
NHCs showed that these problems were related to the pm orbitals of the ligand and d orbitals
from the metal centre. One way to overcome this was to reduce the dihedral angle between the
carbene ligand plane and the coordination plane.>* This would require the use of an inflexible

chelating NHC based ligand, hence the wing tip substitution on NHCs (resulting in polydentate
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ligands) producing more rigid complexes. It is for this reason that donor functionalized NHCs

in catalysis has gained so much attention.

Messerle et al. reported on the pyrazolyl functionalized NHC complexes of rhodium and
iridium as excellent hydrogenation catalysts (the ligands used by Messerle are similar to salt
2.1a reported herein), while Wang et al. have reported C-C coupling reactions using pyrazolyl
functionalized NHCs as ionic liquids.t" 264 The strong ¢ donating ability of NHCs (resulting
in very strong metal-ligand bonds), when coupled with an N-donor ligand such as pyrazole that
bind loosely to a metal centre, where the NHCs anchor the labile ligand to the metal centre
allowing for only partial dissociation gives rise to more active and selective catalysts. Donor
functionalised NHC ligands were created as means to alleviate or reduce catalyst deactivation,
which results from the dissociation of donor ligands. Pyrazole was selected as the N-donor
ligand because of the properties it possesses. Pyrazole and its derivatives are excellent
dinucleating ligands since they allow the formation of short and robust metal-metal bonds,

hence resulting in bimetallic complexes.®*

With the intent to exploit these properties, this study was aimed to synthesize and fully
characterize four ligand precursors using spectroscopic and analytical techniques that include
melting point, NMR, MS, EA and IR. The ligand precursors were chosen because of (i.) the
novelty in terms of their synthesis and characterisation (except for ligand precursor 2.1a), and
(ii.) the effect of steric and electronic properties was evaluated by comparing subsequent
reactivity of the ligand precursors. For the ligand synthesis, two routes were developed from 2-
(3,5-dimethyl-1H-pyrazol-1-yl)ethanol. Both of the routes were used to synthesize ligand
precursor 2.1. However, Route 1 (the 1-(2-chloroethyl)-3,5-dimethyl-1H-pyrazole route)
resulted in a product with a higher percentage yield and a higher percentage purity, hence it was

chosen as the synthesis route for all four ligand precursors 2.1 — 2.4 (Scheme 2.1).
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Route 1 % Route 2
N

Benzyl
Bromide

Where X=1
Br-
Ccr

Scheme 2.1a: Routes for the synthesis of the ligand precursors. Route 1 is generally more

productive
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A study to improve the stability of the ligand precursors was done by changing the counter ion
(anion metathesis) on the ligand precursors from chloride to tetrafluoroborate (BFs). The
method for the anion metathesis was the same for all the ligand precursors with percentage
yields ranging between 80-90 %. Scheme 2.1b indicates the method for anion metathesis.
Tetrafluoroborate was chosen over hexafluorophosphate (PFs) because the tetrafluoroborate
ligand precursors were more stable. This was determined using NMR, where the proton on the
carbene (C>) carbon was monitored. The C»-H proton NMR as observed to slight shift upfield
after changing the counter ion from chloride to PFes to BF4. The observation suggest that the
C2-H proton was more shielded and hence more stable with BF4 as the counter ion.

R R
o o
NZ NZ
Gc! NaBF r.t, dry MeOH ®®BF4
+ NabFq > +  NaCl
N
N, 2 filtered out
/

2
/Cg
2

Scheme 2.1b: Method for anion metathesis

All raw data and supporting information such as tables, NMR spectra, FTIR spectra, MS spectra
and EA graphs can be found in the appendix (appendix A, B, C and D, respectively) section of

the dissertation.

Table 2.1: Characterization methods conducted for the ligand precursors

Salt ID Ligand Precursor NMR MS IR Melting point EA
2.1a Me-Imid CI \/ x/ \/ \/ V
2.1b Me-Imid BF,° \/ l l \/ V
2.2a Et-Imid CI N N N - (oil) J
2.2b Et-Imid BF4 N N \ - (paste) J
2.3a Bz-Imid CI v v v v v
2.3b Bz-Imid BF \ \ \ - (paste) N
2.4a p-NO,Ph-Imid CI v N N - (ail) N
2.4b p-NO2Ph-Imid BF4 v v v - N N
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2.3. METHODS AND MATERIALS

2.3.1. General information

All solvents and reagents used in this study are HPLC grade, obtained from Sigma Aldrich or
Merck with a minimum of 98% purity. The salts were tored in airtight clear glass vials, wrapped
with parafilm for extra protection and placed in a desiccator. Some of the starting material that
are already known i.e. 2-(3,5-dimethyl-1H-pyrazol-1-yl) ethanol, 1-(2-chloroethyl)-3,5-
dimethyl-1H-pyrazole, N-benzyl imidazole, and N-ethyl imidazole were synthesized in the

laboratory and characterized before use. Methods for their synthesis are included in this section.

2.3.2. Synthesis of starting materials

1. 2-(3,5-dimethyl-1H-pyrazol-1-yl) ethanol (Pyrazole-OH)

N=
N
et

Pyrazole hydroxide was synthesized using a solvent free method adapted from van Wyk et al.
65 A mass 0f 10.31 g (10.2 mL, 0.1 mol) of 2,4-pentanedione (acetyl acetone or acac) was added
dropwise to 2-hydroxyethyl hydrazine (7.61 g, 6.98 mL, 0.1 mol) in a Schlenk tube immersed
in an ice bath with consistent stirring. The acac was added to the 2-hydroxyethylhydrazine
dropwise to firstly prevent self-aldol condensation of acetyl acetone and to control the
exothermic nature of the reaction. Thus, addition had to be done in such a way to prevent
overheating while stirring vigorously to evenly distribute the droplets in the reaction chamber
and forcing it to react by causing collision of particles in solution. Addition was completed
within 20 min. The resultant liquid was stirred in an ice bath for 24 h and the solid product was
recrystallised using diethyl ether at -20 °C. Actual yield = 9.94g, 70.9 %. Melting point 70-
72 °C, LRMS =141.1 m/z (TOF MS ES+), 'H NMR (400 MHz, CDCls): § 5.79 (CH, s, 1H),
4.08 (OH, s, 1H), 4.03 (CH, m, 2H), 3.94 (CH, t, 2H), 2.22 (CHg, s, 3H), 2.19 (CH, s, 3H). 13C
NMR (400 MHz, CDCls): 6 10.946, 13.348, 49.758, 61.598, 104.89, 139.53, 147.75
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2. Synthesis of 1-(2-chloroethyl)-3,5-dimethyl-1H-pyrazole (pyrazole-Cl)

N=
N
CI/// 7j

Pyrazole-OH (5 g, 0.035 mol) was dissolved in chloroform (20 mL) on an ice bath. After that
thionyl chloride (SOCI) (18.8 g, 0.158 mol) was added dropwise to the solution while stirring,
SO, gas escaped as vapour. The addition was completed after 5 min and the reaction was stirred
in an ice bath for one hour and then completed at ambient temperature overnight. The reaction
was monitored using TLC plates. Thereafter, the crude product was treated with 2 x 20 mL of
10% ammonia solution to neutralize the HCI while monitoring using blue litmus paper. The
organics were extracted using chloroform (3 x 20 mL). The pH of the solution was monitored
using litmus blue paper. The combined chloroform extract was then concentrated at reduced
pressure. The target molecule was then isolated via column chromatography as eluent of DCM
Both starting materials have divergent behaviour when spotted on TLC, as SOCl, was not
visible in the iodine tank but visible under short wavelength UV light, while the (2-(3,5-
dimethyl-1H-pyrazol-1-yl) ethanol) was visible only in an iodine tank. However, the desired
product was visible both under UV light and in an iodine tank. All fractions containing the
target molecule were pooled together and concentrated using rotavapour to afford the product
as a golden-brown, viscous oil at room temperature. Actual yield= 3.33 g, 60%. LRMS =159.1
m/z (TOF MS ES+), 'H NMR (400 MHz, CDCls): 6 5.67 (CH, s, 1H), 4.12 (CH, m, 2H), 3.73
(CH, t, 2H), 2.15 (CHs, s, 3H), 2.010 (CH, s, 3H).

3. Synthesis of N-benzylimidazole

Br

H.
N KOH/DMSO ©/\N/\\N
N * <

reflux, 110°C, overnight

1H-imidazole (0.01 mol, 0.68 g) and KOH were crushed and dissolved in DMSO (40 mL) and
stirred at room temperature for 1 h and then refluxed at 110 °C for an additional 1 h. To this
solution was then added benzylbromide (0.01 mol, 1.71 g) dropwise and resulting mixture
refluxed at 110 °C overnight while progress of the reaction monitored with TLC. Thereafter,

chilled water was used to neutralize the unreacted base and all organics extract with DCM. The
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combined organic extracted where then dried with anhydrous MgSO4 and filtered. Removal
of all volatiles and subsequent column chromatography of the crude substance afforded the
target product as eluent of ethyl acetate. The concentration of the eluent led to isolation of
benzyl imidazole as an off-white solid. Yield: 1.30 g, 82%. Mp: 69 — 71 °C. LRMS = 158.08
m/z (TOF MS ES+), 'H NMR (400 MHz, DMSO): § 7.701 (CH, s, 1H), 7.442 (CH, s, 1H),
7.009 (CH, s, 1H), 7.335 (CH, s, 2H), 7.221 (CH, s, 3H), 5.532 (CH_, s, 2H).

Solvent: 20% ethyl acetate: 80% DCM

Unreacted benzyl bromide

. N-benzyl imidazole

_________ r—-———---| 1H-imidazole

4. Synthesis of N-ethyl imidazole

N
KOH/DMSO A
HNY  + g, N"N

S r.t, overnight

Imidazole (2.04 g; 0.03 mol) and excess KOH (2.52 g; 0.045 mol) were crushed together and
dissolved in DMSO (40 mL). The solution was then stirred at room temperature for 5 h. Ethyl
bromide (0.03 mol, 3.27 g) was then introduced dropwise at ice point, using a pasture pipette
with continuous stirring. After the addition was completed, the ice bath was removed, and the
mixture stirred overnight. The reaction content was then diluted with water and the crude
product extracted using the liquid-liquid extraction method with chloroform (6x10 mL) as the
extraction solvent. The organic layer containing the product was washed with water until the
pH was approximately 7 and dried with CaCl,. The product is a beige oil at room temperature.
Yield: 1.96g, 68%. LRMS = 96.06 m/z (TOF MS ES+), 'H NMR (400 MHz, DMSO): § 7.403
(CH, s, 1H), 6.922 (CH, s, 1H), 6.659 (CH, s, 1H), 3.735 (CHa, q, 2H), 1.077 (CHjs, t, 3H).
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2.3.3. Synthesis of pyrazolyl functionalized imidazolium salts

1. Solvent free synthesis of 3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-1-methyl-1H-
imidazol-3-ium chloride (Salt 2.1a)

Cl

N ®C| N 2.1a
N/\\N TN neat, Np, 16 h \N/\\@_/_N _
|§/ 7 |§/N

60-80 °C

N

1-(2-chloroethyl)-1H-pyrazole (1.2 mmol, 0.2 g) was reacted with methylimidazole (1 mmol,
0.1 g) in a using Schlenk conditions neat, at 60-80 °C for 16h. The resultant brown oil (3-(2-
(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-1-methyl-1H-imidazol-3-ium chloride) was cooled, and
a TLC was done to determine the purity of the salt (it showed 100 % conversion). The oil
formed light brown microcrystals when left to stand overnight. The crystals were washed first
with dry ethyl acetate (2 x 10 mL) and then with diethyl ether (until the wash became clear).
The crystals were then vacuum dried. Alternatively, the oil was washed with 10 mL aliquots
of ethyl acetate until the wash became clear and the oil solidified, this is called crash cooling
and results in smaller particles than when slow cooled. Yield: 0.239 g, 99 %. Molecular
Formula: C11H17CIN4. Mp: 170 — 175 °C. LRMS = 205.16 m/z (TOF MS ES+), *H NMR (400
MHz, DMSO-de): 6 9.14 (CH, s, 1H), 7.71 (CH, s, 1H), 7.58 (CH, s, 1H), 5.77 (CH, s, 1H),
4.58 (CHg, t, 2J=11 Hz, 2H), 4.38 (CHa, t, 3= 5.89 Hz, 2H), 3.84 (CHj3, s, 3H), 2.06 (CHs, s,
6H). *C NMR (400 MHz, DMSO-ds): § 146.79, 139.42, 137.05, 123.42, 122.54, 104.96,
48.391, 47.171, 35.663, 13.217, 10.212

Figures 2.1a and 2.1b show salt 2.1a before anion metathesis.
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Figure 2.1a: *H NMR spectrum of salt 2.1a (3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-1-

methyl-1H-imidazol-3-ium chloride)
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Figure 2.1 b: A representative **C NMR spectrum of salt 2.1a (3-(2-(3,5-dimethyl-1H-pyrazol-
1-yl) ethyl)-1-methyl-1H-imidazol-3-ium chloride)
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Synthesis of Salt 2.1b: 3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-1-methyl-1H-imidazol-3-

ium tetrafluoroborate

N
MeOH, N,

Cl
© a BF;, N
N N 4 NSS
NP )+ NaBF - . _°
|§/N_/_ ! r.t, overnight N/\\,\?)_/_N = 21b
I%/

The chloride salt 2.1b (0.50 g, 2.077 mmol) was dissolved in dry MeOH (15 mL) and stirred at
room temperature under N2 gas. NaBF4 (0.228 g, 2.077 mmol) was added and a precipitate

formed immediately and the reaction mixture allowed to stir overnight. Thereafter the reaction
content was filtered and concentrated to 2 mL. The BF4 salt was then precipitated by addition
of diethyl ether (2x10mL), decanted and residual solvent evacuated to dryness to yield the pure
compound as brown powder. Yield: 0.422 g, 99 %. Molecular Formula: C11H17BFsN4. Mp: 84
— 87 °C, LRMS is similar for both salts 2.1a and 2.1b since only the cation is picked up by the
detector. *H NMR (400 MHz, DMSO): Significant up field shift of the imidazolium proton
resonance peak is the only noticeable different between the NMR spectra of both 2.1a and 2.1b.
5 8.82 (CH, s, 1H), 7.63 (CH, s, 1H), 7.49 (CH, s, 1H), 5.79 (CH, s, 1H), 4.54 (CHa, t, 2J=11
Hz, 2H), 4.34 (CHy, t, 3= 5.89 Hz, 2H), 3.38 (CHj3, s, 3H), 2.05 (CHs, s, 6H). *C NMR (400
MHz, DMSO-de): 6 146.84, 139.37, 136.87, 123.48, 122.51, 105.02, 48.457, 47.091, 35.644,
13.210, 10.097

Figure 2.2 shows salt 2.1b
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Figure 2.2: 'H NMR spectrum of salt 2.1b (3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-1-
methyl-1H-imidazol-3-ium tetrafluoroborate)

]

2. Solvent free synthesis of Salt 2.2a: 3-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1-ethyl-1H-
imidazol-3-ium chloride

Cl

Cl N
N N ) AN
N N neat, N,, 16 h
|\\/N + N 2 “ONAD Ng 2.2a
~ N
I%/

60-80 °C

1-(2-chloroethyl)-1H-pyrazole (1.26 mmol, 0.2 g) was reacted with ethylimidazole (1.05 mmol,
0.1 g) inasimilarly as salt 2.1a. TLC was used to monitor the reaction. After 16 h (overnight)
the reaction vessel still contained some unreacted starting material. The salt 2.2a was sparingly
soluble in ethyl acetate and completely soluble in methanol, while all starting material and other
impurities were completely soluble in ethyl acetate; hence column chromatography was used
to purify the crude product which afforded the salt as an eluent of methanol.®® Removal of all
volatiles and drying in vacuum yielded the pure 2.2a as a highly viscous brown oil. Yield:
0.190 g, 71 %. Molecular Formula: C12H19CIN4. LRMS = 219.17 m/z (TOF MS ES+), CHNS
elemental analysis (experimental: theoretical): C=(40.733 %: 40.57 %), H= (7.800 %: 7.52 %),
N= (14.361 %:14.99 %). *H NMR (400 MHz, DMSO-ds): § 9.096 (CH, s, 1H), 7.805 (CH, s,
1H), 7.611(CH, s, 1H), 5.770 (CH, s, 1H), 4.558 (CH>, t, 2J=11 Hz, 2H), 4.381 (CHa, t, 3J=5.89
Hz, 2H), 4.169 (CH,, q, 2J=11.63 Hz, 2H), 2.043 (2CHs d, 6H), 1.349 (CHs, t, 3H). *C NMR
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(400 MHz, DMSO-de): 6 146.79, 139.39, 136.20, 122.64, 122.03, 104.93, 54.903, 48.515,
48.493, 15.286, 13.213, 10.150

Synthesis of Salt 2.2b: 3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-1-ethyl-1H-imidazol-3-ium

tetrafluorobhorate

@CI N

PN / MeOH, N

NN /N + NaBrF, s
|§/N r.t, overnight

BF4 N

@ RS
/\N /\\@_/_N —
N

2.2b

This salt was synthesized using the same method used to synthesize salt 2.1b. The salt, 2.2b
was obtained as a highly hygroscopic pale brown paste. Yield: 0.595 g, 90 %. Molecular
Formula: C12H19BFsN4. *H NMR (400 MHz, DMSO): & 8.858 (CH, s, 1H), 7.729 (CH, s, 1H),
7.533 (CH, s, 1H), 5.783 (CH, s, 1H), 4.532 (CH>, t, 2J=11 Hz, 2H), 4.361 (CHa, t, 3J='5.89 Hz,
2H), 4.1502 (CHa, g, 2J=11.63 Hz, 2H), 2.043 (2CHs s, 6H), 1.347 (CHs, t, 3H). 3C NMR (400
MHz, DMSO-ds): 6 147.39, 139.93, 136.54, 123.08, 122.52, 105.49, 49.062, 47.609, 44.643,
15.702, 13.668, 10.521

3. Solvent free synthesis of salt 2.3a: 1-benzyl-3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-1H-

imidazol-3-ium chloride

Cl
N/J @Cl Ne
@/\l\lz/\\’\l N | /\N neat, N2, 16 h @/\N/\\'\(I_B_/_N _
= 80 °C </ 2.3a

N-benzyl imidazole (0.23g, 1.45 mmol) and 1-(2-chloroethyl)-1H-pyrazole (0.277g, 1.74

mmol) were reacted neat in a Schlenk tube at 80 °C under inert N2 for 16 h. Unlike other salts

synthesized by solvent-free technique, this reaction tends to yield better when ran at higher
temperature than the 60 °C in the analogues salts. The unreacted starting material may be
removed by either (i.) running a column or, (ii.) washing the salt with diethyl ether (both starting
materials are soluble in the ether). The salt precipitated out of solution, and was washed until
the wash became clear, and was vacuum dried to give creamy white powder. Yield: 0.234 g,
51%. Molecular Formula: C17H2:CINs Mp.: 145 — 150 °C. LRMS = 281.18 m/z (TOF MS
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ES+), *H NMR (400 MHz, DMSO): § 9.008 (CH, s, 1H), 7.7714 (CH, s, 1H), 7.6295 (CH, s,
1H), 7.4120 (CH, m, 1H), 7.3179 (CH2, m, 2J= 2.0 Hz, 2H), 5.7328 (CH, s, 1H), 5.3925(CH_,
s, 2H), 4.5669 (CHa, t, 2J= 11.2462 Hz, 2H), 4.3676 (CHa, t, 2J=11.2462 Hz, 2H), 2.0066 (CH3
s, 3H), 1.9601 (CHg, t, 3H). **C NMR (400 MHz, DMSO-ds): 5 146.87, 139.28, 136.55, 134.74,
128.91, 128.67, 128.00, 123.08 122.49, 104.94, 54.863, 51.773, 48.768, 44.643, 13.227, 10.059

Synthesis of salt 2.3b: 1-benzyl-3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-1H-imidazol-3-

ium tetrafluoroborate

Cl N BARSS

© [ MeOH, N N
N/\\®_/_N _ + NaBF4 y IN2 ‘ N/\\’\?)_/_ —
|§/N r.t, overnight I%/

This salt was synthesized using the same method used to synthesize salt 2.1b. The product was
obtained as a highly hygroscopic creamy white paste, which decomposes when exposed to air.
Yield: 0.081 g, 99%, Molecular Formula: C17H2:BFsNs (TOF MS ES+), *H NMR (400 MHz,
DMSO): § 8.9359 (CH, s, 1H), 7.7415 (CH, s, 1H), 7.5979 (CH, s, 1H), 7.4120 (CH, m, 1H),
7.3179 (CHa, m, 2= 2.0 Hz, 2H), 5.729 (CH, s, 1H), 5.3793 (CHa, s, 2H), 4.5626 (CHa, t, 2=
11.2462 Hz, 2H), 4.3613 (CHa, t, 2J=11.2462 Hz, 2H), 2.0072 (CHs s, 3H), 1.9520 (CHa, t, 3H).
13C NMR (400 MHz, DMSO-ds): & 147.42, 139.82, 136.99, 135.18, 129.41, 129.19, 128.52,
123.53, 122.59, 105.46, 52.290, 49.168, 47.509, 13.693, 10.479

4.  Synthesis of salt 2.4a: 3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-1-(4-nitrophenyl)-1H-

imidazol-3-ium chloride

O,N Cl O,N

Q NH @ & Ne 5ua
N . DMSO, 110 °C, N, ~@ /N :
N 0

NN\
N L

Overnight

1-(4-nitrophenyl)-1H-imidazole (0.39g, 2.06 mmol) was dissolved in 1 mL of DMSO and then
1-(2-chloroethyl)-1H-pyrazole (0.39g, 2.47 mmol) was added dropwise and the two were
reacted at 110 °C under inert conditions for 16 h. At the end of the reaction time, the content

was washed with ether (4 x 30 mL) or till the washing becomes clear to displaced the DMSO.
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Residual starting materials are thereafter washed out with ethyl acetate by trapping the salt on
silica in a column. This made it possible to obtain the salt as eluent of ethyl acetate: MeOH
(2:1). Removal of all volatiles in vacuo afforded the pure salt as highly viscous brown oil.
Yield: 0.322 g, 50%. Molecular formula: C16H1gCINsO2, LRMS = 312.15 m/z (TOF MS ES+),
viable CHNS elemental analysis data could not be obtained as the salt quickly imbibed varying
quantities of moisture (FTIR broad peaks at 3349-3355 cm™). 'H NMR (400 MHz, DMSO):
8 10.1084 (CH, s, 1H), 8.4944 (CH, m, 3H, 2J= 8.701 Hz), 8.0746 (CH, m, 2H, %)= 8.730 Hz),
7.8853 (CH, s, 1H), 5.8601 (CH, s, 1H), 4.6892 (CHa, t, 2H, 2J= 10.825 Hz), 4.5323 (CHa, t,
2H, 3= 5.473 Hz), 2.1787 (CH3s s, 3H), 2.0212 (CHj, s, 3H). 3C NMR (400 MHz, DMSO-d):
o 147.61, 146.76, 140.05, 139.06, 136.87, 125.63, 124.01, 122.81, 120.90, 105.32, 48.766,
46.915, 12.975, 10.327

Synthesis of salt 2.4b: 3-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1-(4-nitrophenyl)-1H-
imidazol-3-ium tetrafluoroborate

2.4b

BF
\©\ g N \©\ o N’N\
N’ MeOH, N, NAO /N
NN\® +  NaBF
I%/N_/_ - ) I%/N

r.t, overnight

Salt 2.4b was synthesized similarly to salt 2.1b. The pure salt was obtained as a relatively, air
stable yellowish-brown powder. Yield: 0.232 g, 83 %, Mp.: 127 — 130 °C. Molecular Formula:
C1sH18BF:NsO2, LRMS = 312.15 m/z (TOF MS ES+), 'H NMR (400 MHz, DMSO): & 10.1084
(CH, s, 1H), 8.4944 (CH, m, 3H, %)= 8.701 Hz), 8.0746 (CH, m, 2H, 2J= 8.730 Hz), 7.8853
(CH, s, 1H), 5.8601 (CH, s, 1H), 4.6892 (CH>, t, 2H, %J= 10.825 Hz), 4.5323 (CHy, t, 2H, 3=
5.473 Hz), 2.1787 (CHs s, 3H), 2.0212 (CHj3, s, 3H). *C NMR (400 MHz, DMSO-ds): § 147.59,
146.81, 139.71, 139.05, 136.82, 125.66, 123.99, 122.77, 120.89, 105.19, 49.058, 46.862,
13.110, 10.289
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2.4. RESULTS AND DISCUSSION

This chapter reports on the synthesis and full characterization of ligand precursors with
properties that are beneficial in organic transformations and catalysis. Salt 2.1a has been
previously reported and has shown remarkable activity as a ligand precursor for metal-NHC
complexes applied as a catalyst in the hydrogenation reaction.?® 4!

2.4.1. Synthesis and characterization of starting material

The adaptation of established experimental procedures was used to synthesize the starting
material.?®  First, 2-(1H-pyrazol-1-yl) ethanol was prepared by adding acetyl acetone (acac)
dropwise to 2-hydroxyethyl hydrazine. The OH group was substituted with a Cl group by
reacting 2-(1H-pyrazol-1-yl) ethanol with thionyl chloride at ambient temperature. The
immediate and spontaneous effervescence of gas with a strong odour similar to that of a burnt
match stick suggested the liberation of SO. as a by-product of the addition of SOCI; to the
reaction vessel, the progress of the reaction was monitored using TLC. The nucleophilic
substitution becomes necessary as alcohols are strong bases with a pKa 16-18, thus making the
OH group a poor leaving group. However, halides are good leaving groups and a very poor
base with a pKa value of -8, making the Cl a viable substitute for the OH group on the pyrazole
moiety.5” Other acid by-product, i.e. HCI, was removed from the resulting crude mixture with
the addition of 10% aqueous ammonia solution, while the pH of the solution was monitored
using litmus blue paper. Incomplete removal of the acidic by-product was observed to result
in unsuccessful alkylation of N-substituted imidazole with pyrazolylalkyl chloride to yield
corresponding imidazolium salt. The product, 1-(2-chloroethyl)-1H-pyrazole was purified by
column chromatography. Both 1-(2-chloroethyl)-1H-pyrazole and 2-(1H-pyrazol-1-yl) ethanol
were characterized using NMR, mass spectroscopy and IR.

Figure 2.3 shows a comparison between the proton NMR spectra of 1-(2-chloroethyl)-1H-
pyrazole and 2-(1H-pyrazol-1-yl) ethanol. The absence of the OH proton (labelled €) in the
NMR spectrum of 1-(2-chloroethyl)-1H-pyrazole suggests that the nucleophilic substitution
was successful. Chloride has two isotopes that are NMR active, 3Cl and 3Cl, with 3Cl being
three times more abundant and more sensitive than *’Cl, however, **Cl has a 3/, magnetic spin
with a quadrupolar nucleus resulting in broad, short peaks. The chemical shift of 3Cl is
approximately 1100 ppm. This means that the CH: closest to chloride was split by the adjacent
hydrogens on the CH and the CI group, resulting in a multiplet (d in Figure 2.3). The impurity
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showed by the NMR of 1-(2-chloroethyl)-1H-pyrazole in the aromatic region corresponds to

the solvent peak of ethyl acetate,®® which was a side product of the synthesis reaction.
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Figure 2.3: Comparison between the NMR spectra of 1-(2-chloroethyl)-1H-pyrazole and 2-

(1H-pyrazol-1-yl) ethanoll-(2-chloroethyl)-1H-pyrazole and 2-(1H-pyrazol-1-yl) ethanol.

Analysis by FTIR spectroscopy shows the disappearance of the strong absorption peak at 3238

cm? corresponding to the vibrational stretch of an intermolecular OH in the spectrum of 1-(2-

chloroethyl)-3,5-dimethyl-1H-pyrazole, as opposed to that observed in the spectrum of 2-(3,5-

dimethyl-1H-pyrazol-1-yl) ethanol.

This was positive evidence that the nucleophilic

substitution was successful, which also supports the results obtained from the NMR data
(Appendix A). The FT-IR data is included as Appendix B.

The mass to charge ratio (m/z) of the molecular ion peaks corresponding to each of the

compounds reported herein is equivalent to the molar mass of the compounds because no

fragmentation has occurred and only one electron has been removed or a proton added to make

the species charged. The base peak which is usually the most intense peak is due to the most

stable fragment of each compound. For example, the mass to charge ratio of 2-(3,5-dimethyl-
1H-pyrazol-1-yl) ethanol is 141 m/z for TOF MS ES™, while the mass to charge ratio of 1-(2-
chloroethyl)-3,5-dimethyl-1H-pyrazole was 159 m/z TOF MS ES®, corresponding to the

molecular mass of each compound.
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2.4.2. Synthesis and characterization of pyrazolyl functionalized imidazolium salts

Three of the four of the salts reported in this chapter are new i.e. salts 2.2, 2.3 and 2.4. Two
routes for ligand precursor synthesis were developed successfully for the synthesis of 2.2a,
2.3a, 2.4a. The first route involved a bimolecular nucleophilic substitution reaction (Scheme
2.2), where the halide was displaced from 1-(2-chloroethyl)-3,5-dimethyl-1H-pyrazole
resulting in the formation of a primary carbocation intermediate molecule which is then
substituted by N-methyl imidazole forming salt 2.1a with chloride as the counter ion. Route
two involved 1-(2-(1H-imidazol-1-yl) ethyl)-3,5-dimethyl-1H-pyrazole nucleophilic attack by
the lone pair of electrons on the nitrogen on the polar covalent Me-1 bond thereby displacing

iodide (Scheme 2.3), and forming salt 2.1a with iodide as the counter-ion.
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Scheme 2.2: Illustration of route one for ligand precursor synthesis
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Scheme 2.3: lllustration of route two for ligand precursor synthesis

All the salts were characterized using NMR, mass spectrometry and FTIR. Obtaining viable
elemental analysis data for the salts was difficult as most are hygroscopic solids or oils. This
is common for imidazolium salts.®® However, the clean/ well-resolved NMR data and exact
HRMS results established their purity. Table 2.2 shows some of the physical properties of the

salts such as colour, melting point and phase and chemical composition.
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Table 2.2: Characterization data for the synthesis of the ligand precursors.

Salt ID Ligand M.p./°C Yield /%  Colour & Phase Chemical
Precursor composition
2.1a Me-Imid CI 170-175 99 Beige Solid [Ci1H17N4]" CI
21b  Me-Imid BFy 84-87 99 Beige Solid [C11H17Ng]* BF
2.2a Et-Imid CI - (oil) 71 Brown Liquid [Ci2H1gN4]* CI
2.2b Et-Imid BF4 - (paste) 90 Beige Paste [C12H19N4]" BF4
2.3a Bz-Imid CI 145-150 51 Beige Solid [Ci7H21N4]" CI°
2.3b Bz-Imid BF4 - (paste) 99 Beige Paste [C17H21N4]" BF4
2.4a pNO,Ph-Imid - (oil) 50 Yellowish brown  [C16H1sN5O,]* CI
Cr Liquid
2.4b pNO,Ph-Imid 127-130 83 Yellow Solid [C16H1sNs O2]" BF4
BFs

Salt 2.1a was synthesized using both routes to determine which one was better in terms of
higher conversion, yield and selectivity. The salt synthesized using route one was a brown oily
substance with a lot of impurities observed in the NMR spectrum, hence it required washing
with diethyl ether since all the starting material was soluble in diethyl ether and the desired
product was not. However, the yield was low (48%), which suggested that the selectivity to the
desired product using route one was very low. When ethyl acetate was added to the reaction
vessel containing the product it separated into an oily or gel-like substance that sank to the
bottom of the reaction vessel. This indicated that the product was sparingly soluble in ethyl
acetate while the starting material was completely soluble in the solvent. The LRMS obtained
for this compound showed a lot of fractions in the molecule, which could not be accounted for;
this was a clear indication of possible impurities which corroborated the NMR data obtained
for this salt (Figure 2.4).

The product was purified using column chromatography to separate it from the unreacted
starting material, and was obtained as an eluent of a mixture of ethyl acetate and methanol
(50/50). Subsequent concentration in vacuo led to the isolation of the pure salt as an orange-
brown oil. The salt synthesized using route two was a brown grainy solid. TLC was used to

confirm if any reaction had occurred and its progress. 100% conversion was observed on the
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TLC plate with only the spot for the salt unmoved from the origin in MeOH 100% solvent
system. Both synthesized salts were highly hygroscopic and decomposed in minutes when
exposed to air. The salt synthesized using route two was more stable due to higher purity.
Hence, when the salt synthesized using route two was left overnight in a vacuum-sealed airtight
reaction vessel to cool, it solidified forming pale brown rough granules. This is also the case
as when the crude salt is washed with diethyl ether at least three times after it has cooled to
room temperature. The granules observed when the salt is washed with diethyl ether are smaller
and more defined. Therefore, route two was determined to produce a higher yield and higher
selectivity to the desired product.
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Figure 2.4: Comparison of H! NMR signals of Salt 2.1 synthesized using route 1 (bottom) and
route 2 (top)

The salt synthesis of Salts 2.1 — 2.3 were first attempted using acetonitrile as the solvent;
however, no reaction was observed. Messerle et al. reported that nucleophiles or polar solvents
such as acetonitrile and DMF competed with the N-alkyl substituted imidazole in displacing
chloride from the 1-(2-chloroethyl)-3,5-dimethyl-1H-pyrazole.** This would lead to either the
formation of unwanted side products or no reaction. Messerle et al. used non-polar solvents
such as toluene to synthesize salt 2.1 successfully. Salts 2.1 — 2.3 were therefore synthesized
by a solvent free method by reacting 1-(2-chloroethyl)-3,5-dimethyl-1H-pyrazole and the
imidazole source at mild temperatures. The reaction proceeds via the Sn2 reaction route where

the halide on the 1-(2-chloroethyl)-3,5-dimethyl-1H-pyrazole was displaced by the lone pair of
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electrons on the sp? nitrogen in the substituted imidazole (wingtip substituents are methyl, ethyl,
benzyl and nitrobenzyl). However, the salt required recrystallization to purify it, unlike the
method introduced in this study. No recrystallization was necessary since complete conversion
was observed on a TLC plate. All starting material was soluble in diethyl ether, and all of the
salts (2.1 — 2.3) were not. Hence, washing the salts with diethyl ether was sufficient for salts
2.1a (1-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-3-methyl-1H-imidazol-3-ium chloride) and
2.3a (1-benzyl-3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-1H-imidazol-3-ium chloride), as
they both precipitated out of solution immediately when the diethyl ether was added.

Salt 2.2a (3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-1-ethyl-1H-imidazol-3-ium chloride)
was synthesized by the same method as salts 2.1a and 2.3a, and after several washes with
diethyl ether, the salt remained as an oil. Despite all the washing, preliminary *H NMR
spectrum of the washed salt indicated some level of impurities. Hence, purification was
achieved using the improved technique of column chromatography reported by Ibrahim and
Bala.®® Salt 2.2a was partially soluble in ethyl acetate and completely soluble in methanol.
This required extreme caution to reduce the amount of salt 2.2a discarded with the impurities
since all the impurities were soluble in the ethyl acetate. The impurities were eluted out of the
column using ethyl acetate, gradually the polarity of the elution solvent was increased by adding
methanol. The salt was collected as an eluent of 50 % ethyl acetate: 50 % methanol after all
the impurities had been eluted out. The column was flushed out with 100 % methanol and all

remaining salt was collected.

The reactions were monitored using TLC and at 16 h, the limiting reagent (substituted
imidazole) was fully consumed, and the reaction completed. Ligand precursor 2.1 could also
be synthesized using toluene as the solvent. Unfortunately, the reaction route takes longer and
requires recrystallization with diethyl ether and acetone to purify the salt. Whereas the
solventless method introduced in this report shows a quantitative conversion and selectivity to
the desired product only, hence there was no need for recrystallization. Page et al. reported on
a method where a pyrazole moiety was reacted with formaldehyde under basic conditions
producing a hydroxymethylpyrazole species, which was then reacted with thionyl chloride to
give a chloromethylpyrazole intermediate that could be isolated as a hydrochloric acid salt.
Subsequent reaction of the isolated hydrochloric acid intermediate with two equivalents of N-

substituted imidazole yielded the desired pyrazolyl functionalized imidazole products.?®
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The observed similarity and excellent solubility of synthons for the preparation of salts 2.1a
and 2.3a in diethyl ether was taken to advantage. It allows for the purification of the salts
without much hassle. Thus, simple washing of the crude product with enough diethyl ether
precipitated out the salts as air-sensitive hygroscopic, light beige amorphous solids differing in
texture. 2.1ais isolated as rough, large granules, while 2.3a is very fine powder. The sensitivity
of the salts to air was tested by taking small amounts of each and exposing them to air. Salt
2.1a absorbed moisture and dissolved quicker than salt 2.1b. However, after dissolution, 2.1a
retained its beige colour and 2.1b changed from beige to a dark greenish-black colour
suggesting decomposition. No further analysis was conducted on the salts exposed to air/

moisture.

After the synthesis, the salts were subjected to anion metathesis with the aim to improve their
stability. This objective led to the formation of 2.1b and 2.3b, respectfully from salt 2.1a and
2.3a. Ligand anion metathesis was achieved by stirring methanolic solution of the chloride
salts with sodium tetrafluoroborate. The chloride anion which initially forms the counter ion
on the imidazolium moiety is then substituted by the tetrafluoroborate anion. Consequently, the
precipitated sodium salt is trapped on bed of Celite during filtration. Both salts 2.1a and 2.1b
were characterized by NMR, MS and CHN elemental analysis.

An up field shift in the *H NMR resonance peak for the C2-H imidazolium proton (Figure 2.5),
from 9.14 ppm in the spectrum of salt 2.1a to 8.82 ppm in the spectrum of salt 2.1b suggested
that the imidazolium proton was more shielded after the anion metathesis and thus more stable.
Figure 2.6 shows an *H NMR spectra comparison of salt 2.1 (3-(2-(3,5-dimethyl-1H-pyrazol-

1-yl) ethyl)-1-methyl-1H-imidazol-3-ium) before and after anion metathesis.

Figure 2.5: An illustration C>-H that is affected by anion metathesis
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Figure 2.6: Comparison of the spectra of salt 2.1 (3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-
1-methyl-1H-imidazol-3-ium) before and after anion metathesis

Similarly, at the end of the synthesis reaction, salt 2.2a was obtained as eluent of methanol, and
removal of volatiles afforded the pure imidazolium salt as a golden-brown oil. The ligand
precursor, 2.4a was synthesized by dissolving both 1-(2-chloroethyl)-3,5-dimethyl-1H-
pyrazole and the 1-(4-nitrophenyl)-1H-imidazole in a very minimal amount of DMSO (2.0 mL)
and heating the solution to 110 °C under inert conditions for 20 hours. This was the only
reaction that required somewhat harsh conditions for the formation of desired products to occur.
It is assumed that the failure of the initial solventless technique as applied in the synthesis of
the preceding salts was due to (i.) the steric hindrance from the bulky nitrophenyl wingtip on
the imidazole, making it difficult for the SN ; attack of imidazole on the haloalkyl arm of the 1-
(2-chloroethyl)-3,5-dimethyl-1H-pyrazole; (ii.) high melting point of 1-(4-nitrophenyl)-1H-
imidazole (309 — 311°C),”®"* when compared with that of 1-(2-chloroethyl)-3,5-dimethyl-1H-
pyrazole. Dissolving the two reactants in a polar solvent such as DMSO, coupled by heating
and stirring at a high speed forced the two reactants to interact in solution and react. The harsh
conditions used to obtain the salt resulted in low yields and poor selectivity. At the end of the
reaction time, DMSO is removed by series of washing with diethyl ether, while the pure salt
was obtained as an eluent of methanol from the column chromatography of the crude salt. The
yield of the salt formed from this reaction was modest (54%). This reaction was also attempted
using acetonitrile as the solvent, wherein 1-(4-nitrophenyl)-1H-imidazole was first dissolved in

the solvent and then added dropwise to the reaction vessel containing 1-(2-chloroethyl)-3,5-
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dimethyl-1H-pyrazole. Immediately upon addition, a precipitate formed, indicating that the 1-
(2-chloroethyl)-3,5-dimethyl-1H-pyrazole is insoluble in acetonitrile.

Salt 2.4a was a highly viscous oil that also contained many impurities and side products all of
which were completely soluble in ethyl acetate. At the same time, the salt was only sparingly
soluble in the ethyl acetate and completely soluble in methanol. Hence, purification of the salt
was achieved via column chromatography, and was collected as an eluent of methanol that was
evacuated to dryness before further analysis. The NMR spectrum showed that the salt was

successfully synthesized, and all the expected signals were accounted for.

All the salts contained certain common features such as the ethylene linker (CH2-CH>) between
the pyrazole and the imidazole which is observed at 6 4.5 ppm and 4.3 ppm, the 3,5-dimethyl
group on the pyrazole (CH3 and CH3) were both observed at 6 2.05 ppm, pyrazolyl proton (CH)
observed at 6 5.7 ppm and lastly the two CH protons on the backbone of the imidazole which
is observed at & 7.6 ppm and 7.4 ppm. All these signals were observed in the spectra of all of

the salts and were used as evidence that confirms the successful synthesis of each salt.

2.4.3. Mass spectroscopy analysis

Mass spectrometry analysis was done before anion metathesis; this was because the anion is
not detectable in the positive mode of the MS experiment. Instead, the ligand precursor is a
charged species, and its mass to charge ratio (m/z) is picked up as the positive molecular ion
peak (Table 2.3). The calculated mass to charge ratio gave comparable values to the
experimental, indicating the purity of the compound and confirming its successful synthesis.
The most intense fragments belonged to the molecular ion peaks, representing the molecular

weight of each salt.

Table 2.3: MS experimental data vs calculated data (TOF MS ES™)

Salt ID Ligand Precursor Experimental (Calculated)/(m/z)
2.1 Me-Imid 205.16 (205.15)
2.2 pNO2Ph-Imid 312.15 (312.15)
2.3 Et-Imid 219.17 (219.16)
24 Bz-Imid 281.18 (281.17)
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2.4.4. FT-IR spectroscopy analysis

Fourier-transform infrared spectroscopy, FTIR was used to characterize the functional groups
in the synthesized salts by obtaining the spectrum of the vibrational absorption modes.  Salts
that were oily and paste i.e., salts 2.3b and 2.4a were too hygroscopic and decomposed during
analysis resulting in inconclusive absorption spectra. Hence, their IR data were not reported or
included in the supporting documents. The vibrational frequencies, along with the
corresponding functional groups for the analysed compounds, are presented in Table 2.4.

All the salts contain an ethylene linker between the imidazolyl and the dimethyl pyrazolyl
moieties. This alkyl C-H (sp3) stretching vibration was observed at circa 2950 cm™. The C-C
bending vibration was observed at about 1550 cm™, and corresponds to the aromatic
heterocyclic imidazole and pyrazole rings. A C=N medium and broad bending vibration
belonging to the heterocyclic rings was observed at about 1100 cm™. An equally medium/broad
absorption stretch was observed at about 3384 cm in the spectra of salts 2.1a, 2.1b and 2.3a;
this vibration is due to an N-H single bond stretch that occurs due to electron delocalization in
the aromatic heterocyclic ring. Salt 2.4b (1-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-3-(4-
nitrophenyl)-1H-imidazol-3-ium tetrafluoroborate) or [p-NO2Ph-imid]*[BF4] has a vibration at

1555 cm?, this is corresponding to the bending vibration of NO,.

Table 2.4: Main vibrational frequencies and their corresponding functional groups of the

synthesized ligand precursors

Salt Ligand Aromatic  Alkyl C-H  AlkylC-H  AromaticC- C-N  Aromatic
ID Precursor C-H stretch bend C bend bend N-N
(cm™) (cm™) (cm™) (cm™) (cm (cm™)
1
)
2.1a  [Me-Imid]* [CI] 3119, 2977,2952, 1456, 1421 1640, 1567, 1169 1090
3057, 3010 2858 1554

2.1b  [Me-Imid]*[BFs] 3161, 3102 2969 1458,1427  1557,1578 1186 1029

23a  [Bz-Imid]* [CI] 3133 3033 1496,1443  1675,1566, 1166 1120
1547

23b  [Bz-Imid]* [BF.] - - -

2.4a  [p-NOzPh-Imid]* - - -
[CIT

2.4b  [p-NO.Ph-Imid]* 3161, 3112 2935 1380 1615, 1217 1045
[BF4] 1525
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2.4.5. Elemental analysis

Obtaining accurate theoretical values for CHN elemental composition proved very difficult.
This was due to high moisture sensitivity of the ligand precursors leading to bulk impurity.
Many reports are available in the literature to ascertain this characteristic behaviour of
imidazolium salts and ionic liquids.®® Data showing the experimental values is available in
Appendix D

2.5.CONCLUSION

A series of new pyrazolyl-functionalized imidazolium precursors were synthesized and their
structures characterized by NMR, mass spectrometry, infrared spectroscopy, and elemental
analysis. This chapter aimed to synthesize and characterize the four ligand precursors which
would be later coordinated on to transition metals.

All four ligand precursors were successfully synthesized and fully characterized. Both the
chloride and tetrafluoroborate forms of salt 2.2 are highly unstable in air and hence, susceptible
to decomposition. Specifically, 2.1a, 2.1b, 2.3a, 2.4b were amorphous solids; 2.2a, 2.4a exists
as viscous oils while both 2.2b and 2.3b were pastes. This was observed to be due to electronic
and steric factors impacting the structural properties of the salts. Salt 2.4b was found to be the
most stable been most sterically bulky ligand precursor. Its stability could also be related to the
electronic nature of the phenyl wingtip and its substituent electron-withdrawing nitro group.
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CHAPTER 3

SYNTHESIS AND CHARACTERIZATION OF PYRAZOLYL FUNCTIONALIZED
N-HETEROCYCLIC CARBENE TRANSITION METAL COMPLEXES

3.1. SUMMARY

Pyrazolyl functionalized N-heterocyclic carbene transition metal complexes have attracted a lot
of attention recently, due to their profound catalytic activities in various organic
transformations.”> To the best of our knowledge, some of the synthesized pyrazolyl-
functionalized NHC-metal complexes herein are reported for the first time. Three out of the
four synthesized ligand precursors that were reported in chapter two were stable enough to be
coordinated to the chosen transition metals (Ni, Co, and Cu). The complexes reported in this
chapter were synthesized using the free carbene route and were obtained in low yields (< 35
%). Complex 3.2 was obtained in a meagre yield of 13 %. In total, five complexes were
synthesized; [Co"(p-NO2Ph-imid)z][BF4]2, 3.1; [Cu' (CHsCN)2(p-NO2Ph-imid)][BF4], 3.2;
[Cu ' (Me-imid)(NCCHa)2][BF4], 3.3; [Ni'(p-NO2Ph-imid)][BF4]2, 3.4; and [Ni"(Me-
imid)2][BF4]2, 3.5. Standard spectroscopic and analytical techniques were used to characterize
the complexes. Both the NHC-copper complex, 3.3 and the corresponding NHC-nickel
complex 3.5 are derived from the same NHC precursor salt 3-(2-(3,5-dimethyl-1H-pyrazol-1-
yl) ethyl)-1-methyl-1H-imidazol-3-ium tetrafluoroborate; 2.1b and it is noted that both

complexes were highly unstable. Complexes are 3.1, 3.2 and 3.4 are relatively more stable.

3.2. GENERAL INTRODUCTION

Selective alkane oxidation is still a major challenge in synthetic chemistry. Over the years,
many important breakthroughs have been reported in biomimetic catalysis such as, the first
copper-based catalyst consisting of additives such as oxidants, pyridine, and acetic acid to
increase the activity reported by Barton et al.”® Metals such as copper and iron can be found in
the active sites of enzymes such as methane monooxygenases in the family of cytochrome P450,
which offer excellent activities for the selective oxidation of C-H bonds.>® It is for this reason
that first row transition metals such as nickel and cobalt (these possess very similar properties
to iron) are considered to have a great deal of potential as selective alkane oxidation catalysts,
under the right conditions and with the appropriate additives.
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Although iron and copper complexes may be considered the most promising alkane oxidation
catalysts because of their biomimetic properties, other metals such as Mn™*, Os”®, and Ru®® have
been studied successfully and reported as good alkane oxidation catalysts. Some studies show
that Ni(ll) can replace Fe(ll) in some catalytic systems. Similarly, in some instances, Ni(ll)
based catalysts have shown potential for higher turnover numbers (TON) than Fe(ll), Co(ll)
and Mn(I1) based catalysts given that they all had contained the same ligand.>®

The type of ligand coordinated to the metal centre is as important as the metal centre itself.
Chelated ligands or polydentate ligands have resulted in more stable and more active
complexes. Polydentate N-heterocyclic carbene ligands that have been reported are mainly
bidentate, and tridentate-mer (pincer) type ligands first coordinated to palladium, and then later
other metals in the platinum group series that include Rh, Ru and Ir."® The strong bonds
between NHCs and transition metals (TMs) have sparked an interest in these ligands for
applications in organic transformations through catalysis, molecule activation, and biomimetic
chemistry.”” The compatibility of NHCs as ligands for TM catalysis due primarily to the
distinctive c-donor ability with an unpaired lone pair of electrons (sp? hybridized) available for
donation into the empty c-accepting orbital of the transition metal.3” However, despite the
strong interactions between NHCs and transition metals, major complications still exist for such
complexes. For example, the NHCs’ electronic and structural factors are known to generate
conditions wherein the ligands become particularly susceptible to reductive elimination.>*

For thermodynamic stability of NHC-TM complexes; a square planar geometric arrangement
is preferred. Other geometric arrangements such as a tetrahedral geometry, result in minimal
interactions between the orbitals which leads to decomposition of the catalyst, in some instances
even before effective catalysis can occur.”°® The impact of this unwanted reaction can be
reduced by increasing the dihedral angle between the plane of the carbene ligand and that of
the coordination plane, thus increasing the overlap of interacting orbitals, hence, improving the
stability of the complex.®® One obvious way to achieve this would be the use of relatively

inflexible chelating NHC-based ligands.>!

The vast majority of catalytic studies involving donor functionalized NHC-metal complexes
have focused on palladium-catalysed C—C coupling reactions, such as Heck and Suzuki.l’
NHCs as organocatalysts have high activity in the construction of C-C and C-X bonds (X= O
or N) under relatively mild conditions. Other examples include complexes of Ni(ll) in olefin

polymerization reactions.’”® Donor functionalized NHCs are ligands consisting of at least one
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other anionic or neutral two electron donor atom (e.g. C, N, P, O, or S) which can act as a
polydentate ligand once coordinated to the metal.®® N-donor compounds are different from
NHCs because they form much weaker and more labile metal-ligand bonds.?® The lability of
the ligand can result in the reductive elimination of the ligand under favourable conditions
leading to catalyst decomposition. However, when the weaker labile ligand is tethered to the
stable NHC it results in hemilability. That means upon coordination, the ligand partially
behaves in a bidentate fashion with the strong c-donating NHC anchored to the metal centre
and weaker N-donor able to selectively dissociate from the metal centre.**5! In the family of
N-donor functionalized NHCs, pyrazolyl functionalized NHCs have attracted the most research
interest because of the versatility in the coordination chemistry of pyrazole based ligands and
the high catalytic activity of their complexes.*® In addition to this, pyrazole and its derivatives
have proved to be very good dinucleating ligands (this allows for the formation of shorter and
stronger metal-metal bonds), leading to bimetallic complexes.”® Much like N-heterocyclic
carbenes, the electronic and steric effects of pyrazolyl functionalized ligands can be fine-tuned
by changing the substituents on the pyrazole ring.*®

Complexes containing hemilabile ligands have been successfully applied as hydrogenation
catalysts?® (with the platinum group metals), in C-C coupling reactions'’ and most recently as
oxidation catalysts (using transition metals such as Ni, Co, and Cu)*® . Studies such as these
validate that chelating ligand systems can provide a degree of stability against the facile
reductive elimination process previously noted for monodentate NHC or N-donor

functionalized ligands.

Most published articles on donor functionalized NHCs (NHC-X donor ligands) where X is N,
P, C, O or S, are reported with the platinum group metals (PGM) or other precious metals as
the central atom. This is because they provide more stable and active catalysts. It is possible
that by changing the metal centre and maintaining the same architecture, the new complex
synthesized may function as a catalyst for a whole different type of reaction. For example, a
hemilabile pyrazolyl functionalized NHC complex of palladium (Pd?*) functions as an excellent
catalyst for both Suzuki and Heck cross-coupling reactions in ionic liquids,*” while a rhodium
complex of the same ligand functions as an excellent hydrogenation catalyst.?® However, one
major disadvantage of precious metals is that they are costly and often toxic. For those reasons,
researchers are increasingly considering first row transition metals such as nickel (Ni), copper

(Cu), and cobalt (Co) as alternatives because they are cheaper and less toxic.*"8 !
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Cu-NHC complexes have a wide range of applications in organic synthesis, such as
hydrosilylation, conjugate additions, allylic alkylation reactions, and cyclopropanation. Yet,
very few Cu-NHC complexes have been reported to be successfully synthesized and isolated
due to their highly unstable nature in air or solution.®? Amongst the reported Cu-NHC
complexes, the most well-defined examples were prepared by reacting free carbenes with an
appropriate copper source using strong bases under inert conditions.®® Other reported
successful synthesis of the Cu-NHC complexes was via the transmetalation of an intermediate
NHC-Ag to the desired copper.*’

For practical reasons, the Ag2O route is favoured for the synthesis of precious metal-NHC
complexes. The main advantage in the use of Ag-NHC intermediate complex for
transmetalation lies in the selectivity of the Ag»O to the imidazolium C> proton. Hence, other
acidic protons that might be within the framework of the NHC precursor are excluded in the
basic deprotonation by Ag.0, and retain their forms in the intermediate Ag-NHC generated.®
Although first row transition metal-NHC complexes can be prepared using either the free
carbene and transmetalation routes depending on the sensitivity of other donor groups to
strongly basic condition, it has been reported that synthesis using the free carbene route resulted

in better yields.*’
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3.3. SYNTHESIS AND CHARACTERIZATION OF PYRAZOLYL
FUNCTIONALIZED NHC COBALT(I1) COMPLEX

3.3.1. METHODS AND MATERIALS

Unless stated otherwise, all solvents and reagents used in this section of the study were HPLC
grade and dried using the appropriate methods for solvent drying. The ligand precursors used
in this study showed better stability. The free carbene route was used to synthesize all
complexes under inert conditions (N2 atmosphere), using standard Schlenk techniques. All
glassware was washed with water and soap thoroughly and then rinsed with crude methanol
and dried in an oven at 110 °C before use. All Schlenk tubes and other glassware are cleaned
and dried in the oven at 105 °C. They are then cooled under N2 before the addition of reactants.

NO,
S N
o [l} i excess K'BuO, (/\ N>/E\
. N RAS
BF, @ N/ MeOH, stir, rt, N, 5 h N

ii: CoBr, (0.5 equiv.), S _
stir, rt, N,, 20 h N C 2BF,

N

N/

N g
O i O
p@

NO,
2+

N
N
N
S
o

7

l
O,N
2.4b 3.1

Scheme 3.1: Synthesis of Co(I1)-NHC complex 3.1
1. Synthesis of [Co"(p-NO2Ph-imid).][BFa], (3.1)

To an orange methanolic solution of 2.4b (0.260 g, 0.651 mmol) in a degassed Schlenk tube
was added 4 mol equivalent of potassium tert-butoxide (0.293 g, 2.606 mmol) with continues
stirring at room temperature. The resulting bright purple solution that indicated rapid
deprotonation taking place was then stirred at room temperature for 5 h, after which anhydrous
CoBr; (0.0712 g, 0.326 mmol) was added, and the solution turned cloudy brown almost

immediately with the formation of a precipitate. The reaction was refluxed overnight for 20
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hours, and at expiration of the reaction time, the colour of the mixture was thick dark brown,

indicating more precipitation had occurred over time.

The solution was filtered, and while the precipitate expected to be a mixture of corresponding
displaced potassium salt or unwanted side products are trapped on the bed of Celite. The filtrate
is thus concentrated to about 2 mL, and diethyl ether (10 mL) was then added, and the complex
precipitated out immediately. It was then washed with more diethyl ether (3x10 mL) until the
washing became clear and then vacuum dried. The product showed physical paramagnetic
property as it adheres to the magnetic stirrer bar and was obtained as a highly hygroscopic
reddish-brown free-flowing powder that melts at 280 °C and decomposes after that. Yield: 0.08
g, 32 %; Mp: 279 — 281 °C. LRMS = ~373.1 m/z (TOF MS ES’) fragment belongs to one half
of the complex i.e. one part of salt 2.4b coordinated to the cobalt metal centre. The complex is
doubly-charged in MS with a mass to charge of 681/2, this accounts for the peaks observed at
~681 and ~340 m/z. Poorly resolved H and slightly less poorly resolved *C NMR, an
indication of paramagnetic nature of the complex. **C NMR (600 MHz, DMSO-ds): § 139.82,
136.99, 135.18, 129.41, 129.19, 128.52, 123.53, 122.95, 105.46, 49.168, 47.509, 13.693,
10.479

Thus only the *3C NMR was reported for this complex. The disappearance of the carbene carbon

signal is due to a longer relaxation time in the collection of FID, which is common for such

NHC-metal complexes.5®

White = H atoms
Grey = C atoms
Blue =N atoms

Navy =Co

Figure 3.1: 3D structural representation of complex 3.1
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3.3.2. RESULTS AND DISCUSSIONS

This study was aimed at synthesizing and characterizing a pyrazolyl functionalized NHC
cobalt(Il) complex. The complex was synthesized by direct deprotonation of the most acidic
proton in the ligand precursor which is the imidazolium C-H. The procedure involved the use
of strong base, tBUOK (potassium tert-butoxide) in methanol, before introducing the metal
source, and then allowing the reaction to complete over a period of 20 h. The time frame for
the reaction to reach completion was chosen based on studies conducted during the synthesis
of complex 3.1 to determine when the highest yield of the desired complex was obtainable, and
information from related literature®®’. The maximum yield was observed at around 16 — 20
with no further conversion of the reactants thereafter. The choice of methanol as the solvent
was because all the starting materials and the base are highly soluble in it.

The coordination of cobalt(Il) to salt 2.1b was attempted via direct deprotonation with the aid
of tBuOK as the strong base and by transmetalation of an intermediate Ag-NHC complex.
However, the latter route was discontinued due to longer time frame of the reaction and the
sensitivity of the Ag-NHC to UV light. With the free carbene route, all side products of the
reactions formed after each stage precipitated out of solution, leaving only the desired product

in the solution which made its purification very simple.

The observation of colour changes as each reactant was added at different stages of the reaction
was the first indicator that a reaction was occurring. Cobalt(I1) complex 3.1, derived from 2.4b
was isolated as a solid powder with a reddish colour, typical of cobalt(11)-NHC complexes.””
The complex is highly hygroscopic upon exposure to air and decompose upon prolonged
exposure to air. The reddish micro crystalline solid particles also stuck to the magnetic stirrer
after purification was completed. However, several attempts to grow crystals suitable for single

crystal X-ray analysis were futile.

3.3.2.1. NMR analysis

NMR was used as the first tool to investigate whether the integrating complexes were
successfully synthesized. Both *H and **C NMR analysis were conducted. In the proton NMR,
the disappearance of the most downfield signal (& ~ 10, singlet integrating for 1H) which
belongs to the most acidic proton of the imidazolium Cy-H, would indicate that the
deprotonation was successful. Theoretically, a downfield chemical shift would be observed for
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the aryl and alkyl structural groups in the complexes in comparison to the ligand precursor(s).
This would indicate a reduction in the electron density of the complex, which is evidence that
the coordination was successful.38 The 'H and *C NMR of complex 3.1 supported this as,
shown in Figure 3.2 and Figure 3.3.
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Figure 3.3: *H NMR for complex 3.1

The ligand is neutral, and the Co(ll) centred complex contained high spin d7 metal ions in a
tetrahedral arrangement. The NMR experiment had to be run multiple times on the 600 Hz

NMR to obtain a reasonably resolved spectrum due to the paramagnetic nature of the Co(ll)
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complex. The NMR spectra for 3.1 indicated that the complex was symmetrical with two
molecules of the ligand coordinated to the Co(11) metal centre. The 3C NMR resonance signals
for the carbons in the heterocyclic rings were the most poorly resolved, and the signal for the
carbene carbon disappeared into the baseline. This situation is similar to what was reported for
other Co-NHC complexes and was attributed to decomposition during the collection of FID.®

3.3.2.2. Coordination geometry

Cobalt(I1) results in a tetrahedral or square planar geometrical arrangement.® In the cobalt
complex reported herein, i.e. 3.1, the bis-ligated (C,N) NHC ligand promotes a symmetric (CN-
Co-NC) arrangement. The coordination number in the complex is 4, and thus permits either
tetrahedral or square planar geometries. The broadness of *H NMR for 3.1 (Figure 3.3) with
the complimentarily, lack of the expected far downfield carbene signal in its **C NMR spectrum
(Figure 3.2), suggest that the complex exhibits behaviour typical of paramagnetic high-spin
Co(ll) ions in a tetrahedral geometry.*® A downfield chemical shift of the ethylene linker signal
can be observed. This is due to the electron density of the ethylene linker being pulled by the
electron deficient metal centre, leaving the linker deshielded. The colour of 3.1 was a vibrant

reddish-orange.

Figure 3.4 shows the predicted partial dissociation of the N-donor atom of CN donor ligand
based on literature.** The hemilability of a ligand has shown excellent properties that have
vastly improved the catalytic activity of the complexes. When the weakly bound donor atom
of the ligand dissociates from the metal centre, it leaves open a vacant site for the catalysis to
take place. This allows for the metal centre to interact with the substrate and activate it while
stabilizing the intermediate species. The first successful hemilabile complex was first reported
for Ir(1) catalysts for hydrogenation by Korbinian et al.** The salts used were very bulky
heteroaryl imidazolium salts that did not contain any free rotating sp® alky! linkers which made
them more stable and rigid. This possibility for free C-C bond rotation by the ethylene linker
between the pyrazole ring (N-donor) and the imidazole ring (C-donor) in the ligands also
contributed to the difficulty in obtaining crystal structural data for the complexes reported in
this study.
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Figure 3.4: Depiction of the anticipated partial dissociation or hemilability of ligand from the
cobalt centre in 3.1.

3.3.2.3. Mass Spectrometry analysis

The molecular ion peak mass to charge ratio (m/z) of 3.1 can be characterized as its molecular
weight with the exclusion of the counter ion, (m/z) = [M — BF4]?*. The second fragment (base
peak), which belongs to the most stable ion and is available in greater abundance and
corresponds to the loss of one ligand motif from the molecular ion, i.e. (m/z) = [M — 2BF4 —
NHC ligand]*. The base peak shows the most stable fragment of the molecule and was detected
more abundantly than other fragments as supported by its peak intensity. The calculated m/z
and experimental m/z are comparable. The mass spectrometry data confirmed that complex 3.1
was symmetrical, with mass for half of the molecule observed as shown in fragmentation
Scheme 3.2. The base peak of the MS spectrum for 3.1 is (m/z) = 373.1, which is comparable
to the calculated base peak of (m/z) = 372.1. The complex is doubly-charged in MS with a
mass to charge of 681/2, this accounts for the peaks observed at ~681 and ~340 m/z. The peaks
at ~681 and ~340 m/z had relatively low intensities and thus were not labelled by the instrument.
Their low intensity is due to the instability of the complex.
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Scheme 3.2: TOF — MS Fragmentation pattern of complex 3.1
3.3.2.4. FT -IR Spectroscopy Analysis

Fourier-transform infrared spectroscopy was used to investigate the vibrational modes of the
functional groups for 3.1. The alkyl C-H stretching vibration in 3.1 was observed at 2941 cm’
1 and corresponded to the ethylene linker between the imidazolium and the dimethyl pyrazole
moieties.® C-H stretching vibrations observed at 3183 cm™ and 3107 cm™ were assigned to
the aromatic C-H functional group. NHC precursor 2.4b has a vibration at 1555 cm™
corresponding to the bending vibration of NO2. However, upon coordination of the ligand motif
This is

similar to the observed shift in reported Co-NHC complexes.®® A broad weak bending vibration

to the metal, the vibration belonging to the NO, was observed at about 1602 cm™.

accounting for N-N functionality in pyrazole ring was observed at about 1128 cm™.%
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3.4. SYNTHESIS AND CHARACTERIZATION OF PYRAZOLYL
FUNCTIONALIZED NHC COPPER(lI) COMPLEXES

The oxidation of paraffins under mild conditions and producing the desired products in high
yields remains a problem to synthetic chemists to-date. Many metalloenzymes that perform
alkane oxidations in nature at high reaction rates and perfect selectivity contain copper and iron
ions in their active sites. Many catalytic systems that contain this metal ion have been
developed to mimic the performance of enzymes in oxidation reactions. Hence, in this section

pyrazolyl functionalized NHC-Cu(l) complexes are presented.

R N,R
o [ N i excess K'BuO, (/\ *
X N/) MeOH, stir, rt, Ny 5 h N NCCH3
H ii: [Cu(CH3CN),][BF 4], % /
stir, rt, Np, 20 h Cu
N, — o | N‘N/ \ BF,
\ /N / NCCH3
2.1a: R=Me, X =ClI 3.2: R = p-NO,CgHy,
2.4b: R = p-NO,CgHy, X = BF, 3.3:R=Me

Scheme 3.3: Synthesis of Cu(l)-NHC complexes

3.4.1. METHODS AND MATERIALS

1. Synthesis of [Cu' (CH3CN)2(p-NOPh-imid)][BF4] (3.2)

To a methanolic solution of 2.4b (0.110 g, 0.259 mmol) initially deprotonated with tBuOK
(0.120 g, 1.04 mmol) was added dropwise, an acetonitrile solution of Cu(l) precursor,
[Cu(CH3CN)4][BF4] (0.0407 g, 0.259 mmol) (Scheme 3.3). The addition caused the initially
orange solution to immediately turned cloudy reddish-brown, with formation of a precipitate.
The reaction was continued at room temperature overnight for 20 hours. More precipitation
occurred over time, while a thick dark brown solution ensued at the end of the reaction. The
orange-brown supernatant was filtered over a bed of Celite and concentrated to about 2 mL.
The addition of ether prompted the precipitation of red solid which was filtered and washed

with more ether (3x10 mL) till the wash was clear. The solid was then vacuum dried to afford
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the Cu(l)-NHC complex, 3.2 as a reddish-brown solid. Yield: 0.041 g, 36 %, Mp: 78 — 79 °C
and decomposes at 80 °C. LRMS: (m/z) = 475. *H NMR (400 MHz, DMSO-ds): 5 8.2416 (CH,
m, 3H, 2J= 2.6030 Hz), 7.9601 (CH, m, 4H, 2J= 8.4719 Hz), 6.7751 (CHa, t, 2H), 6.6087 (CH,,
t, 2H, 2J= 8.7924 Hz), 5.7776 (CH, s, 1H), 1.231 (2CH3s s, 6H), 0.8510(CHs, s, 3H).*C NMR
data was not available due to possible decomposition during the collection of FID.5°

2. Synthesis of [Cu' (Me-imid)(NCCHs)2][BF.]. (3.3)

Complex 3.3 was synthesized using the same method as complex 3.2, by reacting deprotonated
2.1a (0.7 g, 2.397 mmol) with the Cu precursor (0.1077 g, 2.397 mmol). The product was a
highly hygroscopic brown amorphous solid. Mp: 80 - 85 °C Yield: 0.336 g, 32 %. LRMS: (m/z)
= 355 m/z. 'H NMR (400 MHz, DMSO-d6): & *H NMR (400 MHz, DMSO-de): 5 8.5016 (CH,
s, 1H), 5.7460 (CH, s, 1H), 4.0778 (CHg, t, 2H, 2J= 12.3268 Hz), 3.8149 (CH, t, 2H, 2J=
12.4068 Hz), 3.1589 (CH, s, 1H), 3.0956 (CH, s, 1H, 3J= 2.7215) 1.9972 (CHs s, 3H), 1.6152
(CHs, s, 3H), 0.8510(CHjs, s, 3H). *C NMR (DMSO-ds): & 166.721, 152.95, 146.77, 139.56,
111.92, 110.87, 105.03, 48.900, 47.070, 30.244, 13.788, 10.542.

3.4.2. RESULTS AND DISCUSSIONS

This section of the study was aimed at synthesizing and characterizing pyrazolyl functionalized
NHC copper complexes. These complexes were synthesized by way of direct deprotonation
which entails the generation of free carbenes. This was achieved by deprotonating the ligand
precursors using a strong base in a suitable solvent under inert (air and moisture-free)
conditions. In this study, potassium tert-butoxide in dried methanol was used.*® Each salt was
first dissolved in dry methanol and stirred at room temperature under an atmosphere of nitrogen
gas, and then the strong base was added (Scheme 3.3). This resulted in immediate colour
changes suggesting deprotonation was rapid. The reaction was stirred for about five hours. The
resulting free carbene was then be reacted with an appropriate metal source [Cu(NCCHz3)4][BF]
to obtain the desired corresponding complexes. Colour change was one of the first indicators

that a reaction was taking place.

The copper complexes were all highly hygroscopic and were characterized by NMR, IR, and
MS spectroscopies. Both complexes showed solubility in DMSO in high dilution. This makes
their yield low (< 50%) and further characterization like SCXD analysis difficult.
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3.4.2.1. NMR analysis

Proton NMR analysis was used to determine the deprotonation of the base to form the free
carbene, this was confirmed by the disappearance of the most acidic proton C,-H. A downfield
chemical shift was observed for the aryl and alkyl functional groups in the complexes compared
to the ligand precursors indicating a reduction in the electron density of the complex. This was
observed for all the complexes.

By virtue of the counter-ion on the Cu precursor, both 2.1a and 2.1b are expected to give the
same Cu-NHC complexes bearing a BF4 counter ion. Although, a preliminary synthesis was
conducted using 2.1b, the resulting complexes were very unstable and difficult to characterize.
Hence, the use of the ligand precursor 2.1b was discontinued for the synthesis of the Cu-NHC
complexes. The corresponding Cu complex, 3.3 synthesized from salt 2.1a was much more
stable and provided enough spectroscopic data for characterization. A downfield chemical shift
of the aryl carbons was observed; this indicated that the electron density of the aromatic rings
had decreased due to the electron-withdrawing effect of the metal. Two additional signals were
observed in the *3C NMR; these signals were consistent with the presence of the NCCHj ligand
in the complex. Figure 3.5 and Figure 3.6 compares the *C and *H NMR spectra of both ligand

precursor, 2.1a and the corresponding Cu-NHC 3.3 respectively.
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Figure 3.5: *C NMR spectra comparison of complex 3.3 vs Salt 2.1a
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Figure 3.6: *H NMR spectra comparison of complex 3.3 vs Salt 2.1a

The effect on the electron density of the carbons before and after coordination was greatest on
the aryl carbons. After coordination, the two (a and b) of the five aryl carbons shifted
downfield, indicating that the electron density around these carbon atoms had decreased. One
of the aryl carbon (c) remained at its position while the other two (d and e) shifted upfield,
indicating that the electron density around those carbons had increased. Although these
chemical shifts were slight, they were an indication that coordination was successful. In both
the *H and *C NMR, the signals in the complex spectrum are further apart than the signals in

the ligand spectrum. This is due to the metal-ligand coordination.®?

To understand the effect of different metal centres coodinating to NHC ligand derived from
2.4b, a comparison was made between the *H NMR spectra of 3.1 and 3.2 (Figure 3.7). In both
complexes a downfield chemical shift of the ethylene linker (-CH2-CH>-) can be observed and
in both complexes the ethylene linker can be observed at approximately the same position. The
same can be said for the methyl groups on the pyrazole ring. According to the spectrochemical

series for metals, copper and cobalt have very similar effects on ligands.
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Figure 3.7: *H NMR comparison between Co-NHC complex 3.1 and Cu-NHC 3.2 bearing same

ligand motif

3.4.2.2. Coordination geometry

Copper was chosen as a metal centre because it is one of the earth’s most abundant metals.%-%
Copper complexes have been renown as catalysts for mimicking nature in some oxidation
reactions.”® Some enzymes that play key roles in the oxidation reactions of many organic
compounds contain copper as the metal in their active sites.>> However, less is known about
copper complexes catalysing oxidation reactions of saturated hydrocarbons.®®

The coordination and geometry of copper complexes depends on the oxidation state of the
metal. The complexes synthesized here are Cu' complexes, thus the geometry of these
complexes can range from trigonal planar, tetrahedral, square planar etc.” The coordination
number of the complexes reported in this study is four, indicating that 3.2 and 3.3 have
tetrahedral or square planar geometry. The reddish-brown and brown colours for 3.2 and 3.3

respectively, are typical colours for such Cu(l) complexes.®®
3.4.2.3. Mass Spectrometry analysis

Mass spectrometry data was collected for complexes 3.2 and 3.3. The MS signals reported here
belong to the major fragments of both Cu(l) complexes studied. A peak was observed at ~ 457
m/z on the spectrum belonging to 3.2. This peak corresponds to the molecular weight of the
complex. A peak at ~ 416 m/z consistent with the loss of one NCCH3 ligand and another one at
~ 373 m/z consistent with the loss of both NCCH3s ligands were observed.  Further

fragmentation corresponding to the salt 2.4 and the loss of the dimethylpyrazole group from
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Chemical Formula: CogH,4CuN;0,

salt 2.4 were observed, with the most intense peak belonging the remaining 1-ethyl-3-(4-
nitrophenyl)-2,3-dihydro-1H-imidazole. The values obtained are comparable to the calculated
one within acceptable limits. Schemes 3.4 and 3.5 show the fragmentation patterns for both
Cu(l) complexes.

NO2 N02 N02
N NCCH N N
[ 3 3 N\ NCCH;, I
N)\Cu &» g‘)\Cu/ -NCCH; [N)\Cu
N
NH / NCCHj 2 (
‘N N. .
3.2
[M - NCCH,J* [M - BF4 - NCCHj]

Chemical Formula: C4gH,1CuNgO,
m/z:cal. 416.1022
Experimental: 416

m/z: cal. 457.1287

Experimental: 457 m/z: cal. 375.0757

Experimental: 373.1109

Scheme 3.4: MS fragmentation for 3.2

The signal on the MS spectrum at ~355 m/z corresponds to the molecular mass of 3.3. This
indicates successful formation of the complex. The base peak was observed at 308 m/z and
corresponded to the loss of NCCHs ligand from the complex. Further fragmentation was also

Chemical Formula: C1gH;5CuN5s0O,

Experimental: 355.1877

observed at ~267 m/z corresponding to the loss of the second NCCHj3 ligand.
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Scheme 3.5: MS fragmentation of 3.3
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3.4.2.4. FT —IR Spectroscopy

Fourier-transform infrared spectroscopy was used to investigate the vibrational modes of the
functional groups of complexes 3.2 and 3.3 by obtaining the spectrum of absorption and
emission. Both complexes were solids; however complex 3.3, was very sensitive to air and
absorbs moisture from the air on exposure. This caused some difficulties in obtaining a more
resolved FTIR spectrum for the complex.

Both complexes contained an ethylene linker between the imidazolium and the dimethyl
pyrazole, this alkyl C-H stretching vibration was observed at about 2939 cm™. On the other
hand, the corresponding aromatic C-H stretching vibration was observed at about 3184 — 3104
cm™. When salt 2.4b coordinated to copper in the formation of 3.1; the strong bending vibration
frequency belonging to the nitro (NO) functional group bound at the para position on the
phenylimidazolyl group was observed at about 1601 cm™. This is also similar to that observed
via FTIR analysis for Cu-NHC complex, 3.2. This was also indication of a successful
metalation. A weak and broad N-N bending vibration belonging to the pyrazole ring was
observed at about 1128 cm™. A strong bending vibration was observed at about 1342 cm™ on
the spectra of both complexes, and this vibration belongs to the aromatic amine functional group
(C-N). Table 3.1 shows the significant vibrational frequencies and their corresponding

functional groups for each complex.

Table 3.1: Main vibrational frequencies and their corresponding functional groups for

complexes 3.2 and 3.3

Complex  Aromatic C- Alkyl C-H AlkylC-H Aromatic C-C Aromatic C-N Aromatic N-

H/ cm? stretch/ cm™ bend/cm bend/cm™ bend/ cm™* N/ cm?
3.2 3177, 3105 2779 1478 1557 1317 1068
3.3 3184, 3104 2939, 2786, 1460, 1431 1590 1381, 1347, 1322 1055
2705
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3.5. SYNTHESIS AND CHARACTERIZATION OF PYRAZOLYL
FUNCTIONALIZED NHC NICKEL(Il) COMPLEXES

R N R 1%
N’ i t (/\N’
° [) i: excess K'BuO, N7 |
~ i N L
BF, oN MeOH, stir, rt, N, 5 h SN
ii:NiCl,(DME), S _
stir, it, Np,20h N /N' % 2BF,
N\N | N \/N
/
\ N\/)
— R/ —
2.1b: R =Me 3.4: R = p-NO,CgHy X =BF,
2.4b: R = p-NO,CgH4 3.5: R =Me, X=BF,

Scheme 3.6: Synthesis of NHC-Ni(Il) complexes

3.5.1. METHODS AND MATERIALS

1. Synthesis of 3-(2-(3,5-dimethyl-1H-pyrazol-1-yl)  ethyl)-1-(4-nitrophenyl)-1H-
imidazol-3-ium Ni(ll) BF4(3.4)

Nickel(I1)-NHC complex was synthesized using the same method as complex 3.1 by reacting
deprotonated 2.4b with NiCl,(DME) in dry methanol (Scheme 3.6). 3.4 was obtained as a
hydroscopic reddish-orange solid. Yield: 55%, Mp: 75— 78 °C. Yield = 0.0306 g, 55 %. LRMS:
(m/z) = 590. 'H NMR (400 MHz, DMSO): § 8.5187 (CH, s, 2H,), 7.9630 (CH, s, 2H, 3J=
9.1234 Hz), 6.7555 (CH, s, 2H), 6.6065 (CH, m, 1H, 2J= 9.1626 Hz), 5.7779 (CH, s, 1H),
3.9508 (CHz, m, 4H, 2J=12.9499 Hz), 1.6223 (CHs, s, 3H), 1.2317 (CHjs, s, 3H). *C NMR data

was not available due to possible decomposition in the collection of FID.%°

2. Synthesis of 3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-1-methyl-1H-imidazol-3-ium
Ni(ll) BF4(complex 3.5)
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Complex 3.5 was synthesized using the same method as complex 3.2 with the ligand precursor
being 2.1b. The complex was isolated as a hydroscopic pale-yellow powder. Yield: 1.54 g,
29%. Mp: 58 — 60 °C. LRMS = 470 m/z. 'H NMR (400 MHz, DMSO): § 5.5330 (CH, s, 2H),
4.7179 (CH, s, 1H), 4.1477 (CHz, m, 4H, 2J= 123.6647 Hz), 1.8838 (CHs, s, 3H), 1.6055 (CHs,
s, 3H), 1.2341 (CHjs, s, 3H). 3C NMR data was not available due to possible decomposition in

the collection of FID.5°

3.5.2. RESULTS AND DISCUSSIONS

This study was aimed to synthesize and characterize pyrazolyl functionalize NHC-Ni(ll)
complexes for the catalytic activation of alkanes. Nickel was one of the three transition metals
selected for this study due to its similarities in catalytic activity with copper.®®

Most reported nickel(I1)-NHC complexes were synthesized using the transmetalation route,
where the ligands were weakly coordinated to Ag. The intermediate Ag-NHC could be stable
for isolation and possible characterization, while in most cases, it is used in situ to transfer the
ligand to the desired metal.? The synthesis of both 3.4 and 3.5 were attempted via the
transmetalation of corresponding intermediate Ag-NHC complexes. However, the end
products in the preliminary synthesis of the Ag-NHC had very low yields, and were also
contaminated by impurities. The metal source (Ag-0) was light (UV) sensitive, making the
resulting intermediate species UV sensitive as well. Hence, the adapted direct deprotonation

(in situ free carbene) synthetic route was used for the synthesis of the Ni(I11)-NHC complexes.

3.4 was isolated as a rod-shaped micro crystalline solid. Its physical form looked very similar
to the cobalt(I11) complex 3.1 and the copper(l) complex 3.2, which were both synthesized from
the same ligand precursor, 2.4b. Complex 3.5 is a hygroscopic pale-yellow powder obtained
in low yields (29%). The sharp melting point of 58 — 60 °C, is an indication of its purity, and
both complexes are soluble in DMSO in high dilution.

3.5.2.1.NMR analysis

NMR was used as the first tool to investigate whether the complexes were successfully
synthesized. Both 3.4 and 3.5 are paramagnetic Ni(ll) complexes, however, the *H NMR
spectra for both complexes were fairly sufficiently resolved to assign the signals. A comparison
was made between each complex and its ligand precursor to correspond common features. This,
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coupled with FTIR and MS data were sufficient to decide on the structure of each complex
synthesized. 3C NMR was not available due to possible decomposition in the collection of
FID.%° In the 'H NMR, an upfield chemical shift was observed for all the protons with the
exception of the proton on the pyrazole ring. The complete disappearance of the C> proton
(labelled ‘a’ in Fig. 3.8 (top)) is confirmation of the deprotonation. Figure 3.8 shows a
comparison between the NMR data of salt 2.4 and its corresponding nickel complex (3.4).
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Figure 3.8: *H NMR comparison between 2.4 and its corresponding nickel complex (3.4)

Complex 3.4 was also successfully synthesized. However, it is highly sensitive to air as it
decomposes upon a few minutes of exposure to air. The proton NMR spectrum of 3.4 revealed
that the complex had imbibed considerable quantity of moisture. The ligand’s hygroscopic
nature could also account for the rapid decomposition after exposure to air. All the solvents
used in the synthesis of the complexes were HPLC grade solvents of high purity (> 99.9%). In
addition, they were also dried using the suitable methods prior to use. Thus, the water
molecules detected in the complex by NMR were absorbed by the complex from the moist air
(Fig. 3.9).

64



Feb12-2019-MB-Liziwe 30 1 "C:UsersiLiziwe Ndamase\DesktopiMasters\NMR\MB"
0-NO2Ph-Imid Ni BF4 (DMSO d6) =

[rel]

a:a'r
—8.0103
=/ 79507
N\-7.9279
—6.7555
— 66179
= 6.5950
5.7779
9210
—1.6223
—12317

[~ OoN = 00000 o
4 \ i av K
e N‘\\
| N
)f: NN 2
L ’
N-5 “ N
N 0
I -3
. 28F, g 0
NO;

L
L

1.0000

1
T T

: : - : ; ; ; : :
6 4 2 o [ppm]

J U |
10 8
Figure 3.9: *H NMR of complex 3.4

3.5.2.2. Coordination geometry

Nickel based catalysts have attracted attention mainly because nickel is cheap and highly
abundant. Nickel-NHC complexes have been reported in numerous organic transformations
that include C-C and C-N bond formations.®® 1 Recent studies have reported on the use of
nickel-NHC complexes in the activation or functionalization of hydrocarbons. These organic
transformations include alkylation, alkenylation, etc. however, most of these transformations
are for sp? hybridised hydrocarbons, and relatively much less is reported on organic

transformation of sp? hybridised hydrocarbons.%*

The coordination and geometry of transition metal complexes depend on the oxidation state of
the metal ion. The complexes synthesized here are Ni(Il) complexes, and thus the geometry of
these complexes could be tetrahedral or square planar. This type of symmetry limits the number
of reaction pathways possible and consequently increases the selectivity of the complex as a

catalyst.0?
3.5.2.3. Mass Spectrometry analysis

The molecular ion peak of 3.4 is (m/z) = 590, and this value corresponded to the loss of the
nitro (NO2) groups from both ligand motifs tethered to the Ni centre as shown in Scheme 3.7.
The complex is highly hygroscopic and unstable; it might have started decomposing during the

MS analysis. The
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2+
24 [M-2NO,]™" z=2 Chemical Formula: C4qH;sN,Ni
. . . Chemical Formula: C35H3gNgNi m/z 263
Chemical Formula: C3;H36N1oNiO4 miz 592 Experimental: 263 m/z
m/z 683/2= 341 m/z

Experimental= ~343 m/z Experimental: 590 m/z

Scheme 3.7: Fragmentation pattern of complex 3.4

Among all the complexes synthesized so far, those derived from 2.4b tends to be more stable
than others. The steric bulk of the ligand precursor and the electronic nature of the substituents
or the generated ligand motif, might be the underlying advantage that led to the relatively higher
stability of the corresponding complexes when compared to others. This complex is also doubly
charged. The molecular ion peak is at 470 m/z and the base peak is at 235 m/z. These values
are comparable with the theoretical values as indicated in the Scheme 3.8.
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Experimental Molecular ion Peak: Experimental: 263 m/z Experimental: 205 m/z
470m/z
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m/z

Scheme 3.8: Fragmentation pattern of complex 3.5
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3.5.2.4. FT -IR Analysis

Fourier-transform infrared spectroscopy was used to investigate the vibrational modes of the
functional groups of complex 3.4 and complex 3.5 by obtaining the spectrum of absorption and
emission. Both complexes contained an ethylene linker between the imidazolium and the
dimethyl pyrazole, this alkyl C-H stretching vibration was observed at a range 2950-2750 cm.
The stretching vibration observed at ~3150 cm™ corresponds to the aromatic C-H functional
group. Bending vibration for the para NO2 group on the ligand motif coordinated to 3.4 was
observed at 1585 cm™. Similarly, a broad bending vibration at about 1055-1085 cm™ accounted
for the N-N functionality in both complexes. Table 3.2 summarizes the FTIR vibrational
frequencies of major the functional groups in the Ni(Il1)-NHC complexes.

Table 3.2: Main vibrational frequencies and their corresponding functional groups for
complexes 3.4 and 3.5.

Complexes Aromatic C- Alkyl C-H Alkyl C-H  Aromatic C-C  Aromatic C- Aromatic N-
H/cm? stretch/ cm™ bend/cm’* bend/cm’* N bend/ cm™ N/ cm
34 3167, 3102 2941, 2887, 1413 1558, 1511 1355, 1317 1055
2817, 2712
35 3200 2943, 2828, 2715 1428 1619, 1598, 1355,1336 1058
1557
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3.6. SUMMARY AND CONCLUSION

This chapter was aimed to present the data on the synthesis and characterization pyrazolyl
functionalized N-heterocyclic carbene transition metal complexes of cobalt(11), copper(l) and
nickel(I1). The most stable ligands discussed in chapter 2 were chosen and coordinated to each
of the transition metals. In total, five complexes were synthesized; one cobalt complex from
salt 2.4b; two copper complexes from salts 2.1b and 2.4b; and two nickel complexes from salts
2.1b and 2.4b.

In comparison, amongst the five compounds, 3.1 and 3.2, synthesized from salt 2.4b were the
most the stable complexes. The hygroscopic nature of the ligands was transferred to the
complexes, and was magnified in some complexes. Copper complexes have been reported to
be highly efficient catalysts for the oxidation of hydrocarbons and other organic compounds
such as aromatics.®® This is because some oxidizing enzymes available in nature contain copper
ions in their active sites.’® > Consequently, some copper complexes have some biomimetic
properties.’® NHC-nickel complexes have been reported as successful Suzuki catalysts and also
for olefin polymerisation.*” Cobalt, being part of the “iron triad” has similar physical and
chemical properties to iron and nickel. Very little data has been reported on the use of such

complexes as oxidation catalysts, making this work novel.

NMR, MS and FTIR were used to characterise each complex. The Co(ll) and Ni(ll) complexes
are paramagnetic; hence, their NMR spectra were poorly resolved. Owing to their hygroscopic
nature, some complexes would decompose in solution if even a trace amount of H>O molecules
was present. This explains the unidentified signals in the *H NMR of the complexes. The
decomposition pattern was similar in complexes containing the same metal centre.
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CHAPTER 4: PRELIMINARY OXIDATION OF CYCLOHEXANE

4.1. SUMMARY

Two complexes, [Co'"(p-NO2Ph-Imid)2][BF4]> (3.1) and [Cu'(p-NOPh-Imid)(NCCHs).][BFa]-
(3.2) containing the same hemilabile bidentate ligand (2.4b) were used as model compounds to
test the catalytic applicability of the pyrazolyl functionalized NHC-metal complexes for the
oxidation of cyclohexane to cyclohexanol and cyclohexanone in acetonitrile. 3.1 was more
active with a TON of 104. However, the complex had significantly lower chemoselectivity
towards cyclohexanol in comparison to 3.2 which has a lower TON of 18. The chemoselectivity
to cyclohexanol by 3.2 was at 83%, implying a K/A ration of 0.2. The effect of reaction time
on product distribution was investigated as well as effect of reaction time on conversion and it
was revealed that an induction period was required before a significant increase in conversion
could be observed. Cyclohexanol was observed to be the major product throughout the reaction.
The concentration of cyclohexanol gradually decreased over time due to over oxidation, this
resulted in an increase in the concentration of the correspond ketone. A proposed mechanism
for the oxidation of cyclohexane mediated by complex 3.2 is discussed.

4.2. INTRODUCTION

Paraffins have become desirable substrates for chemical transformation. This is because they
are readily available; hence, they are used as principal feedstock in many chemical processes.
Although chemical transformations of alkanes have been reported for a long time, these
transformations involve the combustion of hydrocarbons in air at elevated temperatures (>300
°C), usually characterized by lack of selectivity. Thus, even though this route is highly

valuable, the harsh conditions and low selectivity are its main drawback.

Although the chemical inertness of alkanes can be overcome under harsh reaction conditions,
issues like low selectivity, low yields and unwanted environmental waste have forced chemists
to find new ways for alkane conversion into valuable products (unsaturated hydrocarbons or
oxygenated products) under mild conditions.*® In the last few years, new reactions of saturated
hydrocarbons under mild conditions have been reported, e.g. alkane transformations in
superacid media, interactions with metal atoms and ions, and reactions with some radicals and

carbenes.
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To the best of our knowledge, no work been reported on the use of pyrazolyl functionalized
imidazolium copper complexes as catalysts for paraffin oxidation. However, various copper
complexes have been found to be highly efficient catalysts in alkane oxidation and oxidation of
other organic compounds, such as alcohols and aromatics.® Copper and iron based
metalloenzymes were used as models in the synthesis of efficient C-H oxidation catalysts that
have offered high selectivity. One of the first copper catalysed alkane oxidation catalytic
systems operated under mild conditions was reported by Barton et al. and composed of copper
powder, acetic acid, pyridine and hydrogen peroxide as the oxidant.’®® The process of alkane
oxidation was said to take place via a radical chain reaction via a Fenton-type reaction
mechanism. However, the product yield was significantly low at less than 5 %. The most
recent studies done by Pérez and co-workers using a trispyrazolylborate ligand coordinated to
mononuclear copper complex showed high selectivity with a moderate product yield.%4

In this study, new pyrazolyl-functionalized NHC transition metal complexes were synthesized
and reported in chapter 3. In addition, some of these NHC-metal complexes that are stable
enough are tested as catalysts in alkane oxidation.

4.3. METHODS AND MATERIALS

All the oxidation reactions were conducted with cyclohexane as the substrate, cyclohexanone
as the internal standard and, hydrogen peroxide (H20.) as the oxidant in the solvent acetonitrile.
Copper(I1) chloride (CuCl,) was used as the reference catalyst for alkane oxidation. The
reactions were performed in duplicate using two-neck pear-shaped flasks (25 mL

capacity), which were equipped with a condenser. The solvent and oxidant are HPLC grade.

All the reactions were performed using the same method, unless stated otherwise. The
components were added in the following manner: acetonitrile (solvent), cyclohexanone
(internal standard), cyclohexane (substrate), hydrogen peroxide (oxidant) and, the complex
followed by more acetonitrile if required so that the total volume equated to 5 ml. The
complexes were introduced in the form of stock solutions with the number of moles constant at
9.56 x 10 mol. The complex to substrate ratio was kept constant at 1:100 and a substrate to
oxidant ratio of 1:9 was used. The reaction was then refluxed at 65 °C under an atmosphere of
nitrogen gas for 24 h. The temperature was maintained using an oil bath on a hot plate

connected to a thermocouple. After the 24 h had lapsed, a small volume (about 2 mL) of the
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solution was treated with PPhs and filtered with the aid of Celite and thereafter both samples

(treated and untreated with PPhs) were subjected to GC analysis.

A volume of 0.5 pL of each sample was injected into the GC for product analysis and
quantification. A PerkinElmer Auto System Gas Chromatograph with an FID (flame ionisation
detector) was used. The detector temperature used for product analysis was set at 280 °C. The
injector temperature was set at 250 °C and a DB 5 column with a length of 30 m was used to
effectively separate the product stream. The GC method used was: starting temperature 50 °C,
hold for 1 minute, ramp at 2 °C/minute to 80 °C, hold at 80 °C for 5 minutes and ramp at 2
°C/minute to 100 °C, hold at 100 °C for 2 min and then ramp to 200 °C at 15 °C/minute.

Yields were calculated based on the total moles of products formed as a function of the initial
moles of substrate added into the reaction mixture and was expressed as a percentage, while the
selectivity was expressed as moles of each product as a function of the total moles of all

products in the stream.

4.4. RESULTS AND DISCUSSION

4.4.1. General Discussion

A series of preliminary studies were carried out to obtain the optimum reaction conditions.
Standards were used to calibrate the instrument prior to analysis. Calibration curves are
displayed in the appendix E. A multicomponent standard was prepared and used to calculate

the response factor for each of the components using the formula,

Ax_ o ds
Cx Cs

where ‘AXx’ is the peak area of the analyte, ‘Cx’ is the known concentration of the analyte, ‘F is

the response factor, ‘As’ is the peak area of the internal standard, and ‘Cs’ is the concentration

of the internal standard. The response factor was then used to calculate the concentration of the

analytes from the catalysis.

Blank studies were prepared before each complex was tested. Three blank studies were

conducted in duplicates for each complex, this was done to test the reproducibility of the results
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obtained and to determine the role of each reagent and additives (metal complex, oxidant) on
the catalytic process.

Complexes 3.1 and 3.2 were utilised as model catalysts for the oxidation process. Cyclohexane
was selected as the substrate because its product stream has (i) two possible products, which
are cyclohexanol and cyclohexanone, (ii) both of the products are highly valuable on an
industrial scale, this is a value addition to the starting material (industrial uses range from rubber
chemicals, dyes, plasticizers to pharmaceuticals).'%

Two oxidants namely; hydrogen peroxide (H202) and tert-butylhydroperoxide (TBHP) were
tested to determine which one was better suited for catalytic systems similar to those used in
this report. Both of these oxidants are commonly used because they are environmentally
friendly, cheap and readily available. H20 was used for this study.

The influence of temperature on the conversion of alkanes to oxygenated products was
investigated by Mncube!® and the conversion was reported to increase with an increase in
temperature. However, at 80 °C, the rate of conversion started decreasing. This was due to the
decomposition of hydrogen peroxide (Scheme 4.1). The optimal temperature range for the
oxidation of cyclohexane was established to be 60 — 70 °C. Thus, all the oxidation studies

reported herein were carried out at 70 °C.

2H,0, N 2H,0 + O3
Scheme 4.1: Thermal decomposition of hydrogen peroxide

4.4.2. Analysis of complex 3.1

Complex 3.1 was analysed under the same reaction conditions as complex 3.2 and very different
results were observed. The substrate was completely consumed in the catalysis process using
complex 3.1, as indicated in Figure 4.1 which shows the concentrations of the product stream

after 24 hours of catalysis before treatment with PPhs.
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Figure 4.1: Concentrations of cyclohexane and its oxygenated products before treatment with
PPhs from complex 3.1

A conversion of 38% was obtained for complex 3.1, which was much higher than the 19 %
conversion obtained for complex 3.2. This indicates that 3.1 was more active as catalyst for
oxidation of cyclohexane than 3.2. However, the chemoselectivity of 3.1 towards alcohols was
significantly lower at 47 % in comparison to 83 % obtained for 3.2. This was expected as the
highly active catalyst will eventually be efficient in the secondary oxidation of cyclohexanol to
cyclohexanone.’®” Poor catalyst control was also observed by Tordin et. al. who reported on
the effect of the solvent on the activity of a copper and a cobalt complex in the oxidation of
cyclohexane.®® A higher activity and consequently a higher TON was observed when the
solvent’s polarity was high for the cobalt complex; the copper complex had very low TON but
a high selectivity. However, when the polarity of the solvent was decreased the opposite trend
was observed for both complexes. The calculated TON for 3.1 was 104 which is higher than
the TON for 3.2 calculated as 19. The high TON supported the conclusion that 3.1 was more
active than 3.2.
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4.4.3. Analysis of complex 3.2

Copper complexes have been reported to be very efficient catalysts in the oxidation of alkanes. >
3.2, was a copper complex synthesized using salt 2.1b. This complex was used as a catalyst in
the oxidation of cyclohexane to cyclohexanol and cyclohexanone as represented in reaction
Scheme 4.2. Cyclohexyl hydroperoxide is the intermediate primary product, which is reduced
to cyclohexanol. Cyclohexanone is the secondary product of the oxidation reaction. Shul’pin et
al. reported that the addition of triphenyl phosphine (PPhs) to the primary product results in the
quantitative reduction of the cyclohexyl hydroperoxide to the desired alcohol product.

OOH OH 0
Complex 3.1 or 3.2,
0 = O 0O—0
_— _—
Reflux at 70 °C,N,

Acetonitrile

Scheme 4.2: Oxidation of cyclohexane

The gas chromatograms obtained before PPhs is added differ significantly from those obtained
after PPhs. This is because PPhs reduces the cyclohexyl hydroperoxide to cyclohexanol,
consequently leading relatively to an increase in the amount of alcohol product and a decrease
in the relative amount of the ketone product.'®%° This is supported by the higher concentration
of cyclohexanol as shown in Figure 4.2. The analysis before and after sample treatment with
PPhs allows for a quantitative analysis of each component at any given time.
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Figure 4.2: Concentrations of cyclohexane and its oxygenated products before treatment with
PPhz from 3.2

The turnover number (TON) calculated for the oxidation of cyclohexane using 3.2 was low at
19. This means the complex is a poor catalyst for this catalytic system. The inefficiency of the
Cu-NHC complex as a catalyst for this oxidation reaction might be due to the oxidant used in
this reaction, i.e. hydrogen peroxide, which produces water as a by-product of the oxidation
process. The moisture is a distinct disadvantage as it attacks the complexes leading to their
gradual decomposition of 3.2.

Acetonitrile was used as the solvent for the oxidation studies because many related works of
literature including Shul’pin have reported that it is the most suitable solvent for the catalytic
reaction due to its stability during the oxidation reaction. Other common solvents such as THF,
ethers and alcohols are all unsuitable due to their reactivities.>® However, both complexes i.e.
3.1 and 3.2 applied as catalysts for the oxidation of cyclohexane are only partially soluble in
the acetonitrile. This could also account for the low TONs observed in this study.

4.4.4. Effect of time

Analysis of conversion over time graph (Figure 4.3) revealed that an induction period was
required before a significant increase in conversion was observed. The most significant
increase in conversion was observed in the first 12 h, and thereafter a modest gradual increase
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was observed until 24 h. A similar trend was observed by Ribeiro et al. when the oxidation

was performed in an ionic liquid.1%

30%
25%
20%

15%

Conversion/ mol%

10%
5%
0%

Time/h

Figure 4.3: Effect of reaction time on conversion

The effect of time on the product distribution was also investigated with the aim of determining
the optimum reaction time. The reactions were monitored at 3, 6, 9, 12 and 24 h intervals and
were carried out at 70 °C under inert conditions, as shown in Figure 4.4. The results indicated
that cyclohexanol is the major product throughout the reaction. The highest concentration of
cyclohexanol was observed at 24 h. The concentration of cyclohexanol was observed to
gradually decrease within the first 12 h while the concentration of cyclohexanone in the product
stream increased gradually. This phenomenon is due to the over oxidation of cyclohexanol
resulting in an increase in the corresponding ketone.'®® A slight decrease in the concentration
of cyclohexanone was observed at 24 h which is most likely due to the gradual formation of

adipic acid from cyclohexanone.%
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Figure 4.4: Effect of reaction time on product distribution

Trace amounts of adipic acid were observed in the GC trace of the product stream of the
oxidation of cyclohexane using both complexes. Adipic acid can be formed directly from
cyclohexane during the oxidation process and/or when the oxygenated products of cyclohexane
i.e. cyclohexanol and cyclohexanone are over oxidised in the presence of nitric acid (Fig.
4.5).110111 vang reported that N-heterocyclic carbenes bound to a labile transition metal centre
could induce ring-opening polymerization of cyclohexane.'*? Adipic acid is used in the
synthesis of nylon-6,6, polyurethane, lubricants and plasticizers, and thus has a higher value
than both cyclohexanol and cyclohexanone.**®

SN NG
\ /.

OH

adipic acid

Figure 4.5: Formation of adipic acid from cyclohexane
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4.4.5. Mechanism of the catalytic reaction

To date, no information is available to propose that there is initial coordination of cyclohexane
to copper or cobalt ions (catalyst centre) during the stages of catalytic oxidation of its inert C-
H bond. Hence, the activation of the substrate (cyclohexane) CyH, takes place via a chain
reaction of free radicals (free radical mechanism). Scheme 4.3 is a proposed reaction
mechanism for the oxidation of the CyH activated by a Cu(l) centre such as 3.2, based on Fenton
reaction reported by Ribeiro et al. 8 1% Compound 3.2 catalytically activates the oxidant
hydrogen peroxide to oxygenated free radicals (HOO+ and HO+¢) (step 1 and 2). The HO- is
then used to abstract H from cyclohexane resulting in a cyclohexyl radical (step 3).108: 114115
The reaction of the cyclohexyl radical with dioxygen from the decomposition of HOO«* radical
forms CyOOs (step 4), cyclohexyl hydroperoxide is then formed when CyOO- deprotonates
H20, (step 5). Catalyst assisted decomposition of cyclohexyl hydroperoxide (step 6) then leads
to the formation of cyclohexanol and cyclohexanone. The alcohol produced can also be readily
obtained by the addition of a suitable reducing agent such as PPhs (step7).

Cu () + H,0, —=HOO + H* + Cu (I)
Cu (I1) + H,0, — HO'+ Cu (1) + HO"
HO + CyH H,O +Cy’

Cy'+ 0, CyoO

Cy0O + H,0, — CyOOH + HOO
2CyOOH Cy=0 +Cy-OH
CyOOH + PPh; — Cy-OH + O=PPh;

~NOo o w NP

Scheme 4.3: Proposed reaction mechanism for the activation of cyclohexane using a Cu(l) ions
i.e. complex 3.2

4.5. CONCLUSION

This chapter aimed to test the catalytic activity of two complexes, complexes 3.1 and 3.2,
synthesized and characterized as reported in chapter 3. This was done by applying the
complexes as catalysts in the oxidation of cyclohexane using well-established procedures. The
primary catalytic product from this reaction is cyclohexyl hydroperoxide which was then
catalytically reduced by the addition of PPhsto produce cyclohexanol and cyclohexanone. Both

complexes had the same bidentate ligand, with 3.1 as a cobalt complex and 3.2 as a copper
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complex. Compound 3.1 showed higher TON of 104 and had a higher conversion of 38% after

24 h reaction time. Hence, 3.1 is the better catalyst for this reaction.

In conclusion, the prepared complexes have demonstrated moderate catalytic activities for the
oxidation of the cyclohexane substrate under mild reaction conditions. However, more studies
still need to be conducted to investigate the effect of other bidentate CN ligands on the activity

and selectivity of the catalysts.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS
FOR FURTHER RESEARCH

5.1. GENERAL INTRODUCTION

Organic transformations such as the oxidation of alkanes are the initial steps for many industrial
chemical syntheses. However, the inertness of the C-H bond in saturated hydrocarbons is why
most reported transformations require very harsh condition such as high temperatures, strong
oxidants etc. and often require long reaction times while characterized with low product
selectivity. An efficient catalytic system that is green, with high selectivity towards the desired

products, and under mild conditions at room temperature, is still to date a challenge.

NHCs are now considered one of the most versatile ligands in transition metal catalysts. Donor
functionalized NHC ligands such as NHC-N chelates have been reported to possess hemilabile
property. The NHC is strongly bonded to the metal centre, almost anchored, while the N-donor
is loosely bonded to the metal centre. When these two ligands are tethered together and
anchored to the metal centre, the loosely bound N-donor allows for partial dissociation of the
ligand from the metal. This increases the accessibility of the metal centre to the substrate for
oxidation to occur and such is among desired properties of more stable catalysts with high
activities. Thus, the synthesis and characterization of new pyrazolyl functionalized NHC ligand

precursor salts reported in Chapter 2 is topical.

5.2. SYNTHESIS AND CHARACTERIZATION OF PYRAZOLYL
FUNCTIONALIZED NHC PRECURSORS

Two methods for the synthesis of the salts were developed from 2-(3,5-dimethyl-1H-pyrazol-
1-yl) ethanol. Salt 2.1 (3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-1-methyl-1H-imidazol-3-
ium) (for both 2.1a and 2.1b) was synthesized using both methods. The first method involved
1-(2-(1H-imidazol-1-yl) ethyl)-3,5-dimethyl-1H-pyrazole nucleophilic attack by the lone pair
of electrons on the nitrogen on the polar covalent Me-I bond, thereby displacing iodide, and
forming salt 2.1a with iodide as the counter-ion. Method two involved a bimolecular

nucleophilic substitution reaction, where the halide was displaced from 1-(2-chloroethyl)-3,5-
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dimethyl-1H-pyrazole resulting in the formation of a primary carbocation intermediate
molecule which is then substituted by N-methyl imidazole forming a salt 2.1a with chloride as
the counter ion. Route one resulted in a salt that contained many impurities, thus requiring
further purification. This was done using column chromatography, since washing the salt with
ethyl acetate (a solvent that all the starting material and impurities are soluble in) resulted in
the loss of some of the salt as it was partially soluble in the solvent as well. Method two resulted
in a higher yield, 100% conversion with no unreacted starting material and thus no need for
purification; that is why it was chosen as the method for the synthesis of the rest of the salts.

A few challenges were encountered when synthesizing the salts, the first was by correctly
adjusting the pH of the 1-(2-chloroethyl)-3,5-dimethyl-1H-pyrazole. Progress of the reaction
was monitored using litmus paper. An acidic pH meant that hydrochloric acid was present in
solution with 1-(2-chloroethyl)-3,5-dimethyl-1H-pyrazole, and if left unneutralized, could
eventually react with the alkyl imidazole quicker than the 1-(2-chloroethyl)-3,5-dimethyl-1H-
pyrazole, resulting in the formation of a H-imidazolium chloride salt instead of the desired
product. The second challenge was encountered in the synthesis of salt 2.4a. All the other salts
were successfully synthesized using a solvent-free method, and however, when 2.4a was
synthesized using the same method, no reaction took place. This is most likely directly linked
to steric hindrance from the bulky nitrophenyl wingtip substituent on the imidazole, making it
difficult for the nucleophilic attack of imidazole to the 1-(2-chloroethyl)-3,5-dimethyl-1H-
pyrazole. Or, because the melting point of 1-(4-nitrophenyl)-1H-imidazole which is 309 —
311°C, is much higher than that of 1-(2-chloroethyl)-3,5-dimethyl-1H-pyrazole, meaning that
by the time 1-(4-nitrophenyl)-1H-imidazole melts into solution the 1-(2-chloroethyl)-3,5-
dimethyl-1H-pyrazole had decomposed resulting in no reaction occurring. Thus, DMSO was
used to dissolve 1-(4-nitrophenyl)-1H-imidazole into solution, and the reaction took place at
110 °C. After that, all the salts were subjected to anion metathesis to increase the stability and
induce crystallization. None of the salts crystallize out despite numerous attempts using a
variety of crystal growth techniques. The hygroscopic nature of the salts also made handling

much more difficult.

Suggested further studies include an investigation into decreasing the ethylene linker to a
methylene linker to increase rigidity and decrease the free rotation in the molecule backbone.

This is hypothesized to also contribute to the enhancing stability of the ligand precursors. In
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addition, investigating the effect of bulky substituents on the stability of the salts is also

important.

5.3. SYNTHESIS AND CHARACTERIZATION OF PYRAZOLYL
FUNCTIONALIZED NHC TRANSITION METAL COMPLEXES

Five complexes were synthesized from salts 2.1b, and 2.4b. These complexes were synthesized
using in situ free carbene route. The free carbene was prepared in the reaction flask via direct
deprotonation of the imidazolium proton with a base (tBuOK) in a protic solvent (MeOH) at
room temperature. Characterization was done using *H and 3C NMR, MS and FTIR. The
complexes inherited the hygroscopic nature of the ligand precursors. This made handling the
complexes very difficult. Consequently, only two of the five complexes were stable enough to
be tested as catalysts in the oxidation of alkanes. A comparison was made between the most
stable complexes of cobalt and copper i.e. complexes 3.1 and 3.2.

A study on reducing the length of the alkyl linker between the pyrazole and imidazole rings
with the aim of increasing rigidity and consequently, the stability of the complexes still needs

to be carried out.

5.4. OXIDATION OF CYCLOHEXANE

Both 3.1 and 3.2 were used as catalysts for the oxidation of cyclohexane. The primary product
from the method used in the catalytic oxidation is cyclohexyl hydroperoxide which was then
reduced to produce cyclohexanol. Also, the oxidation of cyclohexanol produced during the
catalytic process yielded the ketone, cyclohexanone. Complex 3.1 had a higher TON of 104
and had a higher conversion of 38 % after a reaction time of 24 h. However, after 24 h reaction
time, catalyst 3.1 produced 53 % of cyclohexanone, and the K/A ratio is 1.11. On the other
hand, 3.2 had a lower TON of 18 and a low conversion of 19 % after 24 h. The complex also

showed better production of cyclohexanol of 83 %.

More studies still need to be conducted to investigate the effect of structural variation on the
activity of the catalysts. Studies into the effect of additives on the catalytic activity and
selectivity of the complexes, and the effect of solvent polarity on selectivity and reaction time

should also be carried out.
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APPENDIX A: NMR DATA
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2.2a (3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-1-ethyl-1H-imidazol-3-ium

chloride)
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6. Salt 2.2b (3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl) - 1 —ethyl - 1H - imidazol-3-ium
tetrafluoroborate)
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7. Salt 3a (1-benzyl-3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-1H-imidazol-3-ium
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88



[134] ¥ e z 1 0
1 1 1 1 _ 1 1 1 1 _ 1 1 1 1 _ 1 1 1 1 _ 1 1 1 1 1 1 1 1
L E
o
&
1096 L —— © Z2890°8]
998002~ s = @~
b4 =
— <
LESEY
2L’V o GSP0"
glasy— U ;s
9286y — 7 3 ¥050°Z |
S..wm.q%
108G
5 §Z66°6 — v U 81207
s L
<
m 82616 — e 5026 0~
3 o
§
o
- o
=4
£ I
w
o
2
T
3 L
3 LP0S°L
m 661E°L o s
5 £v2eL < |M e
- idy oz60i |
o vOZy'L - — §
e mm«w.h$ - B6ZLL
. = WLl o =
z O [
‘N = o o
o g
a O e =
2 3 oh. = -
® £ e O = &
8 = if\/NG:K\/N ®
)\ ~N — P—_
Q% 28006 — G . *-= 0800 I
> &
z =

[14]

g2 02 g1l

T L T T e R .y R R O o Y (3 N R . Y [ o 0

ol §0 00-

{1

Nov15-2018-MB-Liziwe 11 1 C:\Bruker\TopSpind.0.2\examdata

N-benzyiimid CI {in DMSQO db)

665001 —
0L22°¢L —

g o
7
L
Lepe'POL —

0065221 —_
£9L0°€2L —
0200°821 ~_
9129821

LLLE'8ZL &
66vLpelL —
6085981 —
py8ZEsL —

£698'9P1 —

acl

@\/wU\

o

e-g

120 100 80 €0 40 20 [ppm]

140

3b  (1-benzyl-3-(2-(3,5-dimethyl-1H-pyrazol-1-yl) ethyl)-1H-imidazol-3-ium

tetrafluoroborate)

8. Salt

89



-
o™
o

Eo e e
2L00z— -

Feb06-2019-MB-Liziwe 10 1 F:
Bz-imid BF4 (DMSQ)

SLVE'D
809¢Y W
9G.8'p
28v5 —F <
2696

£9.5}

6186 — a0 d
18218 — 4=

X
o

¥90€°L

Lzes w
192¢°L ©
voor'L

SiZvL o
6L65L u\\m
SivLL

©
@

5
3

- W
A&

Z2 = =
RORLAEE

6568 —

[ppm]

2

[124] e % L 0-
{ I | P (T [ T [ (S (Y Y S [ | g O
I E
o
F &
L6Lr0L — 0 ———— i
§269°CL — c —— L
o
o
4
o
¥ -
298Y'0p
Geos it —i = F
0090'6% —~/~ &
961267 — L
1682'28
.-
w0
o & I
;we
= i -
[Th
E @ -3
L, (=]
AL
|W\N/\/N Ny L
- = o=
! L
o
e
L697'50L — g r
o
N
LYS6'2TL — | S k3
0626621~ & +
2616'82L
6981621 —= I L
8cLy'6Zl
ri8L'8EL — ° 3 F
w S066'981 —— . -
= 1128661 — a S
[ — r
C3e) ipL — —
2 98LY LYl ©
o r
m O
s 3 +
o LU
g2 -8
g = I
g
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11. Stacked *H NMR of complexes 3.1 and 3.2
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13. Complex 3.3
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APPENDIX B: FOURIER TRANSFORM INFRARED SPECTROSCOPY

1. Stacked FT-IR spectra of pyrazole-OH (blue) and pyrazole-Cl (black)
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4. Salt 2.1a (black) vs Salt 2.1b (blue)
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5. Salt 2.3a
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APPENDIX C: MASS SPECTROSCOPY SPECTRA

All the spectra are attached as PDF documents
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APPENDIX D: ELEMENTAL ANALYSIS SPECTRA

All spectra are attached as PDF documents
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APPENDIX E: CALIBRATION CURVES, FORMULAE FOR
CALCULATIONS AND GC SPECTRA

Calibration curve for cyclohexanol
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Conversion = (Initial moles of substrate)/(Total moles of product) X 100%

Selectivity = (Moles of product)/(Total moles of products) X 100%

Response Factor = (Ci X Ax)/(Ai X Cx)

*GC spectra is attached as PDF documents.
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APPENDIX F: SUPPLEMENTAL INFORMATION

Although the methanol used was 99.8% pure methanol, the salts decomposed when it anion
metathesis was attempted. An NMR spectrum showed that the methanol contained H20 as
indicated in Figure A shows the peak for H.O was more intense than that of methanol
suggesting even higher than that of methanol which reacted with the salts and consequently
decomposed them. This prompted for the further drying of the methanol by pouring ~200 mL
of HPLC grade methanol into a 500 mL round bottom flask and then adding magnesium
turnings (10g) and ~1g of iodine and refluxing at 65 °C until all the magnesium has reacted and
distilled off under nitrogen and stored in container with activated molecular sieves (Fig. B and
C). 1 The dry solvent was used immediately or within 24 hours of drying to avoid

contamination or reabsorption of moisture.
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Figure B: Schematic diagram of the drying and distillation process of methanol
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Figure C: Methanol drying using Mg turnings and distillation

Colum chromatography was used to purify salt 2.2a as other methods proved to be less efficient
for this process

Figure D: Purification of Salt 2.2a using Column chromatography silicon bed
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