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PREFACE

This thesis is composed of seven chapters. Chapter One details a general introduction
regarding recent advances in bridging the gap between heterogeneous and homogeneous
catalyst systems. Various aspects have been covered, including techniques of immobilizing
homogenous catalysts systems on solid supports and diverse techniques applied in biphasic
catalysis. Furthermore, the chapter presents an insight into the methoxycarbonylation catalysis
and industrial and domestic applications and the significance of methoxycarbonylation as an
olefin value addition catalytic process. Chapter two is a comprehensive literature review of
various catalytic systems that have been used as discrete catalysts in methoxycarbonylation
reactions. In addition, this chapter also reviews supported catalysts used in the

methoxycarbonylation catalysis.

Chapter three discusses the synthesis, characterization of NN (pyridyl) benzamidine
palladium complexes and their behaviour in methoxycarbonylation of a range of olefin
substrates. The catalytic study focused on the role of ligand design in directing the product
distribution of the produced esters. NMR kinetics study was applied in understanding the role
played by phosphine and acid additives. The results obtained from this study has been

published in Applied Organometallic Chemistry.

Chapter Four presents the synthesis and characterization of water-soluble and non-water
soluble bischelated (phenoxyimine) palladium(ll) complexes and their catalytic studies in
methoxycarbonylation of 1-hexene. A detailed NMR study has also been done to understand
the roles played by the addition of excess acid and phosphine promoters. Furthermore, the

recyclability of the water-soluble complexes has been explored. The findings obtained from
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this work have also been published in the Journal of Organometallic Chemistry (Journal of

Organometallic Chemistry 942 (2021): 121812).

Chapter five entails the synthesis of homogeneous (amino)phenyl palladium(ll) complexes
and their respective silica and magnetic nanoparticle immobilized complexes. Various
characterization techniques were also applied to fully characterize the new compounds formed.
In addition, the catalytic behaviour of this set of complexes in methoxycarbonylation was
evaluated, and the findings are reported in this chapter. The recyclability of the immobilized
complexes was also examined in this chapter. Chapter six reports catalytic behaviour of
homogeneous and silica-supported palladium(ll) complexes bearing (phenoxy) imine ligands
in the hydrogenation of styrene, alkenes, alkynes and functionalized benzenes. Further, this
chapter reports recyclability studies of the supported complexes in this series in the
hydrogenation of styrene and nitrobenzene. The results of this chapter have been published,
Catalysis Letters, 2020, 2850 - 2862. The final chapter, Chapter seven, entails overall

conclusions and future prospects for methoxycarbonylation catalysis systems.
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ABSTRACT

Reactions of ligands (E)-N'-(2,6-diisopropylphenyl)-N-(4-methylpyridin-2-yl)benzimidamide
(L1), (E)-N'-(2,6-diisopropylphenyl)-N-(6-methylpyridin-2-yl)benzimidamide (L2), (E)-N'-
(2,6-dimethylphenyl)-N-(6-methylpyridin-2-yl)benzimidamide (L3), (E)-N'-(2,6-
dimethylphenyl)-N-(4-methylpyridin-2-yl)benzimidamide (L4) and (E)-N-(6-methylpyridin-
2-yl)-N'-phenylbenzimidamide (L5) with [Pd(NCMe).Cl;] furnished the corresponding
palladium(ll) pre-catalysts (Pd1-Pd5), in good yields. Molecular structures of Pd2 and Pd3
revealed an NN bidentate coordination mode to afford square planar compounds. Activation
of the palladium(I1) complexes with para tolyl sulfonic acid (PTSA) afforded active catalysts
in the alkenes methoxycarbonylation. The resultant catalytic activities were controlled by both
the complex structure and alkene substrate. While aliphatic substrates favoured the formation
of linear esters (>70%), styrene substrate resulted in predominantly branched esters of up to

91%.

The water-soluble ligands; sodium 4-hydroxy-3-((phenylimino)methyl)benzenesulfonate (L6),
sodium 3-(((2,6-dimethylphenyl)imino)methyl)-4-hydroxybenzenesulfonate (L7) and sodium
3-(2,6-diisopropylphenyl)imino)methyl)-4-hydroxybenzenesulfonate (L8) reacted with with
Pd(OAC): afford their respective palladium(I1) complexes [Pd(6)-] (Pd6), [Pd(L7)2] (Pd7) and
[PA(L8)2] (PdL8). In addition, treatment of the non-water-soluble ligands 2-
((phenylimino)methyl)phenol (L9), 2-(((2,6-dimethylphenyl)imino)methyl)phenol (L10) and
2-((2,6-diisopropylphenyl)imino)methyl)phenol (L11) with Pd(OAc)2 yielded complexes
[PA(L9)2] (Pd9), [Pd(10)2] (Pd10) and [Pd(L11)] (Pd11), respectively in good yields. Solid-
state structures of compounds Pd6 and Pd9 revealed bis(chelated) square planar neutral

compounds. All the complexes formed active catalysts in the methoxycarbonylation of 1-

XIX|Page



hexene, affording yields of up to 92% within 20 h and regioselectivity of 73% in favour of
linear esters. The activities and selectivities of the compounds depended on the steric
encumbrance around the coordination centre. The water-soluble complexes displayed
comparable catalytic behaviour to the non-water-soluble systems. The complexes could be

recycled five times with minimal changes in both the catalytic activities and regio-selectivity.

Reactions of (amino)phenyl ligands, (E)-N-((Z2)-4-(phenylamino)pent-3-en-2-ylidene)aniline
(L12) and N,N'E,N,N'E)-N,N'-(3-(3-(triethoxysilyl)propyl)pentane-2,4-diylidene)dianiline
(L13) with [Pd(NCMe).Cl.] led to the formation of homogeneous complexes Pd13 and Pd14.
Besides, supporting of complex Pd14 with either MCM-41, SBA-15, or FesOs4 magnetic
nanoparticles gave immobilized complexes P15-Pd17, respectively. Using varying metal
loading in the MCM-41 immobilization of complex Pd14 produced complexes Pd18 and Pd
19. In addition, calcination of complex Pd16 at 150°C and 200°C led to the formation of
complexes Pd20 and Pd21, respectively. All the complexes were received in good yields. The
catalytic activities and selectivities of the homogeneous complexes were influenced by the
coordination sphere, with the complexes predominantly forming linear esters. On the other
hand, the catalytic behaviours of the immobilized catalysts depended on the nature of support
and calcination temperatures. In addition, the catalytic activities were observed to depend on
the reaction temperature, catalyst loading, amounts of PPhs and acid promoters. The

immobilized complexes Pd15, Pd16 and Pd17, were recycled up to five times.

The homogeneous and silica immobilized palladium(Il) complexes of ligands (2-phenyl-2-
((3(triethoxysilyl)propyl)imino)ethanol) (L14), (4-methyl-2-

((3(triethoxysilyl)propyl)imino)methyl)phenol ) (L15 ), [L14-MCM-41 (L16), and [L15-
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MCM-41 (L17)]. The homogeneous complexes [Pd(L14)2] (Pd22), [Pd(L14);] (Pd23),
[Pd(L14)(Cl.)] (Pd24), [Pd(L15)(Cl2)] (Pd25) were obtained from homogenous ligands L14,
L15, L16 and L17 respectively. In addition, the silica immobilized compounds [Pd(L14).]-
MCM-41] (Pd26) and [Pd(L15)2)-MCM-4] (Pd27) were obtained through convergence
immobilization of complexes Pd22 and Pd23, respectively. Comparatively, immobilized
complexes [Pd (L14)(Cl2)-MCM-41] (Pd28) and [Pd(L15)(Cl2)]-MCM-41] (Pd29) were
obtained from the complexation of immobilized ligands L16 and L17. Both sets of complexes
gave active catalysts in molecular hydrogenation of alkenes, alkynes and functionalized
benzenes. The catalytic activities and product distribution in these reactions were largely
dictated by the nature of the substrate. The kinetic studies revealed reaction orders dependence
on styrene for both the homogeneous and supported catalysts. Significantly, the selectivity of
both sets of catalysts was comparable in the hydrogenation of alkynes and multi-functionalized
benzenes. The supported catalysts could be recycled up to four times with minimum reduction
in catalytic activities and showed the absence of any leaching from hot filtration experiments.
Kinetics and poisoning studies established the presence of active homogeneous species for
complexes Pd22-Pd5 and Pd(0) nanoparticles for the immobilized complexes Pd26-Pd29,

respectively.
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Chapter 1

Introduction and an overview of methoxycarbonylation reactions as catalysed by
transition metal complexes through homogenous, heterogeneous, immobilised and

biphasic systems.

1.1 Introductory remarks

The increasing demand for industrial products and by-products and their use as domestic wants
and other industrial processes’ feeder lines have led to an ever-increasing establishment of
various industries to support the demand. One of such industrial processes which has presented
with much growth is olefin value addition. The interplay between the commercial and financial
considerations has commanded the use of improved catalytic systems, which have, over the
years, developed and evolved to increase industrial output at a relatively lower cost. However,
such an increased output has gone unfelt negatively in other areas as it has come with enhanced
environment pollution and degradation, and thus, calling for a shift to green chemistry, which
targets chemical processes and products that are reducing, if not eliminating the use and/or
generation of hazardous chemicals. In response, the field of chemistry has seen a rise in the
development of chemical and catalytic processes that minimise dangerous chemical emissions
and waste production — for instance, the exploration of ease of recovery and reusability of

catalysts in reducing the negative environmental impacts [1].

Metal complex catalysts have been the backbone of the manufacture of vast industrial products
for decades. Examples of the olefin value addition which have attracted some attention are
methoxycarbonylation and hydrogenation catalytic transformation reactions. While the former

is versatile in the production of a range of useful commaodities such as food flavours, solvents,
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cosmetics, detergents, surfactants and pharmaceuticals [2, 3], the latter is vital in fine
chemicals, petrochemical and pharmaceutical syntheses [4]. In efforts to maximise the profits
using the catalyst systems while at the same time conserving the environment, numerous steps
have been made to modify catalysts through catalyst design and modification of the reaction
condition environments to find the most suitable catalytic conditions. One of the focuses of
such modifications has been to tap the advantages of both homogenous and heterogeneous
catalytic systems and create ‘superior’ catalytic systems which are both selective and
recyclable. This chapter thus seeks to provide general principles of catalyst recycling and reuse
with a major focus on methoxycarbonylation and hydrogen catalytic reactions as olefin value

addition routes.

1.2 Bridging the gap between homogeneous and heterogeneous catalysis

Homogeneous catalysis has been for a long time applied in industrial production due to various
advantages it has over heterogeneous catalysis. Notably, homogeneous catalysts are widely
applied in various transformation reactions and syntheses since they can allow a multipronged
control of selectivity; regioselectivity, chemoselectivity and stereoselectivity [5]. In addition,
the mechanisms involved in homogeneous catalysis is easily understood [6], hence handing
chemists a powerful tool of carefully controlling both activities and selectivities to get the
targeted molecule or product. However, it is also known that homogeneous catalysts have poor
separation of the precatalysts from the resulting catalysis mixture, thus, difficulty in recovering
and reusing them. The use of organic solvents has therefore been employed in the past in efforts
to separate the catalysts, a practice that leads to the creation of more chemical waste, violating
the first and fifth green chemistry principles, which stress on lowering auxiliary substances and

waste [7]. Besides, the separation of catalysts in the use of a homogeneous catalyst system may
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require a high energy distillation process, which in turn impact negatively on the environment

and at times damage the catalyst [8].

Heterogeneous catalysis comparatively has found its usefulness in industries since they can
easily be separated and reused, even though they have limitations such as poor selectivity
relative to the homogeneous catalysts [9]. In the last decades, various researchers have made
deliberate efforts towards integrating the pros of heterogeneous and homogeneous catalytic
systems to create a ‘super’ system that exhibits the desirable properties of both catalytic
systems. In such catalytic designs, the goal is to have the system retain the recovery and reuse
properties of heterogeneous systems and the superior selective property of the homogeneous
systems. Various terms such as heterogenization, immobilisation and anchoring, among others,
have been used to describe such a process. Two major synthetic protocols have been used in
the immobilization of homogeneous catalysts; convergent and sequential protocols or synthetic
routes [10]. Some of the methods that have been applied in heterogenizing homogeneous
catalysts include the use of insoluble solid supports [11] and the use of biphasic catalytic

systems [12].

1.3 Insoluble solid supports as agents of heterogenization.

Various solid supports have been used in creating a hybrid of homogenous and heterogeneous
catalyst systems. While several of such materials exist in the literature, they can be broadly
categorised into three classes; using magnetic supports, the application of inorganic supports
like clay, silica, and alumina, [13] and the use of rigid-organic backbones [14], polymers [15]
and dendrimers [16]. By using various synthetic routes, homogeneous catalysts can effectively

be supported on these solid supports, which then render the whole catalyst system insoluble in
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the reaction media, hence easy separation and reuse. While the catalysts supported on the
inorganic solid supports are easily recycled through simple filtration, decantation or through
centrifugation, a strong enough magnet is a requirement when separating the homogeneous

catalysts supported on magnetic nanoparticles.

1.3.1 Magnetic nanoparticles

The use of iron magnetic nanoparticles as insoluble catalyst support has been on the rise due
to various strengths such as thermal stability, relatively lower costs, high surface area, low
toxicity, and chemical inertness [17]. In addition, iron magnetic particle versatility has also
been shown in the application in a wide spectrum of fields such as electronic communication
[18], magnetic fluids [19], environmental remediation [20], and biomedical [21], alongside
catalysis (Figure 1.1). Iron magnetic nanoparticle immobilized catalysts are easily separated

from a reaction mixture using an external magnet.

OH

HO, OH
HO OH

OH

Figure 1.1: Uses of magnetic iron nanoparticles in immobilization of homogeneous catalysts
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1.3.2 The use of silica as catalyst support

Silica is another class of insoluble inorganic supports that have been widely applied in the
heterogenization of homogeneous catalysts for various catalytic transformations. Their wide
application emanates from the fact that they are readily available as part of earth material,
chemically inert, environment friendly, and they also have incredible thermal stability [22].
Most silica used as immobilization agents has large pore volumes, high surface area and
mesoporous varying pore sizes as low as 2 nm up to 50 nm. However, microporous silica with
sizes below 2 nm and macroporous with sizes above 50 nm have also been used [22]. Widely
applied as supports, the mesoporous group of the silica materials exist in various forms
possessing different orientations. For instance, while MCM-50 and MCM-48 have lamellar and
cubic orientations, respectively, SBA-15 and MCM-41 (Figure 1.2) exist in hexagonal

orientations [23].

Figure 1.2: A diagram showing orientations of various silica support, MCM-41, SBA-15 (A),

MCM-48 (B), MCM-50 (C) and SBA-16 (D).
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1.4 Biphasic catalysts and recycling

Biphasic systems are generally liquid-liquid systems that contain the catalyst and the substrate
in dissolved form. The two liquids used should have limited mutual solubility [24]. Even
though the most widely used combination entails an organic-aqueous biphasic system, other
combinations include organic-organic biphasic systems. More recently, the fluorous biphasic
system, which contains immiscible normal organic solvent paired with a highly fluorinated
organic solvent, and the use of ionic liquids have been applied [24]. In addition to biphasic
catalysis having a potential of easier catalyst separation, recycling and reuse, water as a solvent
is attractive since it is non-toxic, readily available, relatively cheap as well as its propensity of
forming biphasic systems with numerous organic solvents and materials [24]. In most cases,
the precatalysts dissolve in the more polar liquid, whereas the products and the substrate are in
the organic phase. In a typical biphasic catalytic reaction, even though the two liquid phases
are immiscible, the reaction normally takes place in the two phases due to enhanced stirring
speeds, which in turn creates enough contact between the catalyst and the substrate (Figure
1.3). Various types of biphasic systems exist, including; ionic liquids [25-30], aqueous biphasic
systems [8, 31], thermomorphic systems [32-34], supercritical fluid systems [35, 36] and

fluorous systems [12].
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Figure 1.3: Depiction of biphasic catalysis, phase separation and recycling

Table 1.1: Industrial applications of biphasic catalysis

Industrial process Industry name Solvent/solvent Metal
system catalyst

Ethylene oligomerization Universal Oil Products Sulfolane Nickel
Propylene dimerization Institut Francais Du Pétrole  lonic liquids Nickel
Butadiene telomerization Kuraray Sulfolane/water Palladium
Unsaturated aldehydes hydrogenation Rhdne-Poluenc Water Ruthenium
Butylene/Propylene hydroformylation RuhrChemie/Rhone-Poluenc  Water Rhodium
Ethylene oligomerization (SHOP) Shell Butane-1,4-diol Nickel

1.5 Carbonylation: a synthetic route to olefin value addition

Introduced by Walter Reppe in the mid-20t century while at BASF, the word carbonylation

refers to various reactions where the carbonyl moiety (C=0) is solely or together with other
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substituents are inserted into nitro groups, alcohols, and amines, among other groups to obtain
a target molecule or compound [37, 38]. The (C=0) can be obtained directly from carbon
monoxide or from CO surrogates. Carbonylation catalytic reaction favourably proceeds upon
the addition of transition metal catalysts like palladium, iridium, rhodium, cobalt, nickel and
ruthenium [38]. Some of the most common carbonylation reactions include hydroformylation
which mainly involves the formation of aldehydes [39], hydrocarboxylation, which is the
synthesis of carboxylic acids [40] and alkoxycarbonylation [41], also referred to as
hydroesterification, which involves the production of esters. Figure 1.4 gives a summary of

common carbonylation reactions
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Figure 1.4: A diagram showing examples of carbonylation types
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1.6 Carbonyl sources for carbonylation reactions

Carbon monoxide is one of the most vital reactants in carbonylation as its insertion in the cycle
result in important transition metal intermediates, hence the carbonylation products.
Traditionally, carbon monoxide has been used as the carbonyl source in carbonylation reactions
in general. However, there is a range of problems surrounding CO use as the source of carbonyl,
some of which include its transport and storage, combined with the fact that it is toxic [42]. As
such, deliberate intentions to bypass the use of carbon monoxide and explore other carbonyl
sources which can effectively drive carbonylation reactions such as methoxycarbonylation is a
priority. Some of the advances which have been made in this regard include the use of formic
acid [43] and its derivatives such as formates [44], formamides [45], use of aldehydes [46], and
the use of metal carbonyls [47]. More recently, the use of more abundant carbon dioxide as a

carbonyl source has been explored despite the difficulties faced in its activation [48, 49].

1.7 Methoxycarbonylation: An insight into the process

A type of carbonylation reaction, methoxycarbonylation, refers to the functionalisation of
olefins and other groups in the presence of methanol, carbon monoxide, acid promoter and a
phosphine stabiliser. The carbon monoxide is introduced into z- unsaturated compounds
through oxidative addition, with the resulting ester formed via a reductive elimination in a
methanolysis process [50]. Two ester products are possible- a branched ester, linear ester, or
both, with the possibility of the selected ester product depending majorly on factors such as
reaction conditions and nature of complex [51]. Even though a range of metal complexes such
as ruthenium, platinum, cobalt, iridium, rhodium and nickel have been applied in the
methoxycarbonylation reactions, palladium complexes have been the most preferred since they

can be used in milder conditions and can catalyse a broad scope of substrates to respective
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products. Methoxycarbonylation reaction can be done using two methods, one of them being
oxidative methoxycarbonylation. In the oxidative methoxycarbonylation, stoichiometric
amounts of methanol and a metal salt, in most cases palladium(ll) chloride are used in the
transformation of a suitable substrate into an ester product (Scheme 1.1) [52]. By using an
appropriate oxidant such as benzoquinone, the reaction proceeds through a catalytic path where

the production of diesters are possible through a further CO insertion [53].

OCH,
R/\ + CO +MeOH +PdCl,— g RW

(o]

Scheme 1.1: Stoichiometric oxidative methoxycarbonylation.

The second type of methoxycarbonylation using palladium catalysts require a stabiliser as they
have been shown in the absence of stabiliser to form inactive or less active moiety or
palladium(0) which then precipitates off the catalytic reaction mixture leading to inactivity
[54]. Ligands coordinated to the palladium centre together with the stabiliser additive and co-
catalyst (Scheme 1.2), therefore play a major role in the catalyst stabilisation during a

methoxycarbonylation reaction.

CO,Me

R / Catlyst, CO, +
—on > \/\
F »icon CO,Me

PPh;Acid promoter

Scheme 1.2: A typical catalytic methoxycarbonylation reaction showing the conditions
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1.7.1 Methoxycarbonylation mechanism

Several studies have been done in the past to unearth the possible mechanism of palladium(Il)
catalysed methoxycarbonylation reactions. Two of the most widely agreed mechanistic routes
are carbomethoxy and the hydride routes [55]. While the carbomethoxy route entails inserting
the olefin into the Pd-carbomethoxy bond, the olefin is inserted into the Pd-hydride bond when
it comes to the hydride mechanism (Figure 1.5). The Pd-hydride moiety results from the
combination of the precatalysts and hydrogen from a hydrogen source, mostly an acid
promoter. On the other hand, the Pd-carbomethoxy group forms from a reaction between the
precatalysts and methanol [56, 57]. The carbomethoxy route commences by acid promoter
facilitated the formation of the Pd-Methoxy bond. The carbon monoxide then inserts into the
formed bond, followed by the olefin coordination and insertion. The final ester product(s) is
then produced through a methanolysis process [58, 59]. On the contrary, the hydride
mechanism is triggered through the formation of a Pd-H followed by the olefin coordination to
the created bond. This process then leads to coordination and migratory insertion of carbon
monoxide to give a Pd-acyl intermediate. Attachment of methanol to the intermediate
eventually yields the ester products [59]. Various factors have been implicated to have an
influence on the mechanistic route, followed by a methoxycarbonylation under consideration.

However, the majority of the studies indicate that the hydride mechanism is favoured [60-64].
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Figure 1.5: A representation of carbomethoxy and hydride methoxycarbonylation mechanisms.

1.8 Significance of methoxycarbonylation

Methoxycarbonylation is among the most industrially significant chemical reactions. One of
the known wide-scale applications is the methoxycarbonylation of ethylene to produce methyl
propanoate [65], a precursor in the manufacture of methacrylate. The polymer (polymethyl
methacrylate) formed from methacrylate has numerous industrial uses like applications in
touch screens and liquid-crystal display screen electronics [66]. Most recently, it has been
applied in lightweight and transparent shielding equipment [67]. Another known application of
methoxycarbonylation is in pharmaceuticals where, through the process, some of the most
important classes of drugs- the non-steroidal anti-inflammatory drugs (NSAIDs) can be

synthesised. Examples of such drugs include Naproxen, Ibuprofen, Fenoprofen and Ketoprofen

12|Page



[68-72]. Some of the most widely applied methoxycarbonylation products are summarised in

Table 1.2.

Table 1.2: Selected ester products and their domestic and industrial application

Methoxycarbonylation ester product

Major uses

Ethyl benzoate

Methyl propanoate/ Methyl propionate

Isobutyl acetate

Methyl acetate

Isopropyl myristate

-Preservative and fragrance ingredient [73],
applied as a perfume scent [74], food

flavouring agent [75].

Manufacture of (polymethyl methacrylate)
[67], manufacture of varnishes and paints

and resins[76].

Used as a solvent [77] flavouring agent and

fuel supplement [78].

A solvent for ink resins and oils [79].

Applied in cosmetics and manufacture of

topical medicine [80].
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Chapter 2

Literature review of defined/ discrete palladium catalytic systems applied in the

methoxycarbonylation/hydroesterification catalysis reactions.

2.1 Introduction

Methoxycarbonylation forms part of the most important industrial catalytic processes.
Therefore, methoxycarbonylation has been given much attention in the past decades [1, 2].
Indeed, apart from hydroformylation and other related olefin functionalization reactions [3-5],
alkoxycarbonylation catalysis forms the next biggest industrial process when it comes to
homogeneous catalysis [6]. Even though other metals like ruthenium have been used in
methoxycarbonylation reactions, palladium has so far been preferred since it has high stability,
catalytic activity and mild reaction conditions tolerance [7, 8]. However, most of the
methoxycarbonylation reports presented over the years utilize the in situ generated catalysts

[9-30].

Different classes of ligands have been applied in the presence of various palladium precursors
to generate active catalysts in the methoxycarbonylation reactions. In the in situ generated
catalyst systems, an acid promoter, either Lewis or Brgnsted acid, a ligand and palladium salts
such as Pd(dba)2, Pd(OAC),, and PdCI2 are used to transform a substrate into the desired ester
product. One drawback of the insitu generated catalysts is that it is difficult to understand the
coordination environment of the catalyst and, by extension, the true nature of the active species.
It has been well documented that by carefully designing the ligand networks, a chemist

possesses a powerful tool in controlling activities and selectivities [24, 31, 32], two of the most
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important value addition aspects in catalysis. Such control can better be achieved through the
synthesis of the complex or ‘ex-situ’. Besides, it has also been reported that a presynthesized
catalyst can display superior catalytic activity to the corresponding insitu generated catalyst in

the methoxycarbonylation reactions [33].

As a common practice, palladium catalysts derived from phosphorus have been the mainstay
in the methoxycarbonylation reactions. However, in the search for more stable and impurity
tolerance, other systems like nitrogen-phosphine, nitrogen-nitrogen and other mixed donor
systems have been explored. This chapter, therefore, explores palladium metal complexes
applied over the years in the methoxycarbonylation catalytic reactions. While various
palladium donor atom systems are explored, attention has been paid to the exhibited catalytic
activities and regiocontrol. Various catalyst designs such as P~P donor, PN donor, PO donor,
N~N donor, tridentate mixed donor systems, and immobilized systems have all been explored
in this chapter. In addition to reviewing active homogeneous and heterogeneous systems, this
chapter also entails the products of effort to go greener in the industrial processes by reviewing

systems that allow for recycling and reuse of catalysts.

2.2 Homogeneous palladium(11) systems applied in methoxycarbonylation catalysis

reactions

2.2.1 PP donor-based palladium(l1) catalysts

Traditionally, methoxycarbonylation reactions have been done using PP donor complexes. In
one of such reports, Zolezzi et al. gave an account of methoxycarbonylation as catalysed by
PAP palladium(Il) complexes bearing naphthyl(diphenyl)phosphine derived ligands [34]. The

activity of these complexes was found to slightly depend on their structure (Figure 2.1). For
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instance, while complex 1 gives a conversion of 97% of styrene to ester products, complex 2
displays a slightly lower conversion of 93%. However, such a change in design does not present
with alterations in the product distribution as both catalysts selectively give branched ester
products of 93% and 92%, respectively. The catalysts show varied activities towards different
substrates. For instance, while the use of complex 2 results in conversions of 93% of styrene
to the ester products, the same catalysts only gives moderate catalytic activities of 40% to 61%

using cyclohexene, a-methylstyrene and n-hexene substrates.

Ph,P.
th 803CF3 2
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Figure 2.1: The P"P donor palladium(ll) systems reported by Zolezzi et al. in the

Pd

.
“,
()

methoxycarbonylation of olefins [34].

De la Fuente et al. reported in their work the methoxycarbonylation of ethene using phosphine
donor carbocyclic ligands of cis-1, 2- bis (di-tertbutyl-phosphinomethyl) [35]. The catalytic
behaviour depends on the length of the carbocyclic backbone. For instance, the three, four and
six-membered ring palladium(ll) complexes 4, 5 and 6 (Figure 2.2) respectively display a

superior catalytic activity to the palladium catalyst derived from 3, a ligand containing a six-
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membered ring, with only the double bonds making it be different from 6. The three complexes

similarly exhibit higher catalytic activities superior to complex derived from 7 [35].
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6 (tBut), 7 (tBut),

Figure 2.2: PAP- donor systems applied by de la Fuente et al. in the methoxycarbonylation of

ethane [35].

Another system was reported by Bianchini et al. [36, 37]. The phosphine donor palladium(ll)
complexes were anchored on 1, 1-bis (diphenylphosphino) ruthenocene (dppr), 1, 1-bis
(diphenylphosphino)osmocene (dppo), 1, 1-bis (diphenylphosphino) ferrocene (dppf), and 1,
1-bis(diphenylphosphino) octamethylferrocene (dppomf) ligands (Figure 2. 3). Using TsOH as
the acid promoter, the 1, 1-bis (diphenylphosphino) metallocene palladium (1) complexes form
active catalysts in the methoxycarbonylation of styrene. The catalytic activities were found to
be influenced by the complex coordination nature; to demonstrate this, complex 11 exhibits the
highest TOF of 334. Another factor that influences the catalytic activities of these systems is
temperature variations. The catalysts are also predominantly selective towards methyl 3-
phenylpropionate, the linear ester isomer with 77% to 84% observed. Variations made to the

metallocene metal Os, Fe, and Ru and replacing the cyclopentadienyl ligands with methyl
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cyclopentadienyl ligands do not have a substantial effect on regioselectivity or

chemoselectivity.
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Figure 2.3: The PP donor palladium systems applied by Bianchini et al. in the

methoxycarbonylation of styrene [36-37].

The next PP donor mononuclear palladium and dinuclear palladium system were investigated
by Konrad et al. [38] in styrene methoxycarbonylation (Figure 2.4). These systems show a
range of catalytic activities, with a low yield of 3% observed in the catalysis using complex 12
after 3 hours. Higher reaction times were necessary for the improvement of activities as the
same catalyst gives 95% of the ester products after a 42 hrs reaction. The coordination
chemistry of this set of complexes seems to control the activities as dinuclear catalysts display
superior yields. For instance, while complex 12 gives a yield of 95%, the dinuclear complex

14 bearing the same ligand network affords >99% within 42 hrs [38], showing the superiority
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of a double metal centre. One of the best regioselectivities achieved by this system is 90% in
favour of the linear products, with complexes having greater steric hindrance around the metal
centre favouring more of the linear products [39]. Modification of complex 15 by changing the
PAr, group from 3,5-(MexCe¢H3z) to 3,5-(CF3).CeHs triggers a dramatic change of

regioselectivity from 36% to the formation branched ester product as the sole product [39].

PA Ar
ra A 2
\ cl
/Pd/
p (\, _-Cl | I
cl
cl -
P
Ar,
Ar=Ph, 12 Ar=Ph, 14
Ar=3,5-(Me,C¢H3), 13 Ar=3,5-(Me,C¢H;), 15

Ar=3,5-(CF3),C¢Hj), 16

Figure 2.4: PP donor mononuclear palladium and dinuclear palladium system reported by

Konrad et al [38-39].

In yet another report, the use of palladium(ll) system anchored on anthracene moiety show
efficacy in catalysing the methoxycarbonylation of several aryl bromides and aryl iodides
(Figure 2.5). The activity exhibited largely depend on the group connected to the substrate’s
aryl ring. For instance, the electron-rich methoxy and methyl-substituted iodides and bromides
give corresponding esters (yields of 85-98%) in superior quantity to the electron-poor
substrates bearing groups such as nitro, cyano, keto (yield of 72-86%) [33]. Such an
observation can be attributed to better coordination of the electron-rich substrates to the catalyst

centre. However, the electronic nature of the substrates has no bearing on the selectivity [33].
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Figure 2.5: PP donor palladium systems used by various researchers in methoxycarbonylationl

[40].

One of the rare reports to have discussed the in-situ versus ex-situ issue is work done by
Mecking and co-workers. They applied both insitu generated and ex-situ synthesized forms of
palladium complex 18 (Figure 2.5) in the isomerized methoxycarbonylation of methyl oleate
to o,m-diester [40]. While the defined ex-situ generated complex affords a conversion of 80%,
the in-situ generated counterpart gives a mere 50%. An observation that the researchers do not

explain.

26

Commented [SO1]: How comes you have 1 — 7, yet the
immediate previous two complexes are 17 and 18, then next
in Figure 2.6 is complex 26?

Reply: This has been correctedd




Dibenzylideneacetone based palladium P"P donor systems have also been applied in the
methoxycarbonylation of ethene (Figure 2.5). These complexes show exceptional catalytic
activities. Complexes 19 leads to the conversion of up to 12000 moles of ethene per hour to the
ester product. The ligand structure controls both activity and chemoselectivity. For instance,
changing the R groups from tert butyl to the isopropyl significantly leads to a drop in the
amount of converted ethene, 12000 moles and 200 moles, respectively. While complexes 19-
21 give >99% chemoselectivity, complexes 22-25 exhibit a significant drop to 20-30% with
other products such as polymers and polyketone oligomers observed, pointing to the delicate

act of simultaneous control of both catalytic activity, chemoselectivity and regioselectivity.

Doherty et al. used a palladium system based on the ethano-anthracene ligand in the
methoxycarbonylation of ethylene. Using complex 26 (Figure 2.6) in the
methoxycarbonylation of ethylene produces 7300 moles of methyl propanoate within an hour

of reaction with the production polyketones and polymers also observed [41].

Cl
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Figure 2.6: Tetramethylphospholylmethyl)-9,10-dihydro-9,10-ethanoanthracene}PdCI2] used

by Doherty et al. in the methoxycarbonylation of ethylene [41].
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In one of the few reports on palladium systems possessing osmocene ligands, Gusev et al.
demonstrated that the [Pd(OTs)(dppo)]- OTs complex 27 (Figure 2.7) catalyses the
methoxycarbonylation of both styrene and ethylene. The complex shows TOFs of 402 and 44

in the formation of methyl propanoate and methyl-3-phenylpropanoate, respectively [42].

Os —/Pd—OTs
27

Figure 2.7: Palladium system of the nature [Pld(OTs)(dppo)]- OTs used by Gusev et al. in the

methoxycarbonylation of styrene and ethylene [42]/

Another palladium(Il) system bearing diphenylphosphinecyrhetrene ligand system was also
applied in the methoxycarbonylation of styrene (Figure 2.8). Complex 28 exhibits low to high
catalytic activities depending on the reaction conditions (14-100%), with excellent
chemoselectivities. The best conversion (100%) is obtained by using tenfold HCI with respect
to the complex, a gas pressure of 50 bar, and at 75 °C [43]. By adjusting the reaction conditions,

the complex is capable of 98% regioselectivity in favour of the branched ester product.
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Figure 2.8: Dephenylphosphinecyrhetrene palladium system used by Zuniga et al [43].

A possible effect of diphosphines on the regioselectivity in methoxycarbonylation of styrene
prompted Guiu et al. to apply a range of diphosphine palladium systems (Figure 2.9) in the
methoxycarbonylation of styrene. Complex 30 show a good catalytic activity, giving a TOF of
834 h'L, Similarly, the same catalyst shows enhanced regioselectivity, favouring the formation
of 74% branched ester product [44]. The regiocontrol of this set of precatalysts is also impacted
by the ligands electronic nature. For instance, while complexes 29 and 30 have near similar
steric properties, they afford 23 and 74% of the branched ester product, respectively, pointing
to regioselectivity not only depending on the obvious steric properties but also electronic
properties. A plausible explanation for the phenomenon is that since complex 29 is electron
poorer, it may form palladium alkoxy carbonyl moiety, which has been shown to direct olefins

substrate insertion to the branched ester compounds.
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X=3,5-CF3, 30
X=p-MeO, 31
X=3,5-tBu. 32 FiC

Figure 2.9: Palladium systems based on DPEphos ligands family applied in the

methoxycarbonylation of styrene by Guiu et al [44].

The palladium phosphine donor systems in Figure 2.10 convert styrene to the ester products
with appreciable activity. While 35 gives a yield of 88%, 36 performs slightly better, giving a
yield of 98% under the same reaction conditions [45]—the complexes favour over 99%
formation of the branched ester products. Complex 36 also shows appreciable catalytic
activities in the conversion of styrene to respective ester products using i-PrOH alcohol and

tert-butyl alcohol, giving yields of 96 and 48%, respectively.
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Figure 2.10: Palladium (trioxo-adamantyl cage phosphine) chloride complexes used in

alkoxycarbonylation of styrene by Fuentes et al [45].

Modified PAP donor mononuclear palladium and dinuclear palladium system [38, 39] forms
Flurbiprofen methyl ester through a methoxycarbonylation process (Figure 2.11). While all the
complexes show activities towards the ester product formation, complex 37 shows the highest
catalytic activity, forming >99 % ester product within 17 hours [46]. The complexes all show
a range of regioselectivities, with complexes 38 and 41 giving up to over 99% of the branched

products

PAr, érz
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Ar,
Ar = 3,5- (xylyl), 37 Ar = 3,5- (xylyl), 40
Ar=3,5-(CF;),C¢Hs, 38 Ar=3,5-(CF;),C¢H;, 41
Ar=3,5-C1,C¢H;, 39 Ar=3,5-C1,C¢Hj3, 42

|Figure 2.11: Palladium Phanephos systems applied in the methoxycarbonylation of vinyl

arenes [46]
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TROPP ligand based palladium(ll) complexes display low to high catalytic activities in the
methoxycarbonylation of various alkyne substrates (Figure 2.12). Complex 45 show the best
catalytic activity (TOF of 960 h') among these group of palladium complexes in the
methoxycarbonylation of 4-tolylacetylene. Besides, the same complex exclusively gives the
branched ester product. Complex 46 shows a slightly diminished activity (TOF 920 h-1) [47],
likely due to steric factors. However, this contribution does not report the results for the other
four complexes, which could have been interesting, especially with the rest of the complexes

coming in with completely different electronic properties.
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R=2-MeOPh, 44 R= 2-MeOPh, 46 R=Ph, 47

R=2-MeOPh, 48

Figure 2.12: TROPP ligand based palladium complexes used in the methoxycarbonylation of

terminal alkynes [47]

Palladium(ll) complexes containing 1,1’-Bis(diphenylphosphino)ferrocenes ligands converts
ethene to methyl propanoate as the major product in a methoxycarbonylation reaction. Under
the same reaction conditions, complex 51 (Figure 2.13) gives the best yield of methyl
propanoate (a TON of 1618) [48]. A similar complex 49, except for the coordination
environment, gives a slightly lower activity (a TON of 1378), showing the notable effects of

the substituents on the ferrocene ring.
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Figure 2.13: Palladium(IT) Complexes bearing 1,1’-Bis(diphenylphosphino)ferrocenes ligands

applied in methoxycarbonylation of ethane [48]

Palladium complexes bearing diphosphine ligands (Figure 2.14) convert methyl oleate to
diesters with yields ranging from low to high (18-98%). The observed catalytic activities are
largely controlled by the steric encumbrance of the ligand moieties attached to the phosphorus
atoms. The researchers made a rather unusual observation of more sterically hindered
complexes giving better activities, a reverse of observations elsewhere [49], pointing to the
activity being influenced by other factors such as the electronic nature of the ligands groups
attached to the donor atom. Regioselectivity is also controlled by steric hindrance, with more
sterically hindered complexes yielding more of the branched ester products [48]. For instance,
the most sterically hindered complex 53 gives the highest quantity of the branched ester

products (30%).
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Figure 2.14: Palladium(ll) complexes bearing diphosphine ligands used in the

methoxycarbonylation of methyl oleate [49]

2.2.2 NP donor palladium(ll) catalysts

Apart from the PP donor systems, the bidentate heteroatomic PAN donor systems are another
group having great potential and use in a range of catalytic transformations,
methoxycarbonylation included. One of such systems has been applied in the
methoxycarbonylation of styrene by Abarca et al. [50]. The palladium(ll) complexes with
ligand frameworks of 2-diphenylphosphinoaniline (Ph.Pan) and (2-diphenylphosphino)
pyrimidine (Ph2PNHpym), and N,2-bis(diphenylphosphino)benzeneamine
(Ph.PNHCeH4PPh,) show a range of catalytic behaviour that is largely influenced by their

structures (Figure 2.15).
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Figure 2.15: PAN donor palladium (1) systems applied by Abarca et al. in the

methoxycarbonylation of styrene [50]

Using similar reaction conditions, complexes 60 and 61 afford moderate conversions of 48 and
46%, respectively, in the methoxycarbonylation of styrene in the absence of a phosphine
stabilizer. Comparatively, adding equimolar quantities of ligand or PPhs leads to improved
conversions. While the addition of Pho,PNHpym ligand to complex 60 affords an improved
conversion of 78%, the addition of one equivalent of PPhz results in even a far much better
conversion of 99% within 6 h, underpinning the need for phosphine stabilizer in the
methoxycarbonylation reactions. The selectivities of the complexes similarly hinge on the
identity of the complexes’ structures and the reaction conditions. For instance, while complexes
60 and 61 respectively give chemoselectivities of 71 and 75% and regioselectivities of 75 and
82% towards the branched ester product without PPhs, adding PPhs remarkably improve both
chemoselectivity and regioselectivity to 99 and 92% and 92 and 96%, respectively. Even
though the four complexes show remarkable selectivities in the methoxycarbonylation of
styrene, complex 60 posts better results than the other complexes; such an observation has been

implicated on complexes 60, having the pyridine group [50].
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Another mixed P, N donor palladium(ll) complexes have been applied by Aguirre et al. in the
methoxycarbonylation of various olefins [51]. Similar to the observation of Abarca and the
group, the catalytic behaviour of these set of complexes are heavily influenced by the complex
structure. While the use of complex 64 (Figure 2.18) without the addition of triphenylphosphine
ligand yields a meagre conversion of 14%, the addition of one and two equivalents of
triphenylphosphine relative to the palladium catalyst dramatically increase the conversions to
99 and 97%, respectively. The addition of the one and two equivalents of phosphine promoter
also varies the selectivity from 75% to 92 and 89% of the branched product, respectively. Under
similar conditions, complexes 66 and 67 (Figure 2.16) show far much inferior activities of 28
and 9%. Attempts to replace the 2-(diphenylphosphino)quinoline (Ph2Pgn) in complex 67 with
either 2-(diphenylphosphinoaminomethyl) pyridine (Ph2PNMepy) or (diphenylphosphino),
phenylamine (Ph2PNHPh) further lowers the catalytic activities of the catalysts, highlighting
that both the NH and the pyridine groups are important if higher catalytic activities are to be
obtained in these set of complex design [51]. The complexes also give different activities in
the methoxycarbonylation of various substrates. For example, while complex 64 affords 99%
conversion of styrene to the ester products, it converts only 43 and 19% of 1-hexene and

cyclohexene, respectively, to the expected ester products in 24 h [51].
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Figure 2.16: PAN donor palladium (Il) systems used by Aguirre et al. in the

methoxycarbonylation of olefins [51].

2.2.3 NN donor palladium(11) catalysts

Recently, Zulu et al. reported N*N donor palladium(ll) complexes bearing pyridyl imine
ligands with pendant arms in the methoxycarbonylation of 1-hexene (Figure 2.17). The nature
of the precatalysts largely impacts the catalytic behaviour of the complexes. For example,
changing the nature of complex 68 by replacing a chloride ligand with methyl to form 69 only
leads to a dip in conversion from 91 to 62%, an observation connected to the electron-donating
behaviour of the CHs moiety. The pendant donor groups also controlled the observed activities,
for instance, complex 70, having an OH group as the pendant donor displays an inferior
conversion of 58% as compared to complex 68 (91%), having a methoxy group at the same
position [52]. The hemilabile nature of the methoxy group allows for easier substrate
coordination as well as stabilization of the active intermediate, hence a superior activity. The
structure of the complexes, however, do not have a notable effect on the regioselectivity as the
steric encumbrance around the metal centres is the same due to the remote location of the

pendant donor atoms.
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Figure 2.17: N~N donor palladium (I1) systems used by Zulu et al. in the methoxycarbonylation

of olefins [52].

Another NN donor palladium(ll) system has been reported by Alam et al. [53]. Bearing
(pyrazolylmethyl) pyridine ligands, the coordination atmosphere of these palladium(Il)
complexes is the main factor behind observed varied catalytic behaviours. For example, the
substituents of the pyrazolyl ring dictate the catalytic activity observed. Replacing the CH3
substituent with a phenyl improves the activity from the conversion of 63 to 77% (Figure 2.18)
posted by complex 73 in the methoxycarbonylation of 1-octene to the corresponding ester
products. The cationic analogue, complex 74, gives the least conversion of 47% under the same
reaction conditions, an observation attributed to its relative instability [53]. Even though the
varying complex design does not have a profound effect on the product distribution, phosphine
additive appeared to vastly control the regioselectivity. For example, while complex 72 affords
41% of the branched products in the presence of triphenylphosphine, the branched selectivity
increases up to 60% without the phosphine. The increased branched isomer selectivity without
the use of PPhz is attributed to the lower steric encumbrance around the coordination sphere,

thereby enhancing chain migration or isomerization [53].
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Figure 2.18: (Pyrazolylmethyl) pyridine palladium(ll) complexes used by Alam et al. in the | [Commented [SO5]: reference

methoxycarbonylation of different olefins [53].

Tshabalala and Ojwach reported an NN donor palladium(ll) system bearing
(benzimidazolylmethyl)amine ligands. By using a range of various internal olefin substrates
and phosphine derivatives, these palladium(Il) complexes show a range of catalytic activities
and selectivities [54]. The compounds’ catalytic behaviour was found to heavily hinge on the
coordination environment of the metal centre. For instance, modification of complex 76 by
replacing the chloro and methyl group with triphenyl phosphine and tosylate ligands to form
complex 78 (Figure 2.19) leads to improved catalytic activity. While complex 76 gives a
conversion of 39%, complex 78 displays 84% under the same reaction conditions, an
observation attributed to the stability of complex 76, which result from the stabilizing nature
of the tolyl and PPh3 groups. The shift in catalyst design from 76 to 78 similarly has a strong
influence on regioselectivity. Whereas precatalysts 76 display 60% of the branched products,
78 gives 74% of the branched ester products, a phenomenon attributed to the bulkier OTs and

PPhs ligand hindering the isomerization of the coordinated substrate.
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Figure 2.19: (Benzimidazolylemethyl)amine palladium(l1) complexes used by Tshabalala and

Ojwach in the methoxycarbonylation of the terminal and internal olefins [54].

In the absence of a phosphine stabilizer, palladium(ll) bearing bis(oxazoline)-phosphine
ligands only gives traces of products in the methoxycarbonylation of phenylacetylene.
However, the addition of PPhs dramatically improves the catalytic activities. For instance,
complex 80 (Figure 2.20) gives a high activity of 90% in the presence of 2 fold equivalent of
PPhs. Under similar reaction conditions, complexes 81 and 82 both give conversions of 99%
within 1 hr. Complex 81 further shows moderate activity in conversion of various alkynes to
respective ester products; for instance, the complex showed a conversion of 79 and 76% of 4-
ethynylbenzaldehyde and 1-decyne, respectively to various ester products [55]. Under the same
reaction conditions, both complexes 81 and 82 afford near-complete regioselectivity of 97 and

98% respectively of branched products in the methoxycarbonylation of phenylacetylene.
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Figure 2.20: Bis(oxazoline)-phosphine palladium system used in the methoxycarbonylation of

alkynes lbrahim et al [55].

N~N donor palladium(ll) complexes of (pyrazolyl-ethyl)pyridine ligands show a range of
catalytic activities in the methoxycarbonylation of higher olefins giving TOFs of 3.9 to 7.6 h-
1, under various reaction conditions. The catalytic activities observed are controlled by the
nature of the complexes as more sterically hindered complexes gave fewer % conversions [56].
For instance, complex 83 bearing methyl groups gives a conversion of 91% in the
methoxycarbonylation of 1-octene, compared to complex 86 bearing Ph groups which give a

lower conversion of 84%.

A TN R=Me, X=Cl, 83
| R=Me, X= Me, 84
N /N\ R=Ph, X= Me, 85
/Pd\ R=Ph, X= CI, 86

Cl R

Figure 2.21: (Pyrazolyl-ethyl)pyridine palladium(Il) complexes reported by Zulu et al. in the
methoxycarbonylation of higher olefins [56]
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N~N donor pyridinimine palladium catalysts show varied catalytic behaviour in the
methoxycarbonylation of styrene to the ester products. The activities shown by this set of
complexes are greatly influenced by the steric nature of the alkyl substituent attached to the
imine aryl moiety (Figure 2.22). For example, complexes 87 and 88 having CHz moiety as Rs
groups exhibit better yield of 57 and 53% respectively in comparison to similar complexes 89
and 90 bearing isopropyl groups at the same positions (39 and 36%) respectively [57]. Such a
behaviour can be due to the possibility of isopropyl groups stabilizing reaction intermediates
hence shielding the palladium centre from the substrate, CO and methanol, leading to limited
access [58]. Product distribution is influenced by the nature of the group on the imine carbon.
For instance, even though all the complexes (except for complex 91, which is inactive) gave a
mixture of products, dimethyl-2,5-diphenyl-4-oxoheptanedioate, methyl-3,6-diphenyl-4-
oxohex-5-enoate, methyl-2,6-diphenyl-4-oxohexanoate, dimethyl phenylsuccinate and methyl
cinnamate, the complexes bearing H on the imine carbon are more selective towards dimethyl

phenylsuccinate, product E [57].
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Figure 2.22: Pyridinimine palladium(ll) catalysts applied in the methoxycarbonylation of

styrene [57].

Palladium(ll) complexes bearing (benzoimidazol-2-ylmethyl)amine ligands promote
methoxycarbonylation of olefins in moderate to high conversions within 24 h. The catalytic
activities displayed by the complexes (Figure 2.23) are mainly dependent on their structures.
The electronic nature of the R groups influences the conversions observed. For instance, the
cationic complex 95 bearing the methoxy group on the ring displays the highest conversion of
86% [59]. By contrast, a similar complex 96 having an electron-withdrawing Br group gives
only a conversion of 29%. Such an observation is due to the difference in the stability of the
resulting complexes. The electron-withdrawing nature of Br tends to form less stable

complexes which have a higher probability of decomposition, thus lower catalytic activity.
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Figure 2.23:(Benzoimidazol-2-ylmethyl)amine palladium(ll) complexes used in the

methoxycarbonylation of olefins [59]

2.2.4 Other mixed donor systems

While most palladium(I1) systems reported in the methoxycarbonylation catalysis are bidentate
ligand coordinated systems, there are reports of tridentate systems. Not long ago, Kumar and
Darkwa reported palladium complexes bearing mixed N*N*O and N*N”S donor ligands in the
methoxycarbonylation of olefins [60]. The catalytic behaviour of this set of complexes is
influenced by their structural nature. One of the interesting observations made from this
research is that while all the neutral complexes do not give any activity in the absence of
phosphine promoter, the cationic complexes display some notable activities. However, it is not
surprising since the cationic complexes bear a coordinated phosphine, able to stabilize the
active species. Even though there is no clear difference between the catalytic activities of the
cationic and neutral complexes, all the catalysts display conversions of 66-96% in the
methoxycarbonylation of 1-hexene into the ester products (Figure 2.24). One of the reasons for
the wide range of activities observed could be variations of donor atoms, as NS donors
generally display lower activity than the NN donors. For instance, while complex 98 shows

conversion of 95%, complex 102 displays a conversion of 66%.
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Figure 2.24: Palladium (II) complexes used by Kumar and Darkwa in the

methoxycarbonylation of selected 1-alkenes [60].

Recently, we applied mixed NN and N”O palladium(ll) complexes bearing phenoxyimine
alkoxysilane ligands in the methoxycarbonylation of a range of olefin substrates. The
bischelated complexes 105 and 106 exhibit superior catalytic activities to the monochelated
complexes 107 and 108 (Figure 2.25). The observation is largely attributed to better stability
of the bischelated complexes hence resisting catalyst decomposition at the reaction
temperature. Complexes 105-108 yield predominantly linear esters in the
methoxycarbonylation of 1-hexene, with 58-67% of linear esters yields observed [61]. The
complexes convert alkenes such as 1-heptene, 1-octene, 1-nonene and 1-decene to their
respective ester products, with the observed % conversions decreasing with increasing carbon

chain length.
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Figure 2.25: Palladium(Il) complexes bearing phenoxyimine alkoxysilane ligands used in the

methoxycarbonylation of a range of olefin substrates [61].

2.2.5 Immobilized palladium catalysts in the methoxycarbonylation reactions

In present times and past decades, attempts have been made to capitalize on the strengths of
both homogeneous catalysts and heterogeneous catalysts to design catalysts that are active,
selective and recyclable through the heterogenization process. Even though heterogenized
systems have been widely applied in other catalytic transformation reactions, it is glaringly
evident that alkoxycarbonylation has just but a handful of reports. It is, therefore, an area that
has a tapping potential through the use of biphasic catalysis, using insoluble inorganic supports
like silica, magnetic supports and polymer supports. The activities and selectivities on such
heterogenized systems can effectively be controlled and improved if the clear and correct
structures and coordination chemistry of their homogeneous counterparts are understood

through synthesis and characterization before using them for catalysis.
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2.2.5.1 Silica supported palladium(l1) catalysts

In one of the rare efforts to make homogeneous catalysts recyclable, we have recently reported
methoxycarbonylation using palladium(ll) complexes bearing phenoxyimine alkoxysilane
ligands immobilized on silica (Figure 2.26). Using PTSA as an acid promoter, this set of
immobilized complexes display moderate to high catalytic conversions in the
methoxycarbonylation of 1-hexene. For instance, under the same reaction conditions, complex
110 displays the highest conversion of 78%, while complex 111 gives the least (59 %). These

complexes are recyclable up to four times with little loss in catalytic activities [62].

X 0\ ~
S S /Pd\
1 i —
0’60 0’00 N cl o
4
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R=CH;; X=H, 109 R=CH;; X=H, 111
R=H; X=CH;, 110 R=H; X=CH;, 112

Figure 2.26: Palladium(11) complexes bearing phenoxyimine alkoxysilane ligands immobilized

on silica [62].

Another silica-supported  palladium catalyst shows catalyst activities in the
methoxycarbonylation of various substrates. While all the immobilized complexes show
activities in the methoxycarbonylation of 1-decene, complex 114 shows the highest conversion
of 82% of 1-decene to the ester products, with optimized quantities of PPhz and acid promoters
of 25 and 35, respectively, relative to the metal content loading. Complexes 113-116 (Figure

2.27) also yield predominantly linear esters in the methoxycarbonylation of all screened
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substrates such as styrene, o-methylstyrene, p-chlorostyrene, 1-decene, 1-octene, and 1-
hexene, with the steric factors the major determinant [63]. For example, complex 114 affords
78 and 69% of linear ester products in the methoxycarbonylation of 1-decene and styrene,
respectively. Complex 114 is also recyclable and has been reused up to five times in the

methoxycarbonylation of 1-decene.

e O X=Cl, 113

N\ _J\/N PdX, X=0Ac, 114
——O0-Si \ P/ X= (dba), 5, 115

o/ 7\ X=PPh;, 116

Figure 2.27: Palladium-Complexed PAMAM Dendrimers Immobilized on Silica used in the

methoxycarbonylation of 1-decene [63].

Silica supported palladium catalysts of (2-diphenylphosphinoethyl functionalized silica) of the
nature PdCl2_PPh2Et@SiO2 (117) and Pd (OAc)._PPh:Et@SiO2 (118) transform a range of
aryl iodides to ester products [64]. Complexes 117 and 118 show a range of catalytic activities
under various reaction conditions. Complex 117 and 118 give a yield of 99 and 92%
respectively in the methoxycarbonylation of iodobenzene to the ester products. Reaction
aspects like solvent, temperature, gas pressure and catalyst loading all influence the catalytic
behaviour displayed by the supported complexes. While a methanol and trimethylamine system
gives the best yield of 99%, the optimum CO pressure is 0.5 MPa. Besides, the optimum

catalyst loading is 0.6 mol% [64].
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2.2.5.2 Polymer supported palladium(11) catalysts

Apart from silica-supported catalysts, polymer-supported palladium catalysts have also been
used in methoxycarbonylation. Homogeneous catalysts heterogenized on polymer support
from active catalysts in the methoxycarbonylation of acetylene (Figure 2.28). Interestingly, the
catalysts supported on porous 2-vinyl-functional diphenyl-2 pyridylphosphine (2V-P, N)
polymer (POL-2V-P, N) exhibit superior catalytic activity (TOF of 2983.3 h') in comparison
to the homogeneous derivative (TOF of 1238.8 h1) [65]. Complex 119 show a range of
catalytic activities under varied catalytic reaction parameters. An interesting result obtained
from this research is that the polymer-supported complex 119 shows superior catalytic activity

as compared to its non-supported counterpart. Complex 119 is reused up to three cycles.

\,I,d

/lN
S

119

Figure 2.28: Palladium catalysts supported on porous 2-vinyl-functional diphenyl-2
pyridylphosphine (2V-P, N) polymer (POL-2V-P, N) used in the methoxycarbonylation of

acetylene [65].
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Another polymer-supported palladium catalyst of the nature, Pd/PPhz@POP, catalyses
methoxycarbonylation of a range of olefin substrates to yield respective ester products [66].
Using various forms of the catalyst Pd/PPhz@POP possessing different loadings of palladium,
a range of catalytic activities is observed. For instance, 0.2Pd/PPhz@POP, 0.5 Pd/PPhs@POP,
and 0.7 Pd/PPhs@POP give TOFs of 16, 31 and 36 h-* respectively. Upon optimization of the
reaction conditions, 0.7 Pd/PPhs@POP affords an improved catalytic activity of TOF of 70 h-
Lin the methoxycarbonylation of styrene. The heterogenized catalyst also shows appreciable
activities in the methoxycarbonylation of other substrates such as 1-octene, 1-hexene, 4-
tertbutylstyrene, 4-methoxystyrene, 4-bromostyrene, 4-chlorostyrene and 4-fluorostyrene [66].
The complex 0.7 Pd/PPhs@POP was recycled through a simple centrifugation process and

reused up to four times [66].

2.2.6 Biphasic methoxycarbonylation catalysis

Over the years, the call for green chemistry has led to the development of various catalytic
systems which minimize waste, reduce solvent use, and discard the use of harmful chemicals.
One of such efforts has been the use of biphasic catalysis. Having been applied successfully on
a large scale in the Ruhrchemie/Rhéne-Poulenc process in forming butanal from propene [67],
biphasic catalysis has since been applied in other important value addition catalytic processes.
Even though biphasic catalysis has featured in many of the carbonylation catalytic reactions,
methoxycarbonylation has just a handful of reports where one of the phase liquids is water,
probably due to the possibility of such reaction going the route of the undesired
hydroxycarbonylation. It is also surprising that no reports of “clearly defined catalyst” or the
ex-situ generated biphasic catalysts have been applied in methoxycarbonylation. This section,
therefore, reviews the insitu generated catalysts applied in the biphasic methoxycarbonylation
reactions
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Using an in situ generated water-soluble complexes bearing SulfoXantPhos ligands (Figure
2.29), Schmidt et al. achieved methoxycarbonylation of 1-dodecene to its ester products in
biphasic environments [68]. With water and methanol making the polar phase and the substrate
making the non-polar phase, the activities obtained were found to be dependent on the
composition of the polar phase. While a reaction containing 5% water gives a conversion of
95% within 20 h, increasing the polarity by adding more water gradually reduces the activity
until a complete inhibition at 50% water, a trend resulting from the reduced substrate and CO
solubility in the polar phase. By increasing the amount of water, the regioselectivity of the
products formed is also significantly affected as more linear products are obtained. For
instance, while 68% of the linear ester is exhibited at 5% water, this value increases to 72%
with 20% of water in the polar phase [68]. This system is recyclable up to four times.
Interestingly the quantity of the produced ester increases with the number of runs; for example,
while the first run affords a conversion of 32%, the second run gives 55%, and the fourth run,
70%. The researchers attributed such an observation to the presence of induction period in the
first run and lack of the same in subsequent runs. In addition, possible remains of the ester
products in the catalyst phase after every run enhance substrate solubility in the phase, thus

higher yields in subsequent runs [68].

51



NaO,S SO;Na

PPh, PPh,

Figure 2.29: SulfoXantPhos ligand used by Schmidt et al. in biphasic methoxycarbonylation

of 1-dodecene [68].

2.3 Comparisons of in situ and discrete catalysts

As previously mentioned, methoxycarbonylation catalysis has traditionally been done using in
situ generated catalyst systems. Such systems have shown a range of catalytic activities,
selectivities. Some of the best systems include 3 bis-(di-tert-butylphosphinomethyl)benzene
(DTBPMB) ligand with tris(dibenzylideneacetone)dipalladium precursor used in the
methoxycarbonylation of various substrates [69] . In the presence of methane sulfonic acid as
an acid promoter and CO pressure of 30 bar and 80 °C, this system converts to completion, 3-
methyl-1-pentene, 4-methyl-1-pentene and 4-methyl-2-pentene with 3 hrs of reaction. In
addition, the system selectively forms respective linear products with over 99% selectivity
observed [69]. The DTBPMB ligand-based palladium systems have shown efficacy in

catalysing a range of substrates to desired ester products.

In another report, the system completely converts vinyl acetate to respective ester products with
chemoselectivity of 100% within a reaction time of 3 hrs [70]. Another ligand system that has

shown good results in the methoxycarbonylation is 2,2’-bis(diphenylphosphino)-1,10 -
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binaphthyl (BINAP). In one of the reports, a system-generated using Pd(OAc). and BINAP
under optimized reaction conditions convert phenylacetylene to the ester products, with a TOF
of up to 1600 h' observed [28]. In the same work, a palladium system based on SiXantphos
ligand achieves complete conversion of phenyl acetylene, giving 65% of branched ester
products [28]. In-situ formed palladium catalysts formed from Pd(OAc), and 2-
pyridyldiphenylphosphine show a TON of up to 40000 h'! in the methoxycarbonylation of
propyne. This system is also able to selectively form the expected ester product with up to

selectivity of 99% observed [71].

Even though a range of in situ generated systems has been successfully applied in
methoxycarbonylation, incredibly effective discrete palladium systems have also been used.
An example is the palladium system bearing trans, trans-dibenzylideneacetone ligand and
coordinated to 1,2-bis(di-tert-butylphosphinomethyl)benzene. This system gives an extremely
high TOF of 12000 h in the methoxycarbonylation of ethene [72]. This catalyst also shows
selectivity of over 99% towards the desired methyl propanoate. Due to the excellent catalysts
behaviour, this system has been commercialized in the Lucite Alpha process, where 370 000
tons of methyl methacrylate is produced per year [73]. With the ever-growing concerns of
industrial waste as well as environmental pollution, industrial processes geared towards greener
approaches, minimization of industrial waste and elimination of toxic solvents are ever
welcome. There is an evident potential of discrete or isolated catalyst systems resulting in a
better atom economy which can effectively push industries towards achieving a better balance
of the ever tricky balancing act between profit generation and environmental conservation.
Coupled with heterogenization of the homogeneous systems using various methods, the
discrete systems upon heterogenization can give a further advantage of recycling and reusing
the catalyst. Heterogenized systems are conspicuously few in the field of
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methoxycarbonylation, as pointed earlier and therefore presents another area that requires

further study.

Table 2.1: A comparison between some of the best-selected insitu and discrete catalysts in the

methoxycarbonylation reactions.

Entry Catalyst Substrate Conversion/Activity Regioselectivity/chemoselectivity
type
1 Insitu Propyne 50000 mol (mol Pd)* h- >99 of methyl crotonate the linear
D) product [71]
2 Insitu 1-Octene 100% within 3 hrs 99% of the linear ester product [69]
3 Insitu Ethene 25000 mol (mol Pd)1 h-  97% of methyl propionate [74]
Y
4 Insitu Ethene 10000 mol (mol Pd)* h- >99% of methyl propanoate [75]
D)
5 Insitu cyclohexene TOF of 150 ht Complete selectivity towards methyl
cyclohexanecarboxylate [76].
6 Discrete  Ethene 50000 mol of product >99 methyl propanoate [72]
per mol of Pd h-1
7 Discrete  Ethene 62 270 g methyl  93% of methyl propanoate [77]

propanoate (mol cat)-

h_l
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2.4.1 Problem statement

While both heterogeneous and homogeneous catalysts have been widely utilized in numerous
catalytic transformations, it has been shown that both catalytic systems have setbacks. For
instance, even though homogeneous catalysts are excellent in terms of selectivity, they have a
major drawback of difficulty in catalyst recycling. Comparatively, heterogeneous catalysts are
easily separable and recoverable for use in subsequent reactions. However, the heterogeneous
catalysts suffer from poor selectivity. As such, it is imperative to design catalyst systems that
integrate the strengths of the heterogeneous and homogeneous catalysts of recyclability and

selectivity, respectively.

2.4.2 Justification of the research

Transition metal catalysts have formed the backbone of various catalytic transformations in the
pharmaceutical, chemical and petrochemical industries. With the continued demand for better
efficiency and environmental protection strategies from industrial waste, it is important to
design better catalysts that can catalyse various reactions such as methoxycarbonylation. From
the literature review, it is evident that most literature methoxycarbonylation catalysts are
generated in situ. While some of these systems have shown excellent catalytic activities,
understanding the nature of active species is a challenge. For these reasons, it is vital to design
homogenous discrete systems. Besides, it is imperative to design active, selective, stable, and

recyclable catalysts.

2.4.3 Aim of the project
The aim of this research is to synthesize efficient homogeneous and immobilized palladium(Il)

complexes as methoxycarbonylation and hydrogenation catalysts.
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2.4.4 Specific objectives
With the use of the mentioned aim as the guiding light, the following specific objectives were

arrived at:

1. To synthesize, structurally characterize and study sterically hindered (pyridyl)benzamidine

palladium(Il) complexes as catalysts in the methoxycarbonylation of olefins.

2. To synthesize and characterize water-soluble (phenoxy)imine palladium(Il) complexes and

study their behaviour in the methoxycarbonylation of olefins under biphasic conditions.

3. To synthesize and characterize MCM-41, SBA-15 and Fe304 immobilized (amino)phenyl
palladium(Il) complexes and investigate the influence of the identity of the support in the

methoxycarbonylation of olefins.

4. To investigate the comparative behaviour of homogeneous and silica immobilized NN and
N~O palladium(ll) complexes as catalysts in the hydrogenation of alkenes, alkynes and

functionalized benzenes.

Chapters 3-6 give an account of the work done to achieve every specific objective. Finally,
Chapter 7 gives the overall conclusions, summary and future recommendations based on the

findings in Chapters 3-6.
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Chapter 3

Sterically hindered (pyridyl)benzamidine palladium(l1) complexes: Syntheses,

structural studies and applications as catalysts in the methoxycarbonylation of olefins

This chapter is adapted from the paper published in Applied Organometallic Chemistry.

D0i:10.1002/a0c.6439, and is wholly based on the work of the first author, Saphan Akiri. The

contribution of the first author, Saphan |Akiri, include ligand and complex synthesis and | Commented [S06]: see this

characterization, methoxycarbonylation catalysis as well as drafting the manuscript.

3.1 Introduction

Value addition of olefins via transition metal catalysts constitute some of the most versatile
and industrially relevant processes [1-3]. Some of these reactions include but are not limited to
carbonylation [4], polymerization [5-7], oxidation [8], Suzuki cross-coupling reactions [9],
hydrogenation [10, 11] and metathesis [12]. Among the carbonylation reactions,
methoxycarbonylation of olefins has continued to gain much traction as various industrial and
domestic products such as food additives, pesticides, fragrances and solvents can be accessed

through this protocol [13, 14].

Traditionally, metal catalysed methoxycarbonylation reactions have been driven by phosphine-
based palladium(Il) based catalysts, as they exhibit superior catalytic activity as well as
selectivity [13, 15]. Similarly, the catalytic process has employed mostly in situ generated
active catalysts from the reactions of various palladium(ll) metal salts and phosphine based
ligands [16-20]. However, despite the success of these phosphine-based palladium(ll)
catalysts, they are not without any blemish. Key among the limitations is the relatively high
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costs of their establishment, in addition to their isolation and handling. Besides, insufficient
knowledge on the true nature of the active species and mechanistic insights of the in situ

catalysts limits rationale catalyst design and development.

Pursuant to these limitations, significant efforts are being channelled towards the invention of
alternative donor-ligands, which are cheaper and amenable to synthetic manipulations such as
NN [21-27], N*P [28, 29], NO [30, 31], among others [32]. In addition, the design, isolation,
and structural characterization of discrete palladium(l1) catalysts are attractive as it allows for
a better understanding of the catalytic process in terms of kinetics, mechanistic and deactivation
profiles. All these have the benefit of the discovery of improved catalysts that can effectively
be used in methoxycarbonylation catalysis. In this Chapter, we delineate the synthesis and
structural characterization of palladium(ll) complexes anchored on structurally rigid
(pyridyl)benzamidine ligand networks. Moreover, methoxycarbonylation of various alkenes
using this set of complexes are expounded. Detailed understanding of the contribution of the
phosphine additives and acid promoters in active species generation and the influence of the

various alkene substrates have been undertaken and are presented herein.

3.2 Experimental section

3.2.1 General materials and Instrumentation

The chemicals benzoyl chloride (97%), triethylamine (99%), thionyl chloride (95%), 2-
amino-4-methyl pyridine, 2-amino-6-methyl pyridine, 2, 6- diisopropylaniline (90%), 2,6-
dimethyl aniline (99%), aniline (>99.5%), and PdCl, were procured from Sigma-Aldrich and
used in synthesis with no additional purification. The solvents acquired from Merck were of

analytical grade, and various procedures were followed to dry them prior to use. Whereas
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dichloromethane was dried by distilling over P2Os and subsequently storing in molecular
sieves, drying of methanol was done by heating over iodine-activated magnesium metal. In
addition, drying of toluene was done over sodium wire and benzophenone. A Bruker
Ultrashield 400 (*H NMR 400 MHz, $3C NMR 100 MHz) spectrometer was used in recording
'H NMR and 3C NMR spectra in deuterated chloroform at ambient temperature. The residual
carbon and proton peaks at 77.0 ppm and 7.24 ppm, respectively, were used in referencing
the chemical shift values (8). In addition, the recording of the IR spectra was done on a Perkin-
Elmer Spectrum 100 in the 600-4000 cm™ range. While a Thermal Scientific Flash 2000
was used for elemental analyses, LC premier micromass was applied in carrying out the
analysis of mass spectra. Moreover, Varian QP2010 and CP-3800 were used in GC-MS and

GC analyses, respectively.

3.2.2 Synthesis and characterization of (pyridyl)benzamidine ligands the respective
palladium(l1) complexes

3.2.2.1 (E)-N'-(2,6-diisopropylphenyl)-N-(4-methylpyridin-2-yl)benzimidamide (L1).

To a stirred solution of 2, 6-diisopropylaniline (0.95 mL, 5.00 mmol) in dichloromethane (30
mL), was added benzoyl chloride (0.55 mL, 5.00 mmol) and triethylamine (0.80 mL. 5.50
mmol). After 3 h, the solvent was reduced under vacuum after filtration to obtain a brown oil.
An excess of thionyl chloride (1.00 mL, 14.00 mmol) was then introduced and the reaction left
to proceed for a further 2 h at 80 °C. The unreacted thionyl chloride was then eliminated under
a reduced pressure to afford imidoyl chloride as a yellow oil. Immediately, toluene (30.00 mL),
trimethylamine (0.80 mL, 5.50 mmol) and 2-amino-4-methyl pyridine (0.54 g, 5.00 mmol)
were introduced and the resultant mixture heated under reflux for 24 h under nitrogen
atmosphere. The obtained crude substance was then filtered and the solvent removed under

vacuum to obtain a dark brown oil, followed by recrystallization in methanol to afford white
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crystalline compound L1. Yield = 1.28 g (69%.) *H NMR (400 MHz, CDCls): &+ (ppm)
(Isomer (E-anti and E-syn) ratio 1: 5), major isomer, 1.17 (d, 12H, 3Jun = 6.80 Hz, CH(CHj3).,
2.43 (s, 3H, CHs), 3.18 (m, 2H, CH(CHzs)2), 7.02—7.44 (m, 11H, pyridyl and phenyl protons).
Minor isomer: 0.96 (d, 12H, 3Jun = 6.80 Hz CH(CHas)2, 2.43(s, 3H, CHs), 3.08 (m, 2H,
CH(CHz3),), 7.02-7.44 (m, 11H, pyridyl and phenyl protons). 13C NMR (100 MHz, CDCI3, §
ppm); major isomer: 162.5 (N=C), 147.4 (2pyC), 144.3 (6PyC), 132.6 (4PyC), 132.2 (iPrC),
129.8 (2,6 iPrC), 128.8 (1ArC), 128.3(4ArC) 127.1 (5PyC), 126.1 (3,5 ArC), 123.4 (3,5 ArC)
121.1 ( 3,5 iPrC), 119.6 (4 iPrC), 114.6 (3PyC), 29.8 (CH(CHs)), 22.8 (PyCHs), 21.6
(CH(CHa)2). Minor isomer: 162.5 (N=C), 147.4 (2pyC), 144.3 (6PyC), 132.6 (4PyC), 132.2 (
1iPrC), 129.8 (2,6 iPrC), 128.8 (1ArC), 128.3(4ArC) 127.1 (5PyC), 126.1 (3,5 ArC), 1234
(3,5 ArC) 121.1 ( 3,5 iPrC), 119.6 (4 iPrC), 114.6 (3PyC), 25.1 (CH(CHz)2), 22.8 (PyCHs3),

21.4 (CH(CHa)2). ESI-MS: m/z (%) 372 [(M*+ H,1009%)]F. IR vinaxd cMls vicen) = 1637.

3.2.2.2 (E)-N'-(2,6-diisopropylphenyl)-N-(6-methylpyridin-2-yl)benzimidamide (L2)

L2 was synthesised following the procedure for L1 using 2, 6-diisopropylaniline (0.95 mL,
5.00 mmol), benzoyl chloride (0.55 mL, 5.00 mmol), triethylamine (0.80 mL. 5.50 mmol),
thionyl chloride (1.00 mL, 14.00 mmol) and 2-amino-6-methyl pyridine (0.54 g, 5.00 mmol).
The resulting yellow product was recrystallized from ethanol to give light yellow crystals.
Yield =1.36 g (73%). *H NMR (400 MHz, CDCls): 81 (ppm) [Isomer (E-anti and E-syn) ratio
1: 1. 6], major isomer, 1.19 (d, 12H, CH(CHBa)2, 2.50 (s, 3H, CHz3), 3.24 (m, 2H, CH(CH3)2),
6.96-7.71 (m, 11H, pyridyl and phenyl protons). Minor isomer: 1.00 (d, 12H, CH(CHa), 2.50
(s, 3H, CHs), 3.06 (m, 2H, CH(CHa)2), 7.02-7.44 (m, 11H, pyridyl and phenyl protons). 13C
NMR (100 MHz, CDCI3, 8 ppm); major isomer: 154.2 (N=C), 144.6 (2pyC), 139.3 (6PyC),
138.7 (4PyC), 132.2 (iPrC), 129.6 (2,6 iPrC), 128.8 (1ArC), 128.1(4ArC) 127.1 (5PyC), 126.1
(3,5 ArC), 123.9 (3,5 ArC) 123.4( 3,5 iPrC), 119.4 (4 iPrC), 110.9 (3PyC), 28.8 (CH(CHz)2),

24.0 (PyCHa), 22.8 (CH(CHs)2). Minor isomer: 154.2 (N=C), 144.6 (2pyC), 139.3 (6PyC),
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138.7 (4PyC), 132.2 (iPrC), 129.6 (2,6 iPrC), 128.8 (LArC), 128.1(4ArC) 127.1 (5PyC), 126.1
(3,5 ArC), 123.9 (3,5 ArC) 123.4(3,5 iPrC), 119.4 (4 iPrC), 110.9 (3PyC), 25.4 (CH(CHa)2),
24.0 (PyCH3), 21.6.8 (CH(CH3)2). ESI-MS: m/z (%) 372 [(M*,100%)]. IR vinas/ CML: vic=n) =

1637.

3.2.2.3 (E)-N'-(2,6-dimethylphenyl)-N-(6-methylpyridin-2-yl)benzimidamide (L3)

Ligand L3 was synthesised by applying the same protocol for L1 using 2, 6-dimethylaniline
(1.23 mL, 10.00 mmol), benzoyl chloride (1.10 mL, 10.00 mmol), triethylamine (1.60 mL.
11.00 mmol), thionyl chloride (2.00 mL, 28.00 mmol) and 2-amino-6-methyl pyridine (1.08 g,
10.00 mmol). The solvent was eliminated under reduced pressure to afford L3 as a brown solid
. Yield =2.72 g (73%). H NMR (400 MHz, CDCls): 814 (ppm): 2.21 (s, 6H, CH3-Ar), 2.58 (s,
3H, CHs-Py), 7.18 (m, 3H, H-Py), 7.38 (m, 3H, H-ArPy), 7.54 (t, 1H, 3Jun = 7.6 Hz, H-Ar),
7.61 (d, 2H, 3Jun = 7.6 Hz, H-Ar), 7.85 (t, 1H, 3Ju = 7.8 Hz, H-Ar), 8.63 (d, 1H, 3Jnn = 8.2 Hz,
H-Ar). 13C NMR (100 MHz, CDCI3, § ppm); 160.7 (N=C), 158.4 (2pyC), 152.9 (6PyC), 145.5
(ArC), 137.1 (4PyC), 136.8 ArC), 130.2 (ArC), 129.9(4ArC), 128.8 (ArC), 128.7 (ArC), 128.6
(5PyC) 128.5 (ArC), 127.9 (ArC), 125.4 (3PyC), 24.5 (PyCHs), 18.8 (ArCHs). ESI-MS: m/z

(%) 316 [(M+ H, 100%)]. IR vinad cm®: vcen) = 1642.

3.2.2.4 (E)-N'-(2,6-dimethylphenyl)-N-(4-methylpyridin-2-yl)benzimidamide (L4)

Ligand L4 was synthesized following the synthetic route for L1 using 2, 6-dimethylaniline
(2.23 mL, 10.00 mmol), benzoyl chloride (1.10 mL, 10.00 mmol), triethylamine (1.60 mL.
11.00 mmol), thionyl chloride (2.00 mL, 28.00 mmol) and 2-amino-4-methyl pyridine (1.08 g,
10.00 mmol). L4 was then revealed as a dark brown oil upon solvent removal under reduced
pressure. Yield =2.76 g (74%). *H NMR (400 MHz, CDCls): 8+ (ppm): 2.21 (s, 6H, CH3-Ar),

2.58 (s, 3H, CHs-Py), 7.18 (m, 3H, H-Py), 7.38 (m, 3H, H-ArPy), 7.54 (t, 1H, 3Jun = 7.6 Hz,
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H-Ar), 7.61 (d, 2H, 3Jun = 7.6 Hz, H-Ar), 7.85 (t, 1H, 3= 7.8 Hz, H-Ar), 8.63 (d, 1H, 3Jun =
8.2 Hz, H-Ar). 3C NMR (100 MHz, CDCI3, & ppm); 160.5 (N=C), 158.8 (2pyC), 153.9
(4PyC), 148.5 (ArC), 137.8 (6PyC), 136.1 ArC), 130.5 (ArC), 129.3(4ArC), 128.9 (ArC),
128.7 (ArC), 1285 (5PyC) 128.2 (ArC), 127.9 (ArC), 125.8 (3PyC), 21.4 (PyCHs), 18.8

(ArCHz), ESI-MS: m/z (%) 316 [(M+ H, 100%)]. IR viax/ CM™: vic=n) = 1647.

3.2.2.5 (E)-N-(6-methylpyridin-2-yl)-N'-phenylbenzimidamide (L5)

L5 was synthesised following the procedure for L1 using aniline (0.45 mL, 5.00 mmol),
benzoyl chloride (0.55 mL, 5.00 mmol), triethylamine (0.80 mL. 5.50 mmol), thionyl chloride
(2.0 mL, 14.00 mmol) and 2-amino-6-methyl pyridine (0.54 g, 5.00 mmol). Upon evaporating
the solvent, ligand L5 was obtained as brown oil. Yield =0.91 g (80%). 'H NMR (400 MHz,
CDCl3): 31 (ppm) 2.38 (s, 3H, CH3), 7.18-7.91 (m, 13H, H, pyridyl and phenyl protons). *3C
NMR (100 MHz, CDCI3, & ppm);166.3 (N=C), 151.3 (pyC), 146.1 (PyC), 137.9 (4PyC), 131.8
( ArC), 129.1 (ArC), 129.0 (ArC), 128.8(ArC) 128.2 (PyC), 127.0 (ArC), 125.3 (ArC) 124.6(
ArC), 121.4 (ArC), 120.2 (PyC), 21.4 (PyCHz3). ESI-MS: m/z (%) 288 [(M* + H, 100%)]. IR

vinaxd €M™ yc=n) = 1658.

3.2.2.6 (E)-N'-(2,6-diisopropylphenyl)-N-(4-methylpyridin-2-yl)benzimidamide palladium(11)
(Pd1)

A solution of [Pd(NCMe).Cl2] (0.05 g, 0.19 mmol) in DCM (10 mL) was mixed with a
solution L1 (0.07 g, 0.19 mmol) in DCM (5 mL), affording a yellow solution. Under stirring,
the set up was let to run for 24 h at ambient temperature. Upon the reduction of the solvent
under reduced pressure, and a recrystallization using hexane (5 mL) complex Pd1 was afforded
as a pure bright yellow solid. Yield = 0.08 g (76%). 'H NMR (400 MHz, CDCls): &w (ppm)

0.01 (d, 3H, 3Jnn = 6.60 Hz, CH(CHs)2), 1.24 (d, 3H, 3Ju = 6.88 Hz CH(CHa)2), 1.51 (d, 3H,

69



3JuH = 6.88 Hz CH(CHBa)2) , 2.07 (d, 3H, 3Jun = 6.88 Hz CH(CHBa)2), 2.70 (s, 3H, CH3), 4.12
(m, 2H, CH(CHa)2), 6.76 (m, 1H, H-Py), 6.91 (m, 2H, H-Py), 7.04 (m, 6H, H-Ar,Py), 7.22 (t,
1H, 3Ju= 7.68 Hz, H-Ar), 7.24 (m, 1H, H-py). *C NMR (100 MHz, CDCI3, § ppm) 147.1
(N=C), 146.1 (2pyC), 144.4 (6PyC), 140.7 (4PyC), 139.1 ( 1iPrC), 131.0 (2,6 iPrC), 130.7
(1ArC), 129.6 (4ArC) 129.4 (5PyC), 129.1 (3,5 ArC), 128.4 (3,5 ArC) 127.0( 3,5 iPrC), 123.4
(4 iPrC), 129.0 (3PyC), 29.1(CH(CHa)2) 28.1 (PyCHs), 25.8 (CH(CHa)z), 22.4(CH(CHs)2),
22.3(CH(CHsa)2), 21.5 (CH(CHa)2),. ESI-MS: m/z (%) 548 [(M* + H, 100%)]. IR vima/ cmt:
vic=n) = 1602. CHN. Anal. Calc. for CasH29Cl2N3sPd: C, 54.71; H, 5.33; N, 7.66. Found: C,

54.60; H, 5.51; N, 7.51.

3.2.2.7 (E)-N'-(2,6-diisopropylphenyl)-N-(6-methylpyridin-2-yl)benzimidamide palladium(ll)
(Pd2)

Complex Pd2 was made by applying the synthetic protocol for complex Pd1 using ligand L5
(0.07 g, 0.19 mmol) and [Pd(NCMe)2Cl,] (0.05 g, 0.19 mmol). Bright yellow solid. Yield =
0.09 g (85%). 0.02 (d, 3H, 3J1H=6.60 Hz, CH(CHz)2), 1.23 (d, 3H, 3JnH = 6.88 Hz CH(CHs3)2),
1.47 (d, 3H, 3JnH = 6.88 Hz CH(CH3)2) , 2.06 (d, 3H, 3Ju+ = 6.88 Hz CH(CH3)2), 3.51 (s, 3H,
CHs), 4.10 (m, 2H, CH(CHa)2), 6.94 (m, 1H, H-Py), 7.08 (m, 2H, H-Py), 7.27 (m, 6H, H-
Ar,Py), 7.85 (t, 1H, 3Jun = 7.68 Hz, H-Ar), 8.39 (m, 1H, H-py). 23C NMR (100 MHz, CDCI3,
& ppm) 147.1 (N=C), 146.1 (2-pyC), 145.5 (6-PyC), 144.3 (4-PyC), 140.7 ( 1iPrC), 139.1 (2,6
iPrC), 132.0 (1ArC), 130.9(4-ArC) 129.6 (5-PyC), 129.4 (3,5-ArC), 126.9 (3,5-ArC) 124.3(
3,5iPrC), 123.4 (4 iPrC), 119.9 (3PyC), 29.1(CH(CHs)z) 28.1 (PyCHs), 25.8 (CH(CHa)2), 22.4
(CH(CHsa)y), 22.3 (CH(CHa)2), 21.5 (CH(CHs)2). ESI-MS: m/z (%) 548 [(M* + H, 100%)]. IR
Vmad ¢t vc=n) = 1604. CHN. Anal. Calc. for CasH29CIoNsPd: C, 54.71; H, 5.33; N, 7.66.

Found: C, 54.83; H, 5.35; N, 7.47.
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3.2.2.8 (E)-N'-(2,6-dimethylphenyl)-N-(6-methylpyridin-2-yl)benzimidamide palladium(11)
(Pd3)

Complex Pd3 was made by applying the synthetic protocol for Pdl using [Pd(NCMe).Cl2]
(0.05 g, 0.19 mmol) and L3 (0.06 g, 0.19 mmol). Brown solid. Yield = 0.083 g (87 %). 'H
NMR (400 MHz, CDClz): 8+ (ppm): 2.24 (s, 6H, CH3-Ar), 2.60 (s, 3H, CHs-Py), 7.10 (d, 3H,
) = 7.6 Hz, H-Ar H-Py), 7.21 (t, 2H, 3Jun = 7.68 Hz, H-ArPy), 7.54 (m, 2H, H-Ar), 7.62
(m, 1H, H-Ar), 7.76 (m, 2H, H-Ar), 7.95 (m, 1H, H-Ar). 3C NMR (100 MHz, CDCI3, § ppm);
158.8 (2pyC), 157.8 (6PyC), 155.5 (N=C), 147.5 (ArC), 137.1 (4PyC), 136.4(ArC), 130.2
(ArC), 129.9(4ArC), 128.8 (ArC), 128.7 (ArC), 128.6 (5PyC) 128.5 (ArC), 127.9 (ArC), 125.3
(3PyC), 21.8 (PyCHa), 18.9 (ArCHs). IR vimax/ cm™:  vc=n) = 1607. CHN. Anal. Calc. for

C21H21CI2NsPd: C, 51.19; H, 4.30; N, 8.53. Found: C, 51.35; H, 4.11; N, 8.51.

3.2.2.9 (E)-N'-(2,6-dimethylphenyl)-N-(4-methylpyridin-2-yl)benzimidamide palladium(ll)
(Pd4)

Complex Pd4 was made by applying the synthetic protocol for Pd1 using [Pd(NCMe)2Cl2]
(0.05 g, 0.19 mmol) and L4 (0.06 g, 0.19 mmol). Brown solid. Yield =0.08 g (84 %). 'H NMR
(400 MHz, CDClg): 81 (ppm): 2.22 (s, 6H, CHs-Ar), 2.36 (s, 3H, CH3-Py), 6.78 (d, 2H, 3Jun =
7.6 Hz, H-Ar H-Py), 7.14 (t, 4H, 3Jun = 7.68 Hz, H-Ar), 7.25 (m, 3H, H-Ar), 7.32 (m, 2H, H-
Ar). 3C NMR (100 MHz, CDCI3, & ppm); 158.1 (2-pyC), 157.1 (N=C), 153.1 (4PyC), 146.1
(ArC), 144.3 (6-PyC), 140.7 ArC), 130.9 (ArC), 130.7(4-ArC), 129.6 (ArC), 129.4 (ArC),
129.1(5-PyC) 128.4 (ArC), 126.9 (ArC), 123.4 (3-PyC), 21.8 (PyCHs), 18.9 (ArCHz3) IR vinax/
cm™: yc=n) = 1610. CHN. Anal. Calc. for C2:H2:1CI2N3sPd: C, 51.19; H, 4.30; N, 8.53. Found:

C,51.20; H, 4.52; N, 8.64.

3.2.2.10 (E)-N-(6-methylpyridin-2-yl)-N'-phenylbenzimidamide palladium(Il) (Pd5)
Complex Pd5 was made by applying the synthetic protocol for complex Pd1 using ligand L5

(0.05 g, 0.19 mmol) and [Pd(NCMe).Cl;] (0.05g, 0.19 mmol). Brown solid. Yield = 0.07 g
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(78%). *H NMR (400 MHz, CDCls): 81 (ppm) 2.47 (s, 3H, CH3), 7.50-8.04 (m, 13H, H, pyridy!
and phenyl protons). 3C NMR (100 MHz, CDCls, § ppm);166.3 (N=C), 147.2 (pyC), 143.4
(PyC), 137.9 (4-PyC), 130.8 ( ArC), 128.4 (ArC), 128.2 (ArC), 127.3(ArC) 126.9 (PyC), 126.0
(ArC), 125.4 (ArC) 123.8( ArC), 121.1 (ArC), 119.2 (PyC), 20.8 (PyCH3). ESI-MS: m/z (%)
417 [(M* -CH3-Cl), 100%)]. IR vmad cm™:  yc=n) = 1619. CHN. Anal. Calc. for

C19H17CI2N3sPd: C, 49.11; H, 3.69; N, 9.04. Found: C, 49.33; H, 3.67; N, 8.92.

3.2.3 Typical experimental protocol for methoxycarbonylation catalysis

All the methoxycarbonylation catalytic reactions were carried out in a stainless steel autoclave
Parr reactor furnished with a sampling valve, an in-built cooling system and a unit for
controlling temperature. As an example of the catalytic experiment, Pd1 (0.03 g, 0.05 mmol),
PTSA (0.09 g), 1-hexene (1.3 mL, 10.00 mmol) and PPhs (0.03 g, 0.1 mmol) which translates
to 0.5 mol % were mixed in a Schlenk tube. A methanol and toluene mixture (each 20 mL) was
then introduced. The resulting solution was emptied into the reactor and purged with the carbon
monoxide gas three times, and the unit adjusted to the desired pressure, temperature and stirring
speed. Upon the reaction’s completion, the unit’s temperature was left to adjust to ambient
temperature, and the surplus CO was taken off through an outlet. For analysis, some amounts
of the product were obtained, and a micro-filter was used to filter the sample prior to a GC
analysis with ethylbenzene as the internal standard to obtain percentage yields. GC-MS was
employed in identifying the catalysis products, whereas the commercial methyl heptanoate
ester was used in assigning the linear and the branched yield. The GC analyses were carried

out following our previously published method [33].
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3.3 Results and discussion

3.3.1 Synthesis of (pyridyl)benzamidine ligands and their palladium(ll)complexes

The (pyridyl)benzamidine ligands (L1 - L5) were prepared according to modified literature
protocols [34, 35] in moderate yields (69%-73%) (Scheme 3.1). Reactions of
(pyridyl)benzamidine synthons with [Pd(NCMe)2Cl2] precursor afforded the corresponding

palladium(11) complexes (Pd1- Pd5) in high yields of 76%-87% (Scheme 3.1).
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Scheme 3.1: Synthesis of (pyridyl) benzamidine ligands and their palladium(Il) complexes

The 'H NMR, 3C NMR, FT-IR spectroscopies, elemental analyses, mass spectrometry were
employed in characterizing the synthesized compounds and single-crystal analyses for

compounds Pd2 and Pd3. *H NMR characterization tool was instrumental in inferring the
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successful synthesis of both the ligands and their respective palladium coordination
compounds. For instance, the methyl-pyridyl protons in ligand L2 and Pd2 were recorded at
2.50 ppm to 3.51 ppm, respectively (Figure 3.1). A more outstanding feature was observed in
the isopropyl proton signals in ligands L1 and L2. Whereas two sets of signals of the CH
protons were observed in ligands L1 and L2, only one set of signals were recorded in their
respective palladium(l1) complexes, Pd1 and Pd2. The two sets of signals in ligands L1 and
L2 are accredited to the existence of isomeric E anti and E syn mixtures due to the unhindered
rotation in the ligands. Upon complexation, this rotation is hindered due to the rigidity imposed

by the chelating effect of the ligand in the complex coordination sphere [36-38].
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Figure 3.1: An overlaid *H NMR spectra of ligand L2 (A) and corresponding complex Pd2 (B)

showing the downfield shift of methyl-pyridine protons

13C NMR spectra were also beneficial in the structural elucidation of the formed ligands and

complexes. The methyl-pyridine carbons in ligand L2 and its complex corresponding Pd2
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were displayed at 24.0 and 28.1 ppm, respectively (Figure 3.2. This signalled a change in the
chemical environment upon complexation, hence further supporting a successful formation of

the complex.
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Figure 3.2: An overlaid **H NMR spectra of ligand L2 (A) and corresponding complex Pd2

(B) showing the downfield shift of methyl-pyridine carbons

In the IR spectral data, the v(C=N) imine bond was employed to confer both the formation and
successful coordination of the ligands to form the complexes. As a demonstration, the v(C=N)
signals for L1 and the corresponding complex Pd1 were was displayed at 1618 and 1602 cm-
1 respectively (Figure 3.3). Besides, the v(N-H) stretching was observed in every ligand and

palladium(Il) complex, indicating the absence of deprotonation (Table 3.1).
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Figure 3.3: An overlaid IR spectrum of ligand L1 and complex PdL1 showing the expected

peaks
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Table 3.1: FTIR spectroscopy and mass spectral data for ligands and complexes

Compounds v (c=n)

frequency v(n-+) frequency (cm  Molar mass (gmol™)  m/z (amu)

(cm™ D
L1 1618 3320 371.24 372 (M* + H)
Pd1l 1602 3317 547.08 548 (M* + H)
L2 1637 3201 371.24 372 (M* + H)
Pd2 1604 3224 547.08 548 (M* + H)
L3 1642 3184 315.17 316 (M* + H)
Pd3 1607 3186 491.01 492 (M* + H)
L4 1647 3265 315.17 316 (M* + H)
Pd4 1610 3236 491.01 492 (M* + H)
L5 1658 3335 287.14 288 (M* + H)
Pd5 1619 3315 462.98 448 (M - CHa)

Mass spectrometry was applied in substantiating the molecular masses of all the

synthesized compounds (Table 3.1). In general, all the compounds showed m/z signals that

relate to their individual molecular ions. For instance, in the mass spectra of ligand L3 and

complex Pd3, m/z peaks at 316.21 amu and 492.11 amu were recorded, corresponding to their

molar masses of 315.17 gmol* and 491.01 gmol* respectively (Figure 3.4).
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Figure 3.4: Mass spectrum of complex Pd3 showing the molecular peak at 492 amu

3.3.2 Molecular structures of palladium(I1) complexes Pd2 and Pd3

Single crystals of compounds Pd2 and Pd3 appropriate for X-ray screening were grown
through slow diffusion of hexane solvent into corresponding concentrated acetonitrile solutions
at ambient temperature. Table 3.2 represents the crystallographic data and structural refinement
parameters, whereas the Pd2 and Pd3 molecular structures are given in Figures 3.5 and 3.6,
respectively. Complex Pd3 crystallized with one acetonitrile solvent molecule in its lattice.
Both complexes Pd2 and Pd3 exhibited six-membered chelate rings, containing one N~N

bidentate ligand and two chloride ligands to complete a four coordination environment (Figures

3.5and 3.6).
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Figure 3.5: Molecular structure of Pd2 drawn at 50% probability ellipsoids

Selected bond lengths [A]: Pd(1)-N(1), 2.0383 (16); Pd(1)-N(2), 2.0426(16) ; Pd(1)-CI(2),
2.2945(5); Pd(1)-CI(1), 2.2996(5); N(2)-C(5), 1.399(2); N(2)-C(6), 1.372(2). Selected bond
angles [°]: N(1)-Pd(1)-N(3), 87.74(6); N(1)-Pd(1)-Cl(2), 176.1 0(5); N(3)-Pd(1)-Cl(2),
92.81(5); N(1)-Pd(1)-CI(1), 92.37(5); N(3)-Pd(1)-CI(1), 169.59(5); CI(2)-Pd(1)-CI(1),
87.781(18).
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Table 3.2: Structure refinement and crystallographic data summary for complexes Pd2 and

Pd3

Parameter Pd2 Pd3
Empirical formula Cas Hag Clz N3 Pd  Cz3 Has Cl2 N4 Pd
Formula weight 548.81 533.76
Temperature 100.02 K 100(2) K
Wavelength 0.71073A 0.71073 A
Crystal system Monoclinic Monoclinic
Space group P 21/n C2lc
Unit cell dimensions
a(A) 11.9925(6) 21.0638(14) A
b (A) 13.1943(6) 16.2935(10) A
c(A) 16.0911(8) 13.3045(9) A
a(°) 90° 90°
B (°) 107.868(3)° 105.638(3)°.

° 90°
v (®) 90°
Volume 2423.3(2) A® 4397.1(5) A®
Z 4 8
Density (calculated) ~ 1.504 Mg/m3 1.613 Mg/m®
Absorption 1.004 mm'? 1.105 mm-1
coefficient
F(000) 1120 2160
Crystal size 0.240 x 0.140 x 0.232 x0.178 x

0.120 mm? 0.173 mm®

Theta range for data ~ 1.870 to 26.725° 1.603 to 26.779°
collection
R 0.02 0.02

The average Pd-CI bond lengths for complexes Pd2 and Pd3 of 2.29705+ 0.0025 A and
2.30765+ 0.020 A respectively are comparable. The Pd-Nimine and Pd-Npy bond lengths are
2.0426 and 2.0383 A respectively for complex Pd2; values comparable to 2.0200 and 2.0353
A observed for complex Pd3, pointing to similar electronic properties of the complexes. The
average Pd-Cl, Pd-Nimine and Pd-Npy of 2.30232+ 0.015 A 2.0313 + 0.012 and 2.0368 + 0.009
A for complexes Pd2 and Pd3 are statistically similar to the average lengths of 2.2993+ 0.012

A and 2.021+ 0.018 A reported for related palladium complexes [37-39]. Complex Pd3
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exhibits bite angles for N(1)-Pd(1)-N(3) of 86.32(6) and N(3)-Pd(1)-CI(2) of 93.01(4), while
complex Pd2 has bite angles for N(1)-Pd(1)-N(3) of 87.74(6) and CI(2)-Pd(1)-CI(1) of
92.81(5), confirming slightly distorted square planar geometries in both compounds. A closer
examination of the bite angles reveals that complex Pd2 experiences slightly more distortion
as compared to complex Pd3, as the average deviation of the bite angles from the typical 90°
is 2.5 and 2.3, respectively. The calculated Tau parameters (1) for complexes Pd2 and Pd3 of

0.14 and 0.08, respectively, further supported this trend.

Figure 3.6: Molecular structure of Pd3 with atom numbering Scheme. The displacement
ellipsoids of atoms are shown at the 50% probability level: Selected bond lengths [A] Pd(1)-
N(1), 2.0200(14); Pd(1)-N(3), 2.0353(14); Pd(1)-CI(2), 2.2878(5); Pd(1)-CI(L), 2.3275(4);
N(2)-C(7), 1.375(2); N(2)-C(6), 1.401(2). Selected bond angles [°]: N(1)-Pd(1)-N(3), 86.32(6);
N(1)-Pd(1)-CI(2), 179.24(4); N(3)-Pd(1)-CI(2), 93.01(4); N(1)-Pd(1)-ClI(1), 91.72(4); N(3)-

Pd(1)-CI(1), 169.36(4); CI(2)-Pd(1)-CI(1), 88.878(16).
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3.4 Methoxycarbonylation catalysed by (pyridyl)benzamidine palladium(l1) complexes

Pd1-Pd5.

3.4.1 Preliminary investigations of complexes Pd1-Pd5 behaviour in
methoxycarbonylation of 1-hexene

Preliminary investigation of the propensity of complexes Pdl- Pd5 to catalyse the
methoxycarbonylation 1-hexene was studied using ratios of 1:2:10:200 (the Pd:PPhs:PTSA:
hexene). The initial reaction temperature and CO of 90 °C and 60 bar were employed,
respectively (Table 3.3). The identification and quantification of the catalysis products were
accomplished using GC and GC-MS techniques, as indicated in Figure 3.7. Under these
reaction conditions, complex Pd5 was found to be the most active with affording percentage
yields of 68% (Table 3.3, entry 5). Thus complex Pd5 was used for further optimization

reactions and investigations.
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Figure 3.7: GC and GC-Ms spectra of products identified as branched (methyl 2-
methylhexanoate) and linear (methyl heptanoate) esters using ethyl benzene as internal
standard in the methoxycarbonylation of 1-hexene.
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Table 3.3: Initial screening of the behaviour of pyridyl benzamidine palladium(l1) complexes

in methoxycarbonylation of 1-hexene?

Entry Complex Yield (%)° B/L(%)° TON¢
1 Pd1 58 29/71 116

2 Pd2 53 30/70 102

3 Pd3 61 35/65 122

4 Pd4 66 34/66 132

5 Pd5 68 37/63 136
6° Pd5 trace - -

2 Reaction conditions: Methanol and toluene(both 20 mL) as solvent system;

[Pd]:[PPh3][PTSA]:[hexene] ratio; 1:2:10:200; time, 24 h. %yield determined from GC using
ethylbenzene as an internal standard and linear methyl heptanoate commercial sample. ¢ Molar
ratio between branched and linear products. ¢ TON = (mol.prod/mol. Pd). éReaction without
PPhs

We first probed the effect of the Pd: PPhs ratio of 1:1, 1:2 and 1:3 (Table 3.4, entries 1-4).
Expectedly, only traces of products were observed in the absence of PPhs, underpinning the
importance of the PPhs to stabilize the generated active species [40, 41]. This is also augmented
by the decomposition of the catalyst, and the formation of Pd(0) observed in the reaction
chamber. Increasing the amount of the PPhs from one fold to two folds was marked with
improved yields from 52% to 68% (Table 3.4, entries 2 and 3). Notably, increasing the PPhs
quantity to (Pd: PPhsz of 1:3) led to a slight drop in percentage yields 62%. The diminished
catalytic performance at enhanced amounts of PPhs could be connected to the competition
between PPhs and 1-hexene to coordinate to the palladium active site [42, 43]. Comparatively,
no observable shift in regioselectivity was noted with a change in Pd: PPhsratios, linear esters

of 63%-66% were obtained in all the reactions (Table 3.4, entries 2-4).
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Table 3.4: Optimization of the Pd:PPh3 and Pd:PTSA ratios using complex Pd5?2

Entry Pd:PPhs Pd:PTSA  Yield (%)°  BIL(%)° TON@
1P 0 1:10 trace - -

2 11 1:10 52 38/62 104
3 1:2 1:10 68 37/63 136
4 1:3 1:10 62 34/66 124

5 1:2 1:20 79 40/60 158

6 1:2 1:30 88 37/63 176

7 1:2 1:40 73 40/60 146

8Reaction conditions: Solvent: methanol/toluene (40 mL); Pd: hexene ratio, 1:200; time, 24 h;
temp: 90 °C; Pressure: 60 bar ; ®% yields and conversions obtained using an internal standard
(ethylbenzene) from GC. ‘Molar ratio between branched and linear esters computed using
commercial sample (linear methyl heptanoate). “TON = (mol. prod/mol. Pd). © reaction carried

out with no PPhs

Considering the observed significant influence of PPhs and its inherence concentration in
controlling the catalytic activities in the methoxycarbonylation reactions, we sought to gain
more insights on its role on the possible active species formation using in situ NMR
spectroscopy. Thus, Pd5:PPhg ratios of 1:1 and 1:2 were used to monitor the changes in the 3!P
NMR spectral data over a period of 6 h (Figure 3.8). The spectra data obtained at Pd5:PPhs
ratio of 1:1 displayed two peaks at around 23 ppm and 32 ppm, indicating possible
([Pd(PPh3)CI(L5)]* intermediate formation as shown in Eq. 1. The two peaks in the 31P NMR
spectral data could be assigned to PPhs ligands in the [Pd(PPh3)CI(L5)],* cis and trans to the

pyridyl and imine nitrogen atoms. The active catalyst ([Pd(PPhs)CI(L5)]* is formed in both
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cases when Pd:PPhs ratios are 1:1 and 1:2. However, excess PPhz is necessary to shift the
reactions towards the active species ([Pd(PPhs)CI(L5]* as opposed to the inactive [Pd(L5)Cl2)]
complex. The use of the Pd5:PPhsz ratio of 1:2 resulted in an additional peak at -5 ppm, assigned
to the free PPhz group. The higher catalytic activities observed at a higher Pd: PPhs ratio of 2,
compared to the ratio of 1:1, therefore avers that excess amounts of PPhs are necessary to

stabilize the active species.
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Figure 3.8: In situ 3P NMR spectral variation over time at different Pd:PPhs ratios using

complex Pd5.

In attempts to further understand the role played by the PTSA acid, we varied the Pd5:PTSA
ratio from 1:10 to 1:40 (Table 3.4, entries 3-7). It was evident that the amount of the acid
promoter had a profound influence on the catalytic activity of complex Pd5. For example,

percentage yields of 68% and 88% were recorded at Pd5:PTSA ratios of 1:10 and 1:30,

85



respectively (Table 3.4, entries 5-7). However, a further increase of the Pd5:PTSA ratio to
1:40 saw a drop in percentage yields to 73%. Lower catalytic activities at higher PTSA
concentrations could be attributed to ligand hydrolysis [44], leading to catalyst decomposition.
To confirm this hydrolysis, tH NMR spectral data of the mixtures (Pd5:PTSA ratios of 1:30
and 1:40) were monitored over a 6 h using period (Figure 3.9). While the spectrum acquired at
the Pd5:PTSA ratio of 1:30 did not exhibit any observable changes, the spectral data for the
Pd5:PTSA ratio of 1:40 exhibited new signals corresponding to the free ligands. This therefore
established catalyst decomposition via ligand dissociation at higher PTSA concentrations,

consistent with the low catalytic activities observed.
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Figure 3.9: 'H NMR of complex Pd5 in the presence of PTSA and PPhs (Pd:PTSA ratios of
1:30 and 1:40) showing the stability of the complex Pd5 at low acid concentration (Pd:PTSA

ratio of 1:30) and possible ligand dissociation at high acid concentrations.

3.4.2 Investigation of the impacts of reaction conditions.

To qualitatively determine the optimum catalyst concentration in the methoxycarbonylation

reaction, we determined the TON values at Pd loadings of 0.25 mol% (1:400) to 1 mol%
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(2:100) using complex Pd5 (Table 3.5, entries 1-4). While an increase in percentage yields was
observed at higher Pd loadings, there was a general decline in the TON (Figure 3.6). For
example, at 0.25 mol% (1:400) and 1 mol% (1:100), percentage yields of 60% and 95% were
reported, while TONs of 252 and 95 were obtained, respectively (Table 3.5, entries 1 vs 4).
Lower TONs at higher catalyst loading may result from catalyst aggregation [45, 46]. An
optimum catalyst loading of 1:300 (0.33%) corresponding to a TON of 252 was thus

established (Table 3.5, entry 3).

Next, we turned our attention to establishing the optimum reaction pressure and temperature.
We noted that raising the catalyst systems’ temperature from 90 °C to 100 °C was marked by
a notable increase in yields from 84% to 94%, respectively. However, a higher temperature of
105 °C was met with a sharp decline in the percentage yields to 71% (Table 3.5, entries 3-5).
Poor catalytic activities at elevated temperatures are correlated with the thermal decomposition
of the catalyst, as deduced from the presence of palladium(0), observed in the catalyst reaction
chamber at 100 °C [47]. It is worth mentioning the increased amounts of branched esters at
elevated temperatures. For instance, 34% and 43% of the branched esters were produced at 90
°C and 110 °C, respectively (Table 3.5, entries 3 vs 6). Such an observation has been made

before and associated is with enhanced isomerization reactions at higher temperatures [48].
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Table 3.5: Optimization of reaction conditions in 1-hexene methoxycarbonylation using

complex Pd52

Entry Pd:1- Temperature Pressure  Yield (%)° B/L(%)° TON¢
hexene

1 1:100 90 60 95 35/65 95
2 1:200 90 60 92 34/66 184
3 1:300 90 60 84 34/66 252
4 1:400 90 60 60 35/65 240
5 1:300 100 60 94 39/61 282
6 1:300 110 60 71 43/57 213
7 1:300 100 50 66 38/62 198
8 1:300 100 70 77 37/63 231
9 1:300 70 60 68 39/61 204
10¢ 1:300 100 60 8 43/57 24
11f 1:300 100 60 35 41/59 105
129 1:300 100 60 59 40/60 186
13" 1:300 100 60 78 40/60 234

4Reaction conditions: Solvent, methanol/toluene (40 mL); Pd:PPhs:PTSA:hexene ratio; 1: 2:
30; time, 24 h. % yields and conversions obtained using an internal standard (ethylbenzene)
from GC. *Molar ratio between branched and linear esters computed using commercial sample
(linear methyl heptanoate). ¢ TON = (mol.prod/mol. Pd).6" Reactions done for 2, 6, 12 and 18
hrs respectively.

The dependence of the catalytic performance of complex Pd5 on CO pressure was scrutinized
by varying it from 50 bar to 70 bar (Table 3.5, entries 5, 7and 8). Expectedly, the higher
pressure of 60 bar concomitantly led to enhanced yields of 94%, in comparison to percentage

yields of 66%, observed at 50 bar. This is consistent with rapid CO insertion at higher pressures

88



and is well supported by previous literature reports [49]. Contrary to the catalytic activity trends
reported, no notable effects of CO pressure on product regio-selectivity was evident. Lastly,
the stability profile of complex Pd5 was ventilated by comparisons of TOFs at reaction times
from 2 hto 24 h (Figure 3.10). From Figure 3.6, lower yields were observed at fewer hours of
reaction time. For instance, while percentage yields of 8% and 35% were observed after 2 h
and 6 h respectively, increases to 59% and 78% at 12 h and 18 h were reported respectively.
Quantitatively, 24 h reaction time could be regarded as the optimum reaction time as maximum
percentage yields of 94% was realized. However, qualitatively, shorter reaction times gave
better results. For instance, while a yield of only 35% was observed at 6 h reaction, it coincided
with the highest turnover frequency of 17.5 h', versus 11.9 h'! observed at 24 h. This shows
that while the catalytic activity of complex Pd5 is appreciably retained over time, there is some

catalyst deactivation occurring with longer reaction times.
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Figure 3.10: Graphical plots showing TON and TOF at different reaction times and catalyst
loadings using complex Pd5. Reaction conditions: Solvent system, methanol/toluene (40 mL);
[Pd]:[PPhs J[PTSA]:[hexene] ratio; 1:2:30:300; time,24 h, Temp, 100 °C.
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3.4.3 The influence of complex structure

Having established the best reaction conditions using complex Pd5, the complex/ligand
structure influence was then studied by testing the other complexes Pd1-Pd4 in 1-hexene
methoxycarbonylation (Table 3.6, entries 1-5). From the data, it was apparent that the ligand
structure controlled the behaviour of the pre-catalyst in terms of catalytic performance. For
instance, complexes Pd5 and Pd2, with unsubstituted and isopropyl substituted aryls close to
their coordination sphere, afforded percentage yields of 94% and 73%, respectively (Table 3.6,
entries 2 vs 5). The lower catalytic activities reported for, the more sterically hindered complex
Pd2 is anticipated and is linked to the limited access of the alkene substrate to the active metal
site [50]. Interms of selectivity, the more sterically hindered complex Pd2 expectedly afforded
more of the sterically less demanding linear esters (75%) in comparison to 65% reported for
the less bulky complex Pd5 [51]. Similar observations were made for the remaining complexes.
The catalytic performance observed for complexes Pd1-Pd5 compares well with similar
palladium complexes reported in the literature. In terms of catalytic activity, while some
systems have reported slightly higher catalytic activities, for instance, palladium(Il) system
anchored on the 2-(diphenylphosphinoamino) pyridine ligands (a TON of 340), others have
reported similar catalytic activities. For example, palladium(ll) catalysts based on mixed
NAN”O(S) (a TON of 264) in the methoxycarbonylation reaction [29, 32]. While there is no
significant improvement in terms of catalytic activities in comparison to our previous outputs
in this area [21, 25, 30, 52], this latest contribution brings the insight of controlling the
regioselectivity by varying the steric encumbrance around the metal coordination sphere. For
instance, while most of our previous reports gave linear and branched products in almost equal
quantities, this new contribution has one of the catalysts giving up to 75% of the linear product

in the methoxycarbonylation of 1-hexene.
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Table 3.6: Influence of complex structure in 1-hexene methoxycarbonylation?.

Entry Complex Yield (%) B/L(%)° TON¢
1 Pd1 80 28/72 240
2 Pd2 74 25/75 222
3 Pd3 83 31/69 249
4 Pd4 88 32/68 264
5 Pd5 94 35/65 282
6° - 48 33/67 144
7f - 72 47/53 216
89 Pd5 89 37/63 264

8Reaction conditions: Solvent, methanol/toluene (both 20 mL); Pd:PPh3s :PTSA:hexene ratio;
1:2:30:300; time,24 h, Temp, 100 °C. "% yields and conversions obtained using an internal
standard (ethylbenzene) from GC. ®Molar ratio between branched and linear esters computed
using commercial sample (linear methyl heptanoate). ¢ TON = (mol.prod/mol. Pd).
¢[Pd(NCMe).Cl2]/L5 system, PdCl,(PPhs),] as a catalyst, 9 Hg poisoning investigation.

Two sets of control experiments were undertaken in an effort to establish the isolated
palladium(11) complexes and ligands roles (Table 3.6, entries 6 and 7). First, we compared the
behaviour of complex Pd5 with an in situ generated palladium catalyst using
[Pd(NCMe)2Cl2]/L5 system. A notable reduction in catalytic activity (48%) was observed in
the catalytic set-up with the in situ generated catalyst compared to 94% attained by complex
Pd5 (Table 3.6, entries 5 vs 7). This affirms the crucial role played by discrete catalysts,
consistent with previous findings [33, 53]. The use of [PdClx(PPhs).] salt in the
methoxycarbonylation reactions have also been reported [54]. We thus compared its catalytic
performance with our complexes under similar conditions. Even the catalytic activity

displayed by [PdCl>(PPhz).] of 72% was lower than 94% for complex Pd5; it was comparable
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to complexes Pd1l and Pd2. With respect to regio-selectivity, expectedly [PdCl2(PPhs)z]
produced 53% of the linear products, compared to compositions of 65%-75% reported for the
more sterically hindered complexes Pd1-Pd5 (Table 3.6, entries 1-5). These differences in
catalytic behaviour thus confirm that the active species in complexes. Pd1-Pd5 contain a
coordinated ligand and differ from [PdCIl2(PPhs)2]. Finally, we used Hg(0) drop test to
elucidate whether the active species is purely homogeneous or contain some active Pd(0)
nanoparticles using complex Pd5. The addition of five drops of Hg(0) marginally reduced the
percentage yields from 94% to 89% (Table 3.6, entries 5 vs 8). This points to the largely

homogeneous nature of the active species using complex Pd5 [55].

3.4.4 Investigation of the substrate scope using complex Pd5

The alkene substrate was studied using terminal alkenes of varying chain lengths, internal
alkenes and styrene at optimized reaction conditions of Pd:PPhs:substrate: PTSA (1:2:300:30),
at 100 °C and CO pressure of 60 bar (Table 3.7). From the data, it was evident the olefin
substrate’s identity affected the regio-selectivity and catalytic activity of complex Pd5. In
general, terminal alkenes afforded higher percentage yields than the internal analogues, while
styrene recorded the highest catalytic activity. For instance, styrene, 1-hexene, and 1-
tetradecence alkenes gave percentage yields of 99%, 94% and 32%, respectively. Similarly,
percentage yields of 68% and 51% were observed for 1-octene and trans-4-octene, respectively
(Table 3.7). These results are in good agreement with previous reports and have been
associated with steric and electronic contributions from various alkenes [22, 25, 30, 52]. The
superior percentage Yyields recorded for styrene (>99%) is normal and is attributed to the
resultant benzylic palladium(ll) intermediate, which is more active as compared to alkyl
palladium(ll) species in aliphatic alkenes [56]. The identity of the olefin substrate also
controlled the type of ester products yielded. As expected, percentage compositions of the

92



branched esters of 39% and 81% for 1-hexene and 2-hexene substrates, respectively. Similarly,

1-hexene and 1-tetradecene gave branched esters of 39% and 67%, respectively (Table 3.7,

entries 1 vs 9). Preference to branched ester products with increased carbon chain length can

be explained by the higher number of possible isomers [57, 58]. The small quantities of the

linear esters observed in methoxycarbonylation of internal olefins are associated with

isomerization. For instance, 14% of the linear ester product formed in

methoxycarbonylation trans-4-octene is due to its isomerization to form 1-octene

Table 3.7: Effects of substrate identity on methoxycarbonylation using complex Pd52

the

Entry Substrate Yield (%) B/L(%)° TON¢
1 1-hexene 94 31/69 282

2 Trans-2-hexene 71 81/19 213

3 Styrene 99 91/09 297

4 1-heptene 83 43/57 249

5 1-octene 68 48/52 204

6 1-decene 54 54/46 162

7 Trans-4-octene 51 86/14 153

8 1-dodecene 42 60/40 126

9 Tetradecene 32 67/33 96

8Reaction conditions: Solvent, methanol/toluene (both 20 mL); Pd:PPh3:PTSA: substrate ratio;
1:2:30:300; time,24 h, Temp, 100 °C. ®% yields and conversions obtained using an internal
standard (ethylbenzene) from GC. °Molar ratio between branched and linear esters computed

using commercial sample. TON = (mol.prod/mol. Pd).

The higher catalytic activities and regio-selectivity observed for complex Pd5 in the

methoxycarbonylation of styrene led us to explore the other complexes Pd1-Pd4 in the styrene
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reaction (Table 3.8). Similar to the trends observed in the reactions involving 1-hexene, with
complex Pd5 being the most active (99%), while complex Pd2 was the least active (81%).
More significantly, while linear esters were predominantly obtained in the
methoxycarbonylation of 1-hexene (65%-75%), styrene substrate gave predominantly
branched esters within the range of 79% - 91% (Table 3.6 vs Table 3.8). This points to the

possible role of electronic and steric contributions in controlling the product distributions [59].

Table 3.8: Methoxycarbonylation of styrene using palladium complexes Pd1-Pd52

Entry Complex Yield (%) B/L(%)° TON¢
1 Pd1l 85 82/18 255
2 Pd2 81 79/21 243
3 Pd3 88 88/12 264
4 Pd4 94 86/14 282
5 Pd5 99 91/09 297

Reaction conditions: Solvent system, methanol/toluene (40 mL); [Pd]:[PPh3][PTSA]:[hexene]
ratio; 1: 2: 30:300; time,24 h, Temp, 100 °C. "% yields and conversions obtained using an
internal standard (ethylbenzene) from GC. °Molar ratio between branched and linear esters
computed using commercial sample (linear methyl heptanoate). ¢ TON = (mol.prod/mol. Pd).

3.5 Conclusions

This chapter established the coordination behaviour of five palladium(ll) complexes (Pd1-
Pd5) anchored on rigid (pyridyl)benzamidine ligands with different steric requirements. The
molecular structures of the palladium compounds revealed distorted square planer geometries
containing a single bidentate neutral ligand and two chloride ligands. All the complexes
formed active species in the methoxycarbonylation of various alkene substrates. Both the

catalytic activities and regioselectivities were impacted by the steric and electronic dispositions
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of the palladium(Il) complexes and the identity of the alkene substrate. Sterically hindered
complexes favoured the formation of linear esters. Terminal olefins produced mostly linear
esters, while internal alkenes and styrene formed predominantly branched esters. NMR kinetics
established the stabilization role of PPhs and catalyst deactivation through ligand hydrolysis at

high acid concentrations.

The next chapter entails the synthesis of both non-water soluble and water-soluble bischelated
palladium(11) complexes bearing (phenoxy)imine ligands. Both the comparative study of the

sets of complexes and recyclability studies in the methoxycarbonylation has been done.
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Chapter 4

Structural studies and applications of water-soluble (phenoxy)imine palladium(II)

complexes as catalysts in biphasic methoxycarbonylation of 1-hexene

This chapter is adapted from the paper published in the Journal of Organometallic
Chemistry 942, 2021, 121812 and is wholly based on the work of the first author, Saphan Akiri.
The contribution of the first author, Saphan Akiri, include ligand and complex synthesis and

characterization, methoxycarbonylation catalysis as well as drafting the manuscript.

4.1 Introduction

The use of catalysts in industrial processes has triggered a significant increase in the production
of various domestic and industrial products [1]. This mass production has, on the other hand,
led to environmental concerns, which in turn has triggered the search and development of
greener catalytic processes [2, 3]. While the principles of green chemistry call for catalysts that
can be recycled and reused to minimize waste, the use of homogeneous catalysts in various
industrial processes is still unavoidable [4]. This is mainly due to the selective nature of the
homogeneous catalyst systems [5, 6]. As such, various methods have been developed to make
the homogeneous catalysts recyclable while maintaining their selectivity. Some approaches
that are currently being adopted include the use of inorganic supports such as silica [7],
magnetic supports [8], and polymer supports [9] and, more recently, the use of supported ionic

liquid phases [10].

Another technology that has also not been left behind in this venture is the use of biphasic

homogeneous catalyst systems [11]. Even though the most widely used combination of liquids
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in biphasic catalysis entails an organic-aqueous biphasic system, other combinations include
organic-organic biphasic, and of more recent, fluorinated solvents, and ionic liquids [12]. In
addition to the ease of separation and recycling of biphasic systems, utilizing water is attractive
due to its lower cost and non-toxicity [13, 14]. While biphasic catalysts have been widely
applied in hydroformylation reactions [15-17], Heck-coupling [18, 19], Suzuki-Miyaura
coupling [20, 21], olefin oligomerization [22, 23] and hydrogenation reactions [24-26], among

others, there are limited reports of the same in the methoxycarbonylation reactions [27, 28].

Methoxycarbonylation of olefins has gained interest due to the production of valuable ester
products. Despite the fact that biphasic catalysis provides a suitable route for catalyst recycling
and reuse, far much fewer reports on the use of water-soluble catalysts in
methoxycarbonylation.  This chapter reports the design of water-soluble palladium(Il)
complexes and their applications as biphasic catalysts in the methoxycarbonylation of 1-
hexene. The non-water-soluble palladium(Il) analogues have also been studied for comparison
purposes. Detailed structural studies of the palladium(ll) complexes, the influence of catalyst
structure on catalytic behaviour and catalyst recycling have been investigated and are herein

discussed.

4.2 Experimental section

4.2.1 Instrumentation and general materials

The reagents aniline (>99.5%), 2,6- dimethyl aniline (99%), 2, 6- diisopropylaniline (90%),
salicylaldehyde (98%), sodium carbonate, glacial acetic acid (>98%), palladium acetate
(98%), sulphuric acid, 2-methoxyethylamine (98%) were purchased from Sigma-Aldrich and

were used as received without further purification.  Sodium  3-formyl-4-
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hydroxybenzenesulfonate was synthesised following a modified route of a previously
reported procedure. Ligands L9 and L10 and their respective complexes Pd9 and Pd10,
having been reported before [29], were synthesised and used for comparison purposes with
their water-soluble analogues. NMR, IR, elemental analyses and single-crystal X-ray

crystallography was done as indicated in Chapter 3

4.2.2 Synthesis of water-soluble (phenoxy)imine ligands and palladium(l1) complexes
4.2.2.1 Sodium (E)-4-hydroxy-3-((phenylimino)methyl)benzenesulfonate (L6)

To a solution of sodium 3-formyl-4-hydroxybenzenesulfonate (0.30 g, 1.34 mmol) in toluene
15 (ml) was added aniline (0.18 ml, 2.00 mmol). The mixture was then heated under reflux for
72 h using a Dean-Stark apparatus to give a yellow solution. The solvent was eliminated under
reduced pressure to afford a yellow solid. The crude product was subsequently washed with 2
ml each of chloroform, dichloromethane and diethyl ether to give L6 as bright yellow solid.
Yield = 0.26 g (84 %). H NMR (400 MHz, DMSO): 31 (ppm); 6.91 (d, 1H, 3Jun = 8.40 Hz,
6-PhOH), 7.33 (t, 1H, 3Jun = 6.80 Hz, 4-Ph ), 7.46 (m, 4H, 2,3,5 6-Ph), 7.63 (dd, 1H, 3Jun =
6.40 Hz, 5-PhOH, *Jun = 2.20 Hz, 5-PhOH), 7.95(d, 1H, 4Jun = 2.20 Hz, 3-PhOH), 9.02 (s, 1H,
Himine), 13.28 (5, OH, 1H). 13C NMR (100 MHz, DMSO, § ppm): 163.7 (C-OH), 160.8 (CH-
N), 148.4 (Ar-C), 140.4 (C-SOs), 131.3 (Ar-C), 129.9 (Ar-C), 127.4 (Ar-C), 121.9 (Ar-C),
118.4 (Ar-C), 116.2 (Ar-C), 114.3 (Ar-C). IR vinax/ cm™: vc=n) = 1615, yo-n) = 3428. HRMS-
ESI; Calc: 299.0228; Found: 299.0221.

4.2.2.2 Sodium (E)-3-(((2,6-dimethylphenyl)imino)methyl)-4-hydroxybenzenesulfonate (L7)
To a solution of 3-formyl-4-hydroxybenzenesulfonate (0.20 g, 0.89 mmol) in toluene (15 ml),
was added 2, 6 dimethyl aniline (0.12 ml, 1.34 mmol) and a 0.5 mol% of para-tolyl sulfonic
acid. The mixture was then refluxed using a Dean-Stark apparatus for 48 h to afford a yellow

solution. The solvent was then removed under reduced pressure to give ligand L7 as a yellow

103



solid. Yield = 0.25 g (86 %). *H NMR (400 MHz, DMSO): 81 (ppm); 2.14 (s, 6H, Ph-CH3),
6.61 (d, 2H, 3Jun = 7.40 Hz, 3,5-Ph ), 6.94 (d, 1H, 3JuH = 8.40 Hz, 6-PhOH), 7.05 (t, 1H, 3Jun
=7.20 Hz, 4-Ph ) 7.68 (dd, 1H, 3Jux = 8.00 Hz, 4Jun = 2.36 Hz, 5-PhOH), 7.93(d, 1H, *Jun =
2.12 Hz, 3-PhOH), 8.66 (s, 1H, Himine). 3C NMR (100 MHz, DMSO, & ppm): 164.6 (C-OH),
161.9 (CH-N), 157.7 (Ar-C), 149.9 (C-SOs), 148.6 (Ar-C), 133.7 (Ar-C), 133.4 (Ar-C), 123.6
(Ar-C), 121.1 (Ar-C), 119.1 (Ar-C), 117.2 (Ar-C) , 20.9 (C-Ha): IR vmax/ cmt; vc=n) =1617,
Vo-H) =3401. HRMS-ESI; Calc: 327.0541; Found: 327.0502.

4.2.2.3 Sodium(E)-3-(((2,6-diisopropylphenyl)imino)methyl)-4-hydroxybenzenesulfonate (L8)
L8 was synthesized following the procedure described for ligand L7 using 3-formyl-4-
hydroxybenzenesulfonate (0.20 g, 0.89 mmol) and 2, 6 diisopropylaniline (0.23 ml, 1.34
mmol). Yield = 0.30 (88 %). *H NMR (400 MHz, DMSO): 81 (ppm); 1.16 (d, 12H, 3344 = 5.50
Hz ipr), 3.05 (m, 2H, CH3CHsCH ), 6.96 (d, 2H, 34+ = 6.80 Hz, 3,5-Ph), 7.20 (t, 1H, Jun =
10.40 Hz, 4-Ph) 7.68 (dd, 1H, 3Jun = 8.00 Hz, 4Jun = 1.76 Hz, 5-Ph-OH), 7.96 (d, 1H, “Jun =
1.72 Hz, 3-PhOH), 8.63 (s, 1H, Himine). 2C NMR (100 MHz, DMSO, & ppm): 167.4 (C-OH),
160.7 (CH-N), 140.4 (Ar-C), 138.4 (C-SO3), 131.4 (Ar-C), 129.8 (Ar-C), 128.5 (Ar-C), 126.0
(Ar-C), 123.6 (Ar-C), 118.1 (Ar-C), 116.3 (Ar-C), 31.1 (C-CHs3), 28.2 (C-Ha3): IR vinax/ cmL:
vc=n) = 1619, vo-n) = 3464. HRMS-ESI; Calc: 383.1167; Found: 383.1103.

4.2.2.4 (E)-2-((phenylimino)methyl)phenol (L9)

To a solution of salicylaldehyde (0.85 ml, 8.00 mmol) in methanol (15 ml) was added aniline
(0.73 ml, 8.00 mmol) with stirring. The reaction was the stirred for a further 24 h under room
temperature. The solvent was then removed under reduced pressure to afford L9 as bright
yellow solid. Yield =1.48 g (94%).'H NMR (400 MHz, CDCI3): &4 (ppm); 6.97 (m, 1H,
6PhOH), 7.07 (d, 1H, 3Ju = 6.60 Hz, 4Ph ), 7.30 (m, 3H, Ar), 7.43 (m 4H, Ar), 8.65 (s, 1H,
Himine). 13.28 (s, OH, 1H). 3C NMR (100 MHz, DMSO, & ppm): 162.7 (C-OH), 161.2 (CH-

N), 148.5 (Ar-C), 133.1 (Ar-C), 132.2 (Ar-C), 129.4 (Ar-C), 126.9 (Ar-C), 121.2 (Ar-C), 119.1
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(Ar-C), 117.2 (Ar-C). IR vinax/ cm™: yc=n) = 1612, vio.+) = 3054. HRMS-ESI; Calc: 197.0841;

Found: 197.0785.

4.2.2.5 (E)-2-(((2,6-dimethylphenyl)imino)methyl)phenol (L10)

To a solution of salicylaldehyde (0.85 ml, 8.00 mmol) in methanol (20 ml) was added 2,6
dimethyl aniline (0.99 ml, 8.00 mmol). The mixture was then refluxed for 24 hrs to give a
yellow solution. The solvent was then removed under reduced pressure to reveal L10 as a
yellow oil. Yield = 1.6 g (89 %). 'H NMR (400 MHz, CDCls): 8+ (ppm); 2.10 (s, 6H, Ar-CHz),
6.99 (d, 2H, 3Jun = 7.80 Hz, 3,5Ph ), 7.03 (d, 1H, 3Jun= 6.84 6PhOH ),7.10 (d, 2H, 3Jnn = 7.60
Hz, 4Ph,4PhOH), 7.45 (t, 1H, 3Jnn = 7.36 Hz, 5PhOH), 7.59 (d, 1H, 3Jun = 6.36, 3PhOH), 8.51
(s, 1H, Himine). *C NMR (100 MHz, CDCI3, § ppm): 166.8 (C-OH), 161.3 (CH=N), 148.2 (Ar-
C), 133.2 (Ar-C), 134.2 (Ar-C), 128.4 (Ar-C), 128.3(Ar-C), 125.0 (Ar-C), 119.0 (Ar-C) ,118.8
(Ar-C), 117.3 (Ar-C), 18.5 (C-Ha): IR vimax/ cmt: vc=n) = 1619, vo-r) = 3019. HRMS-ESI;
Calc: 225.1154; Found: 225.1002.

4.2.2.6 (E)-2-(((2,6-diisopropylphenyl)imino)methyl)phenol (L11)

To a solution of salicylaldehyde (0.85 ml, 8.00 mmol) in toluene (15 ml), was added 2, 6
diisopropylaniline (1.51 ml, 8.00 mmol) with stirring. The reaction was then refluxed using a
Dean-Stark apparatus for 72 h to give a yellow solution. The solvent was then removed under
reduced pressure to afford L11 as a yellow oil yield. Yield = 2.08 g (92%). 'H NMR (400
MHz, CDCl3): 81 (ppm); 1.26 (d, 24 H, 3Jun = 5.48 Hz, ipr), 3.10 (m, 4H, CH3CHsCH) 7.04
(d, 2H, 3Jun = 6.00 Hz, 4-PhO), 7.14 (d, 2H, 3Ju1 = 6.60 Hz, 6-Ph0 ),7.28 (m, 3H, 3,5-PhN, 5-
PhOH), 7.42 (d, 1H, 3Jun = 6.20 Hz, 3-PhO), 7.49 (t, 1H, 3Jun = 7.00 Hz, 4-Ph), 8.38 (s, 1H,
Himine). 3C NMR (100 MHz, CDCls, § ppm):166.6 (CH-N), 161.2 (C-0), 146.1 (Ar-C), 138.8

(Ar-C), 134.9 (Ar-C), 133.3 (Ar-C), 132.3(Ar-C), 125.5 (Ar-C), 123.3 (Ar-C) ,119.1 (Ar-C),
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117.4 (Ar-C), 28.1(C(CHs)2), 23.5(C-iPr): IR vimax/ cm™: vc=n) = 1617, vo-ny = 3060. HRMS-

ESI; Calc: 281.1779; Found: 281.1543.

4.2.2.7 Sodium (E)-4-hydroxy-3-((phenylimino)methyl)benzenesulfonate palladium(ll) (Pd6)
To a solution of Pd(OAc)2 (0.07 g, 0.31 mmol) in methanol (10 ml), was added a solution of
L6 (0.19 g, 0.62 mmol) in methanol (5 ml). The mixture was then stirred under nitrogen
atmosphere for 24 h to give a yellow mixture which was filtered and recrystallized using small
portions of hexane to afford a bright yellow solid. Yield = 0.17 g (78 %). *H NMR (400 MHz,
DMSO): 54 (ppm); 5.85 (d, 2H, 3Jun = 8.80 Hz, 6PhO), 7.34-7.47 (m, 12H, Ar) 7.71 (d, 2H,
4Jun = 2.28 Hz, 3-Ph0), 8.07 (5, 2H, Himine). 3C NMR (100 MHz, DMSO,  ppm): 164.6 (CH-
N), 164.2 (C-O), 149.2 (Ar-C), 136.2 (C-SO3),133.4 (Ar-C), 132.7 (Ar-C), 128.4 (Ar-C), 126.8
(Ar-C), 125.1 (Ar-C), 119.2 (Ar-C), 119.1 (Ar-C).IR vimax/ cmL: vic=ny = 1605, ESI-MS (m/z)
= 678([M-Na]*,95%). CHN. Anal. Calc. for C2sH1sN2Na>0sPdS,: C, 44.42; H, 2.58; N, 3.99.
Found: C, 44.59; H, 2.50; N, 4.03.

4.2.2.8 Sodium (E)-3-(((2,6-dimethylphenyl)imino)methyl) benzenesulfonate palladium(ll)
(Pd7)

Complex Pd7 was synthesized using the method outlined for Pd6 using Pd(OAc)2 (0.05 g, 0.22
mmol) and L7 (0.14 g, 0.44 mmol). Yield = 0.13 g (81%). 'H NMR (400 MHz, DMSO): H
(ppm); 2.14 (s, 12H, Ar-CHs), 8u 5.78 (d, 2H, 3Jun = 8.8 Hz, Ar), 6.80 (d, 2H, 3w = 7.2 Hz,
Ar), 7.34-7.47 (m, 6H, Ar) 7.65 (d, 2H, 3Jun = 2.0 Hz, Ar ), 7.89 (s, 2H, Himine). 3C NMR (100
MHz, DMSO, & ppm): 166.1 (CH-N), 162.9 (C-0O), 149.1 (Ar-C), 146.1 (C-SOs), 136.2 (Ar-
C), 133.7(Ar-C), 128.1 (Ar-C), 124.6 (Ar-C), 121.1 (Ar-C), 119.1 (Ar-C) ,115.1 (Ar-C), 23.5
(C-H3) IR vmax/ et yc=n) = 1607, ESI-MS (m/z) = 780.99([M+Na]*,25%). CHN. Anal.

Calc. for CsoH2sN2Na0sPdSz : C, 47.47; H, 3.45; N, 3.69. Found: C, 47.41; H, 3.50; N, 3.58.
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4.2.2.9 Sodium (E)-3-(((2,6-diisopropylphenyl)imino)methyl)benzenesulfonate (Pd8)
Compound Pd8 was synthesized using the method described for Pd6 using Pd(OAc), (0.05 g,
0.22 mmol) and L8 (0.17 g, 0.44 mmol). Yield = 0.16 g (84%). *H NMR (400 MHz, DMSO):
8n (ppm); 1.16 (d, 24H, 3Jnn = 6.8 Hz ipr), 3.05 (M, 4H, CH3CH3CH ), 8 5.73 (d, 2H, 3Jun =
8.8Hz, Ar), 6.80 (d, 2H, 3Jun = 7.2 Hz, Ar), 7.34-7.47 (m, 6H, Ar) 7.65 (d, 2H, 3Jun= 2.0 Hz ),
7.95 (s, 2H, Himine). 23C NMR (100 MHz, DMSO, § ppm): 165.4 (CH-N), 162.7(C-0), 146.1
(Ar-C), 140.2 (C-S0O3), 134.4 (Ar-C), 133.7 (Ar-C), 128.1 (Ar-C), 124.6 (Ar-C), 123.5 (Ar-C),
120.7(Ar-C), 119.2 (Ar-C), 31.2 (C-CHja), 28.1 (C-Ha). IR viax/ cm™: vic=n) = 1604. ESI-MS
(m/z) = 893.20([M+Na]*,100%). CHN. Anal. Calc. for CsgHs2N2Na20gPdS; : C, 52.38; H,
4.86; N, 3.22. Found: C, 52.29; H, 4.80; N, 3.33.

4.2.2.10 (E)-2-((phenylimino)methyl)phenol palladium(ll) (Pd9)

To solution of L9 (0.18 g, 0.88 mmol) in chloroform (10 ml) was added a solution of Pd(OAc)2
(0.10 g, 0.44 mmol) in chloroform (5 ml). The mixture was then stirred for 24 h to give a yellow
product which was then filtered and recrystallized using hexane to afford bright yellow crystals.
Yield = 0.19 g (86%).2H NMR (400 MHz, CDCls): 8x (ppm); 6.14 (d, 2H, 3Jun = 8.4Hz, Ar),
6.52 (t, 2H, 3Jun= 7.8 Hz, Ar), 7.16 (m, 4H), 7.37 (m, 6H, Ar), 7.45 (m, 4H, Ar), 7.76 (s, 2H,
Himine). 13.28 (5, OH, 1H). 33C NMR (100 MHz, CDCI3, § ppm): 165.1 (CH-N), 162.8 (C-0),
149.5 (Ar-C), 135.2 (Ar-C), 134.4 (Ar-C), 128.1 (Ar-C), 126.4 (Ar-C), 124.6 (Ar-C), 120.7,
(Ar-C), 120.1 (Ar-C), 115.1 (Ar-C).IR wma/ cm:  yc=n) = 1588, ESI-MS (m/z) =
475.05([M+Na]*, 90%).

4.2.2.11(E)-2-(((2,6-dimethylphenyl)imino)methyl)phenol palladium (11)(Pd10)

Pd10 was synthesized following the procedure used for Pd9 using Pd(OAc). (0.17 g, 0.78
mmol) and L10 (0.34 g, 1.55 mmol). Yield = 0.38 g (88 %). 'H NMR (400 MHz, CDCls): 8+
(ppm); 2.40 (s, 12 H, Ar-CHs), 6.09 (d, 2H, 3Jun = 8.8 Hz, Ar ), 6.49 (m, 2H, Ar ),7.16 (m,

10H, Ar), 7.53 (5, 2H, Himine). *C NMR (100 MHz, CDCI3, & ppm):165.7 (CH-N), 163.0 (C-
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0), 147.4 (Ar-C), 135.0 (Ar-C), 134.2 (Ar-C), 132.0 (Ar-C), 127.5(Ar-C), 126.0 (Ar-C), 120.6

(Ar-C) , 120.3 (Ar-C), 114.6 (Ar-C), 18.9(C-Hs): IR vina/ cM: vcen) = 1605.

4.2.2.12 (E)-2-(((2,6-diisopropylphenyl)imino)methyl)phenol palladium(il) (Pd11)

Complex Pd11 was synthesized following the procedure used for Pd9 using Pd(OAc)2 (0.17
g, 0.44 mmol) and L11 (0.25 g, 0.88 mmol). Yield = 0.25 g (84 %). 'H NMR (400 MHz,
CDCl3): &1 (ppm); 1.20 (d, 24 H, 3Jun = 5.4 Hz, ipr), 3.54 (m, 4H, CH3CH3CH) 6.01 (d, 2H,
8)un = 6.72 Hz, 4-Ph0), 6.46 (M, 2H, 4-Ph0),7.10(m, 4H, 3,5-Ph), 7.21 (d, 4H, 34 = 6.2 Hz,
5-PhO, 4Ph), 7.35 (t, 2H, 3Jun = 6.12 Hz 3-PhO), (s, 2H, Himine). 1*C NMR (100 MHz, CDCI3,
8 ppm):165.5 (CH-N), 162.7 (C-0), 144.8 (Ar-C), 142.4 (Ar-C), 134.8 (Ar-C), 134.3 (Ar-C),
126.6(Ar-C), 122.8 (Ar-C)120.8 (Ar-C), 119.5 (Ar-C) ,114.2 (Ar-C), 28.8 (C(CH3),) 24.3 (C-
iPr): IR vimadd cmt: yc=n) = 1603. CHN. Anal. Calc. for C3sH1aN2O2Pd: C, 68.41; H, 6.65; N,

4.20. Found: C, 68.36; H, 6.70; N, 4.26.

4.2.2.13 Reactions of Pd9 with PPh3 to form [Pd(PPhs). (L9)]*(Pd12)

To a solution of complex Pd9 (0.10 g, 0.20 mmol) in chloroform (10.0 ml) was added NaBPhs
(0.07 g, 0.20 mmol) and PPhs (0.11 g, 0.40 mmol) in chloroform (5.0 ml). The resulting yellow
solution mixture was then stirred at room temperature for 24 h. The solution was the filtered,
concentrated in vacuo and hexane (10 ml) used to precipitate compound [Pd(PPhs)2(L9)]* as a
yellow solid. Yield = 0.12 g (80%). *H NMR (400 MHz, CDCI3): &x (ppm); 6.13 (d, 1H, 3Jnn
=8.4 Hz, Ar), 6.54 (t, 1H, 3Jun = 7.8 Hz, Ar ), 6.83 (m, 1H, Ar), 7.05 (m, 2H, Ar), 7.23 (m, 6H,
Ar), 7.33-7.50 (m, 30H, Ar, BPhy), 7.52-7.68 (m, 8H, Ar), 7.71-7.78 (m, 10H, Ar) 7.84 (s, 1H,

Himine). 3'P NMR (CDCI3): § 23.24 (s, 1P, PPh3), 29.30 (s, 1P, PPha).
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4.2.3 Catalyst recycling experiments

The water-soluble complexes were recycled using a developed procedure. For instance, by the
end of a reaction using complex Pd6, the reactor’s temperature was let to adjust to the ambient
temperature. The unused carbon monoxide was then eliminated by venting, and the reactor
contents were placed into a measuring cylinder and given time to stand for phase separation.
Using a decantation procedure, the organic phase was obtained and taken back to the reactor,
followed by the addition of toluene, HCI, PPhs and substrate. The reaction was then

commenced for the subsequent run.

4.3. Results and discussion

4.3.1 Synthesis of (phenoxy)imine ligands and their palladium(l1) complexes

The sulfonated salicylaldehyde sodium 3-formyl-4-hydroxybenzenesulfonate synthon was
synthesized according to a modified reported procedure [30, 31]. While the (phenoxy)imine
sulfonate ligand L6 was synthesised by refluxing using a Dean-Stark apparatus for 72 h, ligands
L7 and L8 were synthesised under reflux using catalytic amounts of para-tolyl sulfonic acid
for 48 h (Scheme 4.1). The non-water-soluble (phenoxy)imine analogue L9 was synthesized
by stirring at room temperature, while compounds L10 and L11 were synthesized by reflux in
toluene. All the new ligands were obtained in high yields of 84-88%. Reactions of ligands L 6-
L11 with Pd(OAc); acetate at room temperature afforded the respective complexes Pd6-Pd11

in moderate to good yields (Scheme 4.1).
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Scheme 4.1: Synthesis of water and non-water-soluble (phenoxy)imine ligands and their

respective palladium(ll) complexes

'H NMR, 3C NMR and IR spectroscopies, mass spectrometry and elemental analyses were
employed to identify all the new compounds. In the *H NMR spectra, the aldimine protons
were observed between 8.52 to 9.02 ppm for ligands L6- L11, consistent with previous reports
[32, 33]. The same imine proton was traced and used to infer the formation of the respective
palladium(1l) complexes. For instance, whereas the imine proton was observed at 9.02 ppm in
ligand L6, the same proton shifted up-field to 8.07 ppm in the respective complex Pd6 (Figure

4.1).
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Figure 4.1: 'HNMR of complex Pd6 showing the shift in imine peak to 8.07 ppm from 9.02

ppm observed in the respective ligand L6.

13C NMR was also used as a characterization tool for the synthesized ligands and complexes.
The expected carbon shifts were observed in all the complexes and ligands. For example, the
shift of imine carbon shift was useful in inferring the successful formation of the expected
compounds. While the imine carbon resonated at 160.8 ppm in ligand L6, the same carbon was
observed to resonate at 164.1 ppm in complex PdL6 (Figure 4.2), showing a change in the

chemical environment upon the complex formation.

111



9.1002
—
0.4

164 57256
1641565
149.2447
136.2234
133.3847
—132,7407
-128.3845

- 126.7608

— 1251224
~ 1192117

160 140 120 100 50 80 [ppm]

Figure 4.2: 13C NMR of complex Pd6 showing a downward shift of imine carbon to 164.1 ppm

from 160.8 ppm observed in ligand L6

The FT-IR data of the ligands showed wc=ny diagnostic peaks between 1605 and 1619 cm-!
[33]. Upon complexation, general shifts in the absorption ranges of the imine bond were
recorded. To demonstrate this, while the vc=n) for L6 was recorded at 1605 cm, complex
Pd6 showed the same signal at 1615 cm™*- Another important feature of the IR spectra was the
OH functionality. While the IR spectra of the ligands showed the v(o-+) signals between 3 060
cm to 3 464 cm?, the respective complexes did not display this peak (Figure 4.3), confirming

deprotonation of the phenolic proton upon coordination to give the anionic ligands [34].
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Figure 4.3: IR spectrum of complex Pd6 showing the disappearance of the OH peak and the

shifting of imine peak to 1615 cm* from 1605 as observed in ligand L6.

Mass spectrometry was further used to confirm the molecular masses of both the ligands and

the respective complexes by comparing the experimental and theoretical isotopic mass

distribution patterns. For instance, complex Pd6 (Mw = 701.93) showed a molecular ion peak

at 678.93 ([M-Na]*, consistent with the theoretical isotopic mass distribution (Figure 4.4).

Similar observations were recorded for all the ligands and the respective palladium(Il)

complexes (Table 4.1). The elemental analyses data supported the presence of two ligand units

per palladium(Il) atom, thus confirming that the bulk material is pure.
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Figure 4.4: An overlaid mass spectra of ligand Pd6 (ESI-MS (m/z) = 678([M-Na]+) showing

the found and calculated peak patterns.

Table 4.1: A table showing mass spectra of the ligands and complexes

Compound Molar mass (gmol) m/z (amu)

L6 299.02 276.02 [M-Na]*
L7 327.05 304.05 [M-Na]*
L8 383.12 360.12 [M-Na]*
Pd6 701.93 724.93([M+Na]*
Pd7 757.99 780.99([M+Na]*
Pd8 870.12 893.20([M+Na]*
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4.3.2. X-ray molecular structures of complexes Pd6 and Pd11

Single crystal suitable for X-ray analyses of complexes Pd6 and Pd11 were obtained by slow
diffusion of hexane into their respective concentrated solutions in chloroform at room
temperature. Table 4.2 shows the structural refinement parameters and crystallographic data,
while Figures 4.4 and 4.5 represent the molecular structures, selected bond angles and bond
lengths of complexes Pd6 and Pd11, respectively. Complex Pd6 consists of the Pd centre atom
with two anionic bidentate ligand units to form a square planar coordination environment
around the palladium(lI1) atom and the two O and two N donor atoms in a trans-configuration.
The charge stabilization of the Pd6 is accomplished by the cationic sodium-aqua complex.
Only half of the anionic Pd complex, one hydrate molecule and a cationic sodium-aqua
complex exist in the asymmetric unit (Figure 4.5 b). The Pd atom rests on an inversion centre;
hence it has a site occupancy factor of 0.5. The oxidation state of Pd in the asymmetric unit,
thus +1 whilst the ligand bears a -2 charge from the phenolate (-1) and sulfonate (-1) moieties.
Thus, the Pd complex is anionic (-1 overall charge) and is balanced by the cationic sodium-
aqua complex (+1 overall charge). The complete complex Pd6, therefore, forms a one
dimensional, homometallic sodium-aqua coordination polymer upon the execution of the
inversion symmetry operation. For every complete complex Pd(ll), there are two Na-aqua
complexes that form 1D coordination polymers via bridging aqua molecules. Complex Pd11,
like Pd6, has a Pd atom centre with two anionic bidentate N*O-donor (phenoxy)imine ligand
units, affording a distorted square planar coordination mode. The coordination chemistry of
complexes Pd6 and Pd11 as established from the solid structures concur with the IR spectra

(absence of O-H frequency).
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Figure 4.5: Molecular structure of Pd6 with atom numbering Scheme

(a) Molecular structure of Pd6 with atom numbering Scheme. The displacement ellipsoids of
atoms are shown at the 50% probability level. Selected bond lengths [A]: Pd(1)- O(1),
1.9764(15) ; Pd(1)-N(1), 2.0282(19); Selected bond angles (°): O(1)- Pd(1)- O(1), 180.00(10)
: N(1)-Pd(1)- N(1), 180.00(10); O(1)-Pd(1)-N(1), 88.80(7); O(1)-Pd(1)-N(L)#1, 91.20(7). (b)
Asymmetrical view of the unit showing only half of the anionic Pd complex, one hydrate

molecule and the cationic sodium-aqua complex.

Figure 4.6: Molecular structure of Pd11 with atom numbering Scheme
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The displacement ellipsoids of atoms are shown at the 50% probability level. Selected bond
lengths [A]: Pd(1)- O(1), 1.976(12); Pd(1)- O(2), 1.972(12); Pd(1)-N(1), 2.013(15); Pd(1)-
N(2), 2.013(15); O(1)-C(6), 1.301(2). Selected bond angles (°): O(1)- Pd(1)- O(2), 180.0; N(2)-

Pd(1)- N(L), 180.0; O(1)-Pd(1)-N(2), 87.86(5); O(1)-Pd(1)-N(1), 92.14(6).

The average Pd(1)- O(1) bond distances of 1.9764 (15)A and 1.9776(15) A for complexes Pd6
and Pd11, respectively, are comparable. On the other hand, the average Pd-Nimine bond length
for complex Pd6 of 2.0282(19) A is marginally longer as compared to the Pd-Nimine bond
distance of 2.013(15) A for complex Pd11 because of the inductive effects resulting from the
iPr groups present in Pd11 (Figure 4.6). The bond lengths exhibited by complexes Pd6 and
Pd11 are comparable to similar reported compounds, where bond lengths for Pd(1)- O and
Pd(1)-Nimine Were recorded as 2.026 (16)A and 2.067 (18)A respectively [29]. Complex Pd6
displays bite angles for O(1)-Pd(1)-N(1) and O(1)-Pd(1)-N(2) of 88.80(7)° and 91.20(7)°
respectively, well within those recorded for complex Pd1l of 92.14(6)°and 87.86(5)°
respectively. This is consistent with minimal Pd centre sphere steric encumbrance in both Pd6
and Pd11 as the alkyl substituents are remotely located from the Pd centres. In general,
complexes Pd6 and Pd11, thus, have adopted distorted square planar coordination geometry,

with the bite angles marginally deviating from typical square planar geometry of 90°.
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Table 4.2: Summary of the crystallographic data and structure refinement for complexes

Parameter Pd6 Pd11
Empirical formula Ci3 His N Na Og Pdoso S C3sHa4N202Pd
Formula weight 441.54 667.15
Temperature 100(2) K 100.02 K
Wavelength 0.71073 A 0.71073A
Crystal system Monoclinic triclinic

Space group P 21/c P-1

Unit cell dimensions

a(A) 19.9891(17) A 7.9427(5)

b (A) 6.8752(6) A 10.1922(6) 11.1065(7)
c(A) 13.5220(12) A 91.295(2)
o 90° 11.1065(7)
5 103.23802)° 113.803(3)

) 96.819(3)
10 90° 97.945(3)
Volume 1808.9(3) A® 799.48(9)

z 4 1

Density (calculated) 1.621 Mg/m® 1.386 Mg/m?
Absorption coefficient 0.730 mm’* 0.616 mm'?

F(000) 904.0 348.0

Crystal size 0.260 x 0.140 X 0.020 mm°  0.24 x 0.19 x 0.11 mm?®

Theta range for data collection

1.046 to 26.609°

0.03

4.084 to 58.026°

0.03
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4.4. Methoxycarbonylation reactions catalysed by complexes Pd6-Pd11.

4.4.1 Initial screening and optimization of the reaction conditions in the
methoxycarbonylation of 1-hexene

The initial screening of the complexes in the methoxycarbonylation reactions of 1-hexene was
done using the non-water-soluble complex Pd9. The ester products were identified and
quantified using GC and GC-MS by employing a commercial methyl heptanoate (linear ester)
sample and ethylbenzene as an internal standard (Figure 4.7). These allowed us to determine
both the percentage conversions and yields. The TONs were calculated based on percentage
yields. The comparable values in percentage yields and conversions suggest selectivity towards

the ester products, as depicted in Scheme 4.2.
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Figure 4.7: GC and GC-Ms spectra of methoxycarbonylation products identified as branched
(methyl 2-methylhexanoate) and linear (methyl heptanoate) esters using ethyl benzene as

internal standard
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The typical reactions conditions of 1-hexene:HCI: PPhs:Pd molar ratios of 200:10:2:1 were
employed (Scheme 4.2 and Table 4.3). Under these conditions, complex Pd9 afforded yields
of 52% within 20 h and 64 % of the linear ester (Table 4.3, entry 2). The importance of the
triphenyl phosphine additive in stabilizing the active species [35] was displayed from the

catalytic inactivity when a reaction was done without the additive (Table 4.3, entry 1).

o OCH,
CO/MeOH B o
/\/\/ —_— +
Pd6-Pd11
OCH,
L

Scheme 4.2: Methoxycarbonylation of 1-hexene using complexes Pd6-Pd11 as catalysts to

give branched (A) and linear (B) esters.

4.4.1.1: Variations of Pd/PPhs ratios

Informed by the bis(chelated) coordination chemistry of the complexes (Figures 4.4 and 4.5),
we envisioned that varying the amount of PPhs would have a major influence on the resultant
catalytic activities of the complexes [36]. The use of phosphine additives and acid promoters
in the methoxycarbonylation reactions is believed to generate and stabilize the active species,
respectively [36-38]. Thus, we varied the PPha/Pd9 ratio from 2 to 8 (Table 4.3, entries 2 -5).
We observed an increase in catalytic activity with an increase in the amount of PPhgs, giving an
optimum yield of 83% at a PPhs/Pd9 ratio of 6 (Table 4.3, entry 4). Interestingly, a further
increase of PPhs/Pd9 ratio to 8 was marked by a decline in percentage yield to 78% (Table 4.3,

entry 5). Lower catalytic activities reported at higher PPhs/Pd9 implies a possible competition
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between the PPhs and the substrate for the coordination centre [39]. Similar results were

reported in the methoxycarbonylation of acetylene [40].

Separately, the lower catalytic activities observed at lower PPhs/Pd ratios of 2 and 4 could be
attributed to the bis(chelated) nature of the complexes, hence higher amounts of PPhs is
required to displace the coordinated ligand units. Interestingly, the PPhs/Pd ratio also
influenced the regio-selectivity of the ester products. For example, PPhs/ Pd9 ratios of 2 and 8
afforded 64% and 73% of the linear esters, respectively (Table 4.3, entries 2 vs 5). The higher
linear ester products produced at higher PPhs/Pd9 ratios may be assigned to increased steric
bulk due to PPhz groups around the metal centre, thus favouring the less sterically demanding

linear products [41].
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Table 4.3: Initial screening and optimization of phosphine and acid promoter ratios in the

methoxycarbonylation of 1-hexene using complex Pd92

Entry Pd: Acid Pd:PPhs Conv(%)® Yield (%)° B/L(%)° TONd
1¢ 1:10 0 0 0 - -
2 1:10 1:2 55 52 36/64 104
3 1:10 1:4 69 68 31/69 136
4 1:10 1:6 85 83 30/70 166
5 1:10 1:8 80 78 27173 156
6 1:20 1:6 92 92 30/70 184
7 1.5 1:6 46 43 30/70 86
8 1:30 1:6 71 68 31/69 136
9 1:40 1:6 44 43 29/71 86
10f 1:20 1:6 44 41 29/71 82
119 1:20 1:6 70 67 30/70 134
12h 1:20 - - - - -
13 1:20 1:6 9 7 30/70 20
14i 1:20 1:6 23 20 32/68 80
15% 1:20 1:6 84 82 34/66 164
16' 1:20 1:6 72 71 30/70 142

8Reaction conditions: Pressure: 60 bar, temp: 90 °C, Solvent: methanol 20 mL and toluene 20
mL; [Pd]:[hexene] ratio; 1:200; time, 20 h; % Conversions and yields determined from GC
using ethylbenzene as internal standard. ‘Molar ratio between branched and linear esters
calculated using linear methyl heptanoate commercial sample. “TON = (mol. prod/mol. Pd). ¢
reaction done in the absence of PPhs 140 bar; 970 bar. "Pd(OAC)2/L9, 'Pd(OAC)2/L9/PPhs;
JIPd(OAC)2/PPhs. kpara tolyl sulfonic acid (PTSA; 'methane sulfonic acid (MSA).
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4.4.1.2: Variation of Pd: Acid ratios

Using the optimized PPha/Pd9 ratio of 6, we then varied the ratio of HCI/Pd9 between 5 and
40 (Table 4.3, entries 4 and 6 - 9). From Table 4.3, an optimum HCI/Pd9 ratio of 20 (92%
yield) was realized. Increasing the amount of acid promoter is known to initiate efficient
reactivation of palladium(0) formed under the reducing conditions [42]. Similarly, lower
concentrations of the acid promoter have been shown to favour the formation of the less active
palladium carbomethoxy intermediate [43]. In addition, excess acid is needed to achieve
catalyst stability since the acid promoter is consumed during the catalytic cycle. Apart from
the acid promoter playing a role in active species formation, it is also required to shift the
equilibrium from the inactive Pd(0) species to the active intermediate species. However, further
increase of the HCI concentration (HCI/Pd > 20) coincided with a decrease in catalytic
activities (Table 4.3, entries 8 and 9). We also probed the behaviour of para-tolyl sulfonic acid
(PTSA) and methanesulfonic acid (MSA) due to their mild natures as opposed to HCI in the
methoxycarbonylation of olefins [40]. However, both PTSA and MSA displayed diminished
catalytic activities in comparison with HCI. As a demonstration, using complex Pd9,
conversions of 92%, 84% and 72% were realized for HCI, PTSA and MSA, respectively (Table
4.3, entries, 6, 15 and 16). The observation is in sync with the dependence of catalytic activities

on acid strengths, as previously reported by Zdfiga et al. [44].

To fully grasp the coordinated ligands and isolated complexes’ role in the generation of the
active catalysts, we performed control experiments using Pd(OAc)2/L9 and Pd(OAc)./L9/
PPhs systems (Table 4.3, entries 12-14). The Pd(OAc)./L9 and Pd(OAc)./L9/ PPhs
combinations yielded much lower percentages of 7% and 20% when compared to percentage

yields of 92% displayed by complex Pd9/PPhsz catalyst system, respectively (Table 4.3, entries
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12-14 and 6). From this data, it is conceivable that the coordinated ligands and the discrete

metal complexes play a significant role in the formation of the active species.

4.4.1.3: Variations of catalyst loading

Having established the optimum amounts of PPhz and HCI, we turned out attention to the
catalyst concentration impact by using the 1-hexene/Pd9 ratio from 1000 (0.1 mol %) to 100
(2 mol %) as shown in Figure 4.8. The percentage yields were observed to increase with an
increase in catalyst loading. For example, at 1-hexene/Pd9 ratio 500 (0.2 mol %) and 200 (0.5
mol %), percentage yields of 56%, and 92% were obtained respectively. However, a further
increase of catalyst loading to 1.0 mol% resulted in a slight drop in percentage yield to 85%
(Figure 4.8). The decrease in catalyst activities at higher catalyst loading is not new and has
been associated with catalyst aggregation [45, 46]. Even though higher catalyst loadings led to
higher percentage yields, it is important to note that these were accompanied by lower TON
values (Figure 4.8). For instance, loadings of 0.2 mol% and 1.0 mol% recorded TON values of
280 (56%) and 80 (87%) respectively. The highest TON value of 292 (95%) was recorded at
a lower catalyst loading of 0.25% (substrate/Pd = 400). Thus, from this data, it is evident that
higher catalyst loadings are not beneficial to the system. In terms of selectivity, the change in
catalyst loading did not cause any substantial changes in the regio-selectivity of the esters. For
instance, catalyst loadings of 0.2 mol% and 0.5 mol% gave 71% and 70% of the linear esters,

respectively.
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Figure 4.8: A graphical plot showing the variations of TON and % yields with catalyst loading

for complex Pd9. Catalyst loading varied from 0.1% (1:1000) to 1% (1:100).

4.4.1.4: Effects of temperature variation

The influence of temperature was studied by changing the reaction temperatures from 50 °C to
90 °C (Figure 4.9). Expectedly reaction temperatures of 90 °C gave yields of 72%, while lower
temperatures of 70 and 50 °C witnessed diminished yields of 59 % and 40%, respectively [47].
On the other hand, elevated temperatures of 100 °C resulted in lower yields of 65%, a trend
that can be connected to partial catalyst decomposition to form palladium black [48] as
observed from the reactor. On the other hand, temperature variations did not affect the regio-
selectivity as values 68% to 71% of the linear products were obtained across all the temperature

variations.
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Figure 4.9: A graphical plot showing the variations of TOF and % yield with temperature for

Pd6 in the methoxycarbonylation of 1-hexene

4.4.2 Investigation of the role of PPhs and HCI in the methoxycarbonylation reactions via

in situ NMR techniques

Having observed the significant dependence of catalytic activities of complex Pd9 on the

amounts of PPhz and HCI, our curiosity led us to try and understand the exact role these two

play in regulating the catalytic activity. Thus in situ *H and 3'P NMR studies were employed

to monitor the kinetics of formation and relative stabilities of possible active intermediates.

The 3P NMR experiment was performed using Pd9:PPhs ratios of 1:1, 1:2, 1:6 and 1:8 (Figure

4.10). The P NMR spectra showed multiple peaks within the region of 22 ppm to 33 pm,
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indicating the formation of a number of Pd-PPhs adducts/intermediates [48-50]. Expectedly,
the use of excess PPhs (PPhs/Pd ratios of 6 and 8) gave signals at -5 ppm, pointing to the
presence of an uncoordinated PPhz group. More significantly, the absence of the free PPhs
signal at PPhs/Pd ratio of 2 points to the coordination of two PPhs units to Pd to give
[Pd(PPhs)2(L9)] * adduct, as a possible active species. Indeed, the lower yields reported at this

PPha/Pd ratio of 2, point to insufficient stabilization of the active species.
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Figure 4.10: 3P NMR spectra showing various peaks for different concentrations of PPhs as a

stabilizing agent using complex Pd9.

We also performed in situ *H NMR spectroscopy using a Pd9/ PPhs/HCI ratio of 1:8:20 by
monitoring the changes in the ligand proton signals over a period of 9 h (Figure 4.11). The
main objective here was to establish if there is any hydrolysis of the imine group upon the
addition of HCI. Interestingly, no observable change to the imine signal at around 8.07 ppm

was recorded over the 9 h period (Figure 4.10). This was evident from the absence of the ligand
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L6 (8.37 ppm) or aldehyde (9.80 ppm) signals. The invariable spectra over the 9 h period thus
pointed to the stability of complex Pd9 under the experimental acidic conditions. The
formation of the Pd-H group was expected, but unfortunately, no such signal at around 0 to -
13 ppm was observed [51, 52]. Instead, a signal at around 0.10 ppm was recorded, which at

this stage, we are unable to unambiguously assign to the Pd-H species.
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Figure 4.11: *H NMR of complex Pd9 in the presence of HCI and PPhs showing the stability

of the complex in acid media over a 9 period.

From the H and 3'P NMR spectral studies, possible stabilization and mechanistic routes in the
active species formulation for the methoxycarbonylation reaction using complex Pd9 as
depicted in Scheme 4.3 can be proposed. From Scheme 4.3, it is evident that the addition of
HCI/PPhz mixture leads to complete dissociation of one ligand L9 group to give the PPhs
intermediate [PdCI(L9)PPhs] (B). This is derived from the signals shown in the 1P NMR data

at 21 ppm and 28 ppm, corresponding to the mono-coordinated PPhs units either trans to the
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N- or O-donor atoms in L9. Similar palladium(11) complexes, bearing monodentate coordinated
PPhs ligands, show the PPhs peaks at 32.49 and 23.28 respectively in their 3'P NMR spectra
[50]. The formation of the bis-coordinated PPhs intermediate [Pd(L9)(PPh3)2]* (C) was

evident from the observation of two signals at 23.8 ppm and 29.3 ppm (Figure 4.14).
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Scheme 4.3: Proposed activation and stabilization pathways of Pd9 in the presence of PPhsz and

HCI.

We also obtained the 'H, and 3P NMR data of the catalyst residue from the Pd9/PPhs/HCI
(1:8:20) system ran under the catalytic conditions of 60 bar of CO and 90 °C to investigate how
stable the compounds are when subjected to the catalytic conditions. This was done by isolation
of the spent catalyst after 20 h of reaction time. The used catalyst spectrum was comparable to
that of the original complex Pd9, with the imine proton being intact (Figure 4.12). Indeed, the
3P NMR spectra of the spent catalyst were comparable to the spectra obtained at room
temperature as well as that of the original complex. Moreover, the two signals recorded at
around 23 ppm and 30 ppm do not compare to the one signal at around 24 ppm expected for
the [Pd(PPhs)2Cl2] species [53]. This also points to the coordination of ligand L9 to the metal

atom to possibly give compound [Pd(PPhs)2(L9)],* consistent with the proposed as shown in
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Scheme 4.3. This data, therefore, unequivocally unveiled that the active species are stable and

that the complex coordination environment is retained under the conditions.
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Figure 4.12: (A) *H NMR spectrum of complex Pd9, (B) *H NMR spectrum obtained from the
reactions of Pd9 with PPhs under CO (60 bar) in the presence of HCI at 90 °C (catalytic

conditions), (C) *H NMR spectrum of the catalytic reaction mixture.

We further attempted to confirm the presence of [Pd(PPhaz)2(L9)]* intermediate (Scheme 4.3)
and if it can indeed catalyse the methoxycarbonylation reaction of styrene. This was done by
isolation of the product of the reactions of two equivalent of PPhs with Pd9. Both the *H NMR
and P NMR spectra (Figures 4.13 and 4.14) of the isolated residue pointed to the formation
of [Pd(PPhz)2(L9)]* compound. For example, all the aromatic protons (60) were accountable
for in the *H NMR spectrum (Figure 4.13), confirming the presence of one ligand L9 unit and
two coordinated PPhs ligands in the Pd coordination sphere. This was augmented by the signals

at 23.2 ppm and 29.3 ppm in the 3P NMR spectrum (Figure 4.14). Even though a 2Jep-p)
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coupling was expected, 3P NMR spectrum of [Pd(PPhs)2(L9)]* did not exhibit such
coupling/splitting as the two PPhs groups appeared as singlets. The observation could be

attributed to a rapid ligand exchange resulting in exchange-averaged resonances [54].
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Figure 4.13: 'H NMR spectrum of complex Pd12 showing all the expected peaks and the
incorporation of PPhs ligand protons. Inset is the *H NMR spectrum of the original complex

Pdo.

Complex Pd12 was then used as a catalyst in the presence and absence of PPh3 additive (Table
4.4, entries 8-10). Interestingly, the catalyst [Pd(PPhs)2(L9)]* showed comparable catalytic
activities to complex Pd9. For instance, percentage yields of 72% and 74% were recorded for
complexes Pd9 and [Pd(PPhs)2(L9)]* respectively (Table 4.4, entries 4 vs 8). Most
significantly, complex [Pd(PPhz)2(L9)]* did not require the addition of PPhs, as appreciable

yields of 70% were recorded in the absence of PPhs (Table 4.4, entry 10). These observations,
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therefore, implicated [Pd(PPhs)2(L9)]* intermediate as the possible active species in these

reactions.
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Figure 4.14: 3'P NMR spectrum of complex Pd12. The peak two signals (23 ppm and 31 ppm)

represent the two PPhz groups showing coordination of PPhs to form complex Pd12

4.4.3 Effect of complex structure on methoxycarbonylation reactions

Upon establishing the optimum conditions of temperature, catalyst loading, acid and phosphine
additives for the methoxycarbonylation reactions using complex Pd9, we then investigated the
comparative catalytic performance of the six complexes as shown in Table 4.4. From the data
in Table 4.4, we observed some dependence of catalytic activities on the steric parameters of
the complexes. For example, the unsubstituted complex Pd6 recorded yields of 69%, while the
isopropyl substituted complex Pd8 afforded yields of 56% (Table 4.4, entries 1 vs 3). This

trend can be assigned to the increased steric encumbrance around the metal atom, thus
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hindering substrate coordination. This observation mirrors those of Harmon et al., where
sterically hindered ruthenium(I11) complex showed reduced catalytic activities [55].

Interestingly, the water-soluble complexes Pd6-Pd8 showed comparable catalytic activities to
their respective non-water-soluble counterparts Pd9-Pd11 (Table 4.4). For instance, while the
water-soluble Pd6 displayed yields 69%, the corresponding complex Pd9 exhibited yields of
72% (Table 4.4, entries 1 vs 4). This showed that incorporation of the water-soluble motif did
not compromise the catalytic activities of the complexes, hence a major achievement in the
design of separable catalyst systems. The activities observed for the non-water-soluble
complexes compare well with similar systems reported in the literature. While some systems
performed better in methoxycarbonylation [35], others reported lower activities. For instance,
2-(diphenylphosphinoamino)pyridine palladium complexes by Aguirre et al. reported showed
TONSs of 340, compared to our TONSs of 276 in the methoxycarbonylation of 1-hexene. On the
other hand, palladium complexes of naphthyl(diphenyl)phosphines,
benzimidazolylemethyl)amine palladium complexes and mixed N*N~X (X = O and S) ligands

reported lower TONs of 190 in the methoxycarbonylation of 1-hexene.
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Table 4.4: Effects of complex structure on catalytic activity and regio-selectivity?

Entry Catalyst Conv(%)®  Yield (%)° B/L(%0)° TON¢
1 Pd6 71 69 31/69 276
2 Pd7 66 64 29/71 256
3 Pds 59 56 23/77 184
4 Pd9 73 72 30/70 288
5 Pd10 68 66 27173 264
6 Pd11 60 59 23/77 236
7¢ Pd9 70 68 31/69 272
8f [Pd(PPh3)2(L9)] * 76 74 31/69 296
99 [Pd(PPh3)2(L9)] * 74 73 30/70 292

10" [Pd(PPh3)2(L9)] * 71 70 32/68 280

aReaction conditions: Solvent: methanol 20 mL and toluene 20 mL; [Pd]:[PPhs][acid]:[hexene]
ratio; 1:6:20:400; time, 20 h. P%Conversion and %yield determined from GC using
ethylbenzene as an internal standard and linear methyl heptanoate commericial sample. “Molar
ratio between branched and linear ester. “TON = (mol. prod/mol. Pd). ¢Hg drop experiment. *
9" Pd:PPh; ratios of 1:6, 1:1, 1:0 respectively.

In terms of regio-selectivity, the formation of either the linear or branched ester products were
also affected by the steric crowding around the complexes. For instance, while the
unsubstituted catalyst Pd6 gave 69% of the linear isomer, the more sterically demanding
isopropyl complex Pd8 produced 77% of the linear ester. Increased steric bulk around the
coordination centre is known to favour 1,2 olefin insertion, hence preference to the less bulky
linear products [41]. The increase in linear products with steric crowding of the catalyst

supports the operation of a hydride mechanism [41, 42]. More importantly, the regio-
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selectivity of the water-soluble complexes were similar to those of the non-water analogues.
For example, complexes Pd6 and Pd9 gave 69% and 70% of the linear esters, respectively
(Table 4.4, entries 1 vs 4). This clearly shows that incorporation of the water-soluble motif on

the ligand backbone did not alter the selectivity of the resultant catalysts.

4.4.4 Biphasic methoxycarbonylation reactions using water-soluble complexes Pd6 — Pd8
Even though the use of water-soluble complexes in methoxycarbonylation of olefins is
considered environmentally benign, to date, there are few reports on such catalysts [56-58].
Herein, we have carried out the methoxycarbonylation of 1-hexene under biphasic conditions
(water/toluene/methanol system) using the water-soluble complexes Pd6 — Pd8. First, we
established the best solvent ratio by changing the water quantities using complex Pd6 (Table
4.5). While keeping the volume of the organic phase (toluene) constant at 20 mL, we varied
the amounts of water (0-40%) and methanol to give a total volume of 20 mL of the aqueous
phase at any given time. It was noted that the introduction of 1 mL of water (5% of the aqueous
phase) to the toluene/methanol system gave yields of 67%, in comparison to 70% recorded in
the pure toluene/methanol solvent (Table 4.5, entries 1 vs 2). However, under these conditions,

phase separation required up to 10 h (Figure 4.15).
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Organic layer

— Aqueous layer

Figure 4.15: An image of the catalysis phase separation within 10 h (with 5% water)

Increasing the water content to 2 mL (10%) resulted in a slight decrease in percentage yield to
63%, but significantly, phase separation occurred within 2 h. A further increase in the water
contents had detrimental effects, giving only 22% percentage yields at 6 mL (30%) of water
content, while no activity was observed upon addition of 8 mL (40%) of water (Table 4.5,
entries 4-7). This phenomenon has been observed by Schmidt et al., where the use of 50% of
water in the aqueous phase led to a complete loss of catalytic activity [27]. The lower yields
observed with increased water has been attributed to reduced solubilities of 1-hexene and CO
in the aqueous phase [27], since CO has a low solubility value of 0.03 mol/L in pure water,
compared to solubility of 0.28 mol/L in pure methanol [59]. As expected, complete
decomposition of the catalyst was observed at 40% water, as deduced from the extensive

formation of Pd(0) black in this experiment.
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Table 4.5: Biphasic catalysis and aqueous phase modification @

Entry Complex  Volume of Water Conv(%)®  Yield %)®  B/L(%)°  TON¢

(mL)

1 Pdé 0 71 70 31/69 280
2 Pd6 1(5%) 68 67 30/70 268
3 Pd6 2 (10%) 65 63 32/68 252
4 Pd6 3(15%) 60 58 30/70 232
5 Pd6 4(20%) 51 50 31/69 200
6 Pd6 6(30%) 25 22 29/71 88
7 Pd6 8(40%) Trace - - -

8 Pd7 1(5%) 64 62 26/74 248
9 Pds 1(5%) 55 52 22/78 208
108 Pd6 1(5%) 66 64 31/69 256

8Reaction conditions: Pressure: 60 bar, temp: 90 °C, Solvent: methanol (varying volumes) and
toluene 20 mL; %water in the aqueous phase. [Pd]:[PPhs][acid]:[hexene] ratio; 1:6:20:400;
time, 20 h; ®%Conversions and yields determined from GC using ethylbenzene as internal
standard and linear methyl heptanoate commercial sample. YMolar ratio between branched and
linear ester. “TON = (mol. prod/mol. Pd h™). ¢Hg drop experiment

The product distribution, however, remained unaltered as 68% -71% of the linear esters was
observed. Surprisingly, no carboxylic acidic products were observed even with increased water
content through hydroxycarbonylation, as has been observed in other related contributions [60].
We thus applied the conditions which led to higher catalytic activities to the water-soluble
complexes Pd7 and Pd8 in the methoxycarbonylation of 1-hexene (Table 4.4, entries 8 and 9).
Consistent with the homogeneous trends, the catalytic activities of the complexes followed the
order of Pd6> Pd8> Pd9. It is important to note that the catalytic activities recorded in both

the homogeneous and biphasic media were comparable. For example, complex Pd6 gave a
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yield of 70% and 67% under homogeneous and biphasic conditions, respectively (Tables 4.4

and 4.5).

4. 4.5 Catalyst recycling studies

The promising performance of the water-soluble complexes Pd6 — Pd8 under biphasic
conditions prompted us to investigate their potential to be recycled in the
methoxycarbonylation of 1-hexene. This was achieved by carrying out the reactions for 24 h,
followed by the organic phase from aqueous layer separation and reusing the aqueous phase
(Figure 4.16). From Figure 4.16, the complexes significantly retained their yields in the five
cycles investigated, recording drops of between 11% -15%. For example, catalyst Pd6
recorded yields of 93% and 79% in the first and fifth runs, respectively. It is worth noting that
the selectivity of the complexes was not affected in the recycling experiments. For instance,
complex Pd6 afforded regio-selectivities towards the linear esters of 70% and 71% in the first

and fifth cycles.
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Run 1 Run2 ®WRun3 MRun4 Run 5

Figure 4.16: A graph showing catalytic activities of complexes Pd6- Pd8 with % yields of
subsequent cycles in the methoxycarbonylation of 1-hexene. Reaction conditions: time, 24 h;

CO: 60 bar; temp, 90 oC; solvent, toluene (20 mL), methanol (18 ml), water (2 ml).

The observed decline in catalytic activities may be associated with leached catalysts into the
organic layer and or catalytic degradation in subsequent cycles [61, 62]. In order to ventilate if
leaching may be the reason for the decline in catalytic activities, we performed hot filtration
tests using complex Pd6. This was accomplished by running the reaction for 12 h, followed by
separation of the aqueous layer. The organic phase was then reintroduced into the reactor with
fresh methanol, and the reaction allowed to run for a further 24 h to mimic the recycling
experiments. While in the first 12 h, percentage yields of 36% were reported, the next 12 h (24
h total time) only realized percentage yields of 39%. This translates to an increase of 3% in the
next 12 h, suggesting the presence of some traces of the active species in the organic phase. In
addition, this 3% increase is comparable to a drop in catalytic activity from 95% to 90% in the
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first and second cycles. Thus, the loss of the catalytic activities in the recycling experiments

could be due to leached catalyst.

To determine the true nature of the active species (possible formation of any Pd(0) active
nanoparticles), centrifugation of the Pd6 catalyst was carried out after 10 h of reaction time.
The supernatant liquid was then decanted off and reintroduced into the reactor, and the reaction
ran for a further 10 h. An increase in percentage yield from 27% within the first 10 h to 66%
(original yield was 67%, Table 4.5, entry 1) in the next 10 h, points to a purely homogeneous
system without the formation of any active Pd(0) nanoparticles. We also carried out Hg(0)
experiments to further establish the homogeneity of the active species using the water-soluble
and non-water soluble catalysts (Pd6 and Pd9). While the control reactions gave percentage
yields of 68% and 72%, the experiments carried out using 5 drops of Hg(0) recorded percentage
yields of 64% and 70% for complexes Pd6 and Pd9 respectively (Table 4.4, entry 7 and Table
4.5, entry 10). These comparable catalytic activities support the absence of any active Pd(0)
nanoparticles and thus the homogeneity of the active species, consistent with the data obtained

in the hot filtration and centrifugation experiments.

4.5 Conclusions

In summary, water-soluble and non-water-soluble palladium(ll) complexes anchored on
anionic N*O (phenoxy)imine ligands have been synthesized and structurally characterized. The
solid structures of the complexes establish the existence of two anionic bidentate ligand units
to form distorted square planar complexes. All the palladium(ll) complexes transformed
substrates into products in favour of the formation of linear esters. Both the catalytic activity

and regioselectivity appeared to be controlled by steric encumbrance around the palladium(Il)
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atom. The water-soluble complexes exhibited comparable catalytic activities and regio-
selectivities to their homogeneous systems. Under biphasic conditions, the complexes were
reused five times with the minimum decline of catalytic activity but without any change in
regio-selectivity. Hot filtration, centrifugation, and Hg(0) drop experiments signalled the

homogeneity of the active species under biphasic conditions.

The next chapter covers the synthesis of homogeneous and immobilized palladium catalysts
anchored on SBA-15, MCM-41 and magnetic Fe3z0s nanoparticles solid supports. The
behaviours of these complexes in methoxycarbonylation reaction have been explored, with

interest given to the effect of support and calcination temperatures.
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Chapter 5

Effects of MCM-41, SBA-15 and FesO4 solid supports and calcination temperature on

methoxycarbonylation of olefins

5.1 Introduction

Heterogeneous and homogeneous catalyst systems have played a vital role in increasing
industrial outputs and greatly reducing the time required to manufacture various industrial
products and feedstocks through various catalytic transformation reactions [1]. However, such
an improvement has not come without challenges, some of which include environmental
pollution, excess use of solvents, and the concern about the purity of the produced industrial
products [2]. Accordingly, there have been efforts in recent times to shift to more robust,
greener and more sustainable industrial strategies that can use feedstocks efficiently, do away
with the application of hazardous and toxic compounds as well as eliminate waste [3]. Besides,
both homogeneous catalysts and heterogeneous catalysts face various drawbacks. For instance,
while homogeneous catalysts suffer from a lack of catalyst separation and recyclability,
heterogeneous catalysts suffer from poor selectivity and complexity of the mechanistic paths
involved. As such, efforts have been made in recent times to integrate the pros of
heterogeneous and homogeneous catalysts to come up with a “hybrid” system that can be

reused and also selective [4, 5].

To date, various methods have been applied in attempts to design catalysts combining the
strength of both the homogeneous and the heterogeneous catalysts. Some of the strategies
include immobilization on magnetic nanoparticles [6], polymer supports [7-9], silica supports

[10, 11], metal-organic frameworks [12]. An important observation is that the use of silica
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supports have been favoured and preferred as support to catalysts used in various catalytic
transformations [13, 14]. Among the possible reasons for such a trend is that silica shows
appreciable thermal and chemical stability hence can be used in a range of chemical
environments such as high and low temperatures as well as high and low pressures [15]. Even
though immobilization of catalysts on various supports has been extensively used in various
catalytic reactions, methoxycarbonylation as one of the carbonylation reactions has just but a

handful of reports, hence presenting an opportunity that chemists can exploit.

Industrially, the methoxycarbonylation ester products are applied in producing polymer-
building blocks and detergents. It is, therefore, not surprising that a palladium-based catalyst
system for methoxycarbonylation of ethylene is being used as the major process in the Lucite
Alpha reaction in the manufacture of methyl methacrylate polymers [16]. In efforts to integrate
homogeneous and heterogeneous catalysis, this chapter reports the synthesis and
characterization of homogeneous palladium(ll) complexes bearing diimine ligands. In
addition, synthesis and characterization of the complexes immaobilized on silica (MCM-41 and
SBA-15) and magnetic nanoparticles are also reported. This chapter further reports a detailed
comparative study between the homogeneous palladium(ll) complexes and their immobilized
counterparts in the methoxycarbonylation of olefins. The effects of support and calcination

temperature on the behaviour of the immobilized catalysts have also been explored.

5.2 Experimental section

5. 2.1 Instrumentation and material
The reagents aniline, 2,6- dimethyl aniline, 2, 6- diisopropylaniline, sodium hydride, sodium

carbonate, and palladium dichloride, 3-chloropropyl triethoxy silane, iron(lll) chloride
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hexahydrate (FeCls.6H20) SBA 15 and MCM41 were purchased from Sigma-Aldrich and
were used as received without further purification. In addition, the FesO4 magnetic support
was synthesised following previously published literature [17]. A transmission electron
microscope (JEOL JEM, 1400 model) operating at 200 kV accelerating voltage was used in
acquiring the TEM images. The compounds were sonicated in ethanol before placing on
carbon-coated copper grids. The morphology of the surfaces and particles sizes were studied
using a scanning electron microscope of the ZEISS EVO LS15 model operating at an
accelerating voltage of 20kV. Besides, the qualitative elemental contents of the supported
palladium(11) complexes were acquired by using an Oxford make EDX detector. The X-ray
diffraction spectra of the synthesized materials were analyzed using an XPERT-PRO XRD

instrument with CuKa radiation with 4.01 to 89.9° used as the 20 range

5.2.2 Synthesis and characterization of (amino)phenyl ligands and their homogeneous
palladium(l1) complexes

5.2.2.1(E)-N-((2)-4-(phenylamino)pent-3-en-2-ylidene)aniline (L12)

To a mixture of rapidly stirred aniline (3.60 ml, 40.00 mmol) and acetylacetone (2.10 ml, 20.00
mmol) in a flask put in ice, concentrated hydrochloric acid (1.70 ml) was slowly added, forming
a yellow mixture immediately. After stirring for 12 h, filtration was done, and the yellow
precipitate was washed with hexane. The precipitate was then dissolved in 10.00 ml of water,
4.00 ml of triethylamine and 2.00 ml of dichloromethane. The aqueous phase was further
extracted using diethyl ether and combined with the organic phase. The mixture was then dried
over magnesium sulphate and the solvent evaporated under vacuum to result in L12 as a yellow
oil. Yield =2.13 g (43 %). 'H NMR (400 MHz, CDCls): &1 (ppm) 2.07 (s, 6H, CH3), 4.92 (s,
2H, CHy), 7.12 (d, 4H, 331 =8.0 Hz, 0-ArH, 7.22 (t, 2H, 3Jnn =8.0 Hz, p-ArH), 7.36(t, 4H, 3Jun

=8.0, m-ArH), 12.52 (s, 1H NH). $3C NMR (100 MHz, CDCI3, & ppm); 196.2 (C=N), 191.2

149



(C-N), 160.26 (C-Ar), 138.8 (C-Ar), 129.1 (C-Ar), 125.6 (C-Ar), 124.8 (C-Ar), 97.7 (B-CH),
29.2 (a-CH3), 24.8 (0-CH3). IR vl ¢ vc=n) = 1635. ESI-MS (m/z) = 251(M* +

H)*,100%)

5.2.2.2 N,N'E,N,N'E)-N,N'-(3-(3-(triethoxysilyl)propyl)pentane-2,4-diylidene)dianiline (L13)

To solution of ligand L12 (1.5 g, 6.00 mmol) in dichloromethane (20 ml) was added NaH
(0.21, 9.00 mmol) under nitrogen and stirred for 30 min at 35 °C. A solution of 3-chloropropyl
triethoxy silane (CTPES) (1.44 ml, 6.00 mmol) in 5 ml of toluene was then added to the
resulting mixture and refluxed for a further 3 h. The resulting product was then cooled and
centrifuged for a duration of 20 min. The supernatant liquid was then taken and the solvent
removed in vacuo to give L13 as a dark yellow oil. Yield =2.37 g (87 %). *H NMR (400 MHz,
CDCls): 81 (ppm) 0.77 (t, 2H, 33w = 8.0 Hz, CH2-Si), 1.25 (t, 9H, 3Jnn = 7.0 Hz, SIOCH2CHs),
1.90 (m, 2H, Si-BCHz), 2.05 (s, 3H, CH3), 2.11 (s, 3H, CH3), 3.54 (t, 2H, 3Ju4= 6.8 Hz, Si-
yCHz) 3.84 (q, 6H, 3Jnn = 7.0 Hz, SIOCH2CHs ) 7.15 (d, 4H, 331+ =8.0 Hz, 0-ArH, 7.24 (t, 2H,
8)144=8.0 Hz, p-ArH), 7.38 (t, 4H, 3J41=8.0, m-ArH), 12.52 (s, 1H NH). 13C NMR (100 MHz,
CDCI3, § ppm); 169.2 (C=N), 161.2 (C-N), 160.26 (C-Ar), 138.8 (C-Ar), 129.1 (C-Ar), 125.6
(C-Ar), 124.8 (C-Ar), 97.7 (B-CH), 59.5 (SIOCH2CHs), 29.2 (a-CH3), 26.2 (Si-yCH>), 24.8 (0-
CH3) ,20.3(SiOCH2CH3), 17.5 (Si-BCH2), 14.4 (CH2-Si). IR vimax/ cm™: vc=n) = 1642. ESI-

MS (m/z) = 455 (M* + H)*,100%).

5.2.2.3 (E)-N-((2)-4-(phenylamino)pent-3-en-2-ylidene)aniline (Pd13)
To asolution of ligand L12 (0.10 g, 0.40 mmol) in CH2Cl; (5.00 ml) was added [Pd(NCMe)Cl.]
(0.10 g, 0.40 mmol) to give a brown mixture. The mixture was then stirred for 12 h, followed
by solvent elimination in vacuo and the formed solid washed with hexane to give Pd13 as
bright yellow solid. Yield = 0.13 g (76%). H NMR (400 MHz, CDCls): &4 (ppm) 2.07 (s, 6H,
CHs), 4.83 (s, 2H, CHy), 7.12 (d, 4H, 3Jun =8.0 Hz, 0-ArH, 7.22 (t, 2H, 3Jun =8.0 Hz, p-ArH),
7.36(t, 4H, 331 =8.0, m-ArH), 12.52 (s, 1H NH). 3C NMR (100 MHz, CDCI3, & ppm); 196.2
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(C=N), 191.2 (C-N), 160.26 (C-Ar), 138.8 (C-Ar), 129.1 (C-Ar), 125.6 (C-Ar), 124.8 (C-Ar),
97.7 (B-CH), 29.2 (a-CH3), 24.8 (a-CH3). IR vinax/ el vic=n) = 1644. ESI-MS: m/z (%) 355
[(M*-2Cl), 100%)]. Anal. Calc. for C17H17CIoN2Pd : C, 47.86 , H, 4.02, N, 6.57. Found: C,

47.77,H.4.18, N, 6.50.

5.2.2.4 N,N'E,N,N'E)-N,N'-(3-(3-(triethoxysilyl)propyl)pentane-2,4-diylidene)dianiline
palladium(ll) (Pd14)

To a solution of [PdCI2(CHsCN)2] (0.15 g ,0.57 mmol) in dichlomethane (5 ml) was added a
solution of L13 (0.26 g, 0.57 mmol) in 5 ml of dichloromethane. The resulting mixture was
then stirred under nitrogen at room temperature for 24 h to give a yellow solution. The solvent
was then removed in vacuo to afford Pd14 as bright yellow solid. Yield = 0.31 g (86%). *H
NMR (400 MHz, CDCls): 81 (ppm) 0.79 (t, 2H, 33w = 8.0 Hz, CH2-Si), 1.22 (t, 9H, 3Jun= 7.0
Hz, SIOCH2CHs), 1.95 (m, 2H, Si-BCHz), 2.11 (s, 3H, CH3), 2.32 (s, 3H, CHs), 3.64 (t, 2H,
8)un = 6.8 Hz, Si-yCHy) 3.88 (q, 6H, 3Jnn = 7.0 Hz, SIOCH,CH3) 7.11 (d, 4H, 3J4n =8.0 Hz, o-
ArH, 7.20 (t, 2H, 3Jun =8.0 Hz, p-ArH), 7.40 (t, 4H, 3Ju1=8.0, m-ArH), 12.52 (s, 1H NH). 13C
NMR (100 MHz, CDCI3, & ppm); 167.5 (C=N), 161.8 (C-N), 160.55 (C-Ar), 137.8 (C-Ar),
130.5 (C-Ar), 124.8 (C-Ar), 123.6 (C-Ar), 96.8 (B-CH), 58.3 (SIOCH,CHs), 30.1 (a-CH3),
27.0 (Si-yCHy), 24.4 (a-CH3), 20.8(SIOCH2CH3), 17.2 (Si-BCHz), 14.7 (CH2-Si). IR vimax/

em®: yeen) = 1642, ESI-MS (m/z) = 631.09 (M* + H)*,100%).

5.2.3. Synthesis of diimine palladium(ll) complexes immobilized on silica and FesOs
magnetic nanoparticles.

5.2.3.1 Synthesis of (Pd14-MCM41) (Pd15).

To a solution of Pd14 (0.1 g, 0.16 mmol) in toluene (15 ml) was added MCM-41 (1.0 g), and

the mixture was sonicated for 20 min. The mixture was then refluxed for 24 h, cooled and
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filtered. The residue was then washed with ethanol (2x3 ml) and dried in the oven for 24 h to
give Pd15 as a yellow powder. Yield, 0.95 g. IR vmax/ cm: v (C=N) = 1641,v (Si-O-Si) =

1056

5. 2.3.2 Synthesis of (Pd14-SBA15) (Pd16).
Complex Pd16 was synthesized following the procedure described for complex Pd15 using
Pd14 (0.1g, 0.16 mmol) and SBA15 (1.0 g). Yellow solid; yield = 0.90 g. IR vmax/ cm™: v

(C=N) = 1657, v (Si-O-Si) = 1059.

5.2.3.3 Synthesis of (Pd14-Fes0a) (Pd17).
Complex Pd17 was prepared by following the procedure described for complex Pd15 using
Pd14 (0.1 g, 0.32 mmol) and Fe3O4 (1.0 g). Brown solid; yield = 0.80 g. IR vmax/ cm™: v

(C=N) = 1597,v (Si-O) = 1053, v (Si-OH)=3341, v (Fe-0).= 583

5.2.3.4 Synthesis of (Pd14-MCM41@5% wt) (Pd18).

To a solution of Pd14 (0.05 g, 0.08 mmol) in toluene (15 ml) was added MCM-41 (1.0 g), and
the mixture was sonicated for 20 min. The mixture was then refluxed for 24 h, cooled and
filtered. The residue was then washed with ethanol (2x3 ml) and dried in the oven for 24 h to
give Pd18 as a yellow powder. Yield, 0.90 g. IR vmax/ cm™*: v (C=N) = 1653,v (Si-O-Si) =
1052

5.2.3.5 Synthesis of (Pd14MCM41@15%wt) (Pd19).

To a solution of Pd14 (0.15 g, 0.03 mmol) in toluene (15 ml) was added MCM-41 (1.0 g), and
the mixture was sonicated for 20 min. The mixture was then refluxed for 24 h, cooled and
filtered. The residue was then washed with ethanol (2x3 ml) and dried in the oven for 24 h to
give Pd19 as a yellow powder. Yield, 0.93 g. IR vmax/ cm™: v (C=N) = 1650 ,v (Si-O-Si) =

1049.
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5.2.3.6 Synthesis of (Pd14-SBA15@150 °C) (Pd20).

Complex Pd20 was synthesized following the procedure described for complex Pd15 using
Pd14 (0.1 g, 0.16 mmol) and SBA15 (1.0 g). The resulting yellow solid was then calcined at a
temperature of 150 °C for 24 h to afford Pd20 as bright yellow powder. Yield =0.91 g. IR
vmax/ cmL: v (C=N) = 1652, v (Si-O-Si) = 1053.

5.2.3.7 Synthesis of (Pd14-SBA15@200 °C) (Pd21).

Complex Pd20 was synthesized following the procedure described for complex Pd15 using
Pd14 (0.1g, 0.16 mmol) and SBA15 (1.0 g). The resulting yellow solid was then calcined at a
temperature of 200 °C for 24 h to afford Pd20 as bright yellow powder. Yield = 0.87 g. IR

vmax/ cmt: v (C=N) = 1648,v (Si-O-Si) = 1058.

5.4 Results and discussion

5.5.1 Synthesis and characterization of (amino) phenyl ligands, homogeneous
palladium(l1) complexes and their respective immobilized complexes.

The diimine ligand (L12) was made through a procedure modified from literature (Scheme
5.1), and a below-average yield of 43% was obtained. L13 was synthesized by
functionalization of ligand L12 using CTPES in good vyield (87%). The respective
palladium(Il) complexes (Pd13 and Pd14) were synthesized at ambient temperature under
nitrogen for a duration of 24 h to give the complexes good yields (75 and 80%). 'H NMR, 13C
NMR, FTIR spectroscopy, elemental analyses and mass spectrometry were used in
characterizing the compounds. On the other hand, - the immobilized complexes (Pd15-Pd21)
were synthesized through a convergence immobilization route (Scheme 5. 2). The new
immobilized compounds were characterized by applying TEM, IR, SEM-EDX, BET analysis,

ICP- OES, and power XRD.
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The 'H NMR helped in determining the identity of the compounds formed. For instance, the
formation of ligand L12 was established by the olefinic proton upward shift from 5.39 ppm in
acetylacetone to 4.92 ppm in ligand L12 (Figure 5.1). A similar shift was observed by Rossetto
et al., whose peak was reported at 4.89 ppm [18]. In addition, the synthesis of ligand L13 from
L12 was confirmed by the presence of an additional upfield peak associated with the silane
backbone (Figure 5.1). Another observation worth mentioning is the disappearance of B-CH
from ligand L13 relative to ligand L12, confirming the successful attachment of 3-chloropropyl
triethoxy silane. The resonances displayed by the olefinic proton was further used to assess
the formation of the complexes. While the olefinic proton resonated at 4.92 ppm in ligand L12,
the same proton was observed to undergo an up field shift to 4.83 ppm upon coordination to

form complex Pd13.

g3
| L13 1 | I."II

. -

@—N HN—@ Ligand L12 r*

a |

Al | L1 _ .|l _—
P |

‘ Acetyl acetone | I

T

Figure 5.1: Overlaid 'H NMR spectra of acetylacetone and L12 showing olefinic proton (a)

shift from 5.39 ppm to 4.93 ppm and the disappearance of the olefinic proton in L13.
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Another important characterization tool that was used to deduce the successful formation of
the proposed compounds is Fourier-transform infrared spectroscopy. The appearance of the
imine bond was also useful in confirming the formation of the diimine ligands. For example,
in ligand L12, the value at 1635 cm™ is associated with the v(C=N) bond, signalling its
successful formation. The complexes were also characterized using the same technique, where
shifts in the wave numbers of the v(C=N) bond signalled a change in the chemical environment
hence successful complication (Figure 5. 2). As a demonstration, the v(C=N) was observed at
1635 and 1644 cm™ in L1 and Pd13, respectively. Table 5.1 shows a summary of the FT-IR

values for the ligands and the respective palladium(ll) coordination compounds.
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Figure 5.2: An overlaid FT-IR spectra of ligand L12 and complexes Pd13 and Pd15 showing

signature peaks.

5.5.2 Characterization of the immobilized compounds
The silica and magnetic nanoparticle supported palladium(ll) complexes were also

characterized using Fourier-transform infrared spectroscopy. The observed wavenumbers
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between 1050-1080 cm™ in the MCM-41 and SBA-15 immobilized complexes were

particularly important in inferring the successful immobilization of the silane palladium(Il)

complexes onto the silica supports, MCM-41 and SBA-15. These wave numbers have been

associated with the Si-O-Si vibrations [19, 20]. Besides, all the complexes displayed

characteristic v(C=N) wavenumbers between 1611-1644 cm™ indicating the retention of the

organic core. The FesOs nanoparticles supported palladium complexes also displayed

diagnostic peaks. Apart from the v(C=N) wave numbers, there were also lower and higher

wave numbers observed (Table 5. 1). For example, complex Pd17 showed wavenumbers at

3341 and 583 cm! which can be assigned to v(Si-OH) and v(Fe-0), respectively. Asadi et al.

observed similar vibrations at 3457 and 607 cm respectively [21].

Table 5.1: IR and mass spectral values of compounds L12, L13 and Pd13-Pd17

Ligands and v(C=N) v(Si- V(Si-OH) wv(Fe-O) Molar mass m/z (amu)
complexes (cm™D 0-Si) (cm™D (cm™ (gmol?)

(cm™
L12 1635 - - - 250.15 251 (M* + H)
Pd13 1644 - - - 426.66 355 (M* - 2CI)
L13 1622 1055 - - 453.30 454 (M* + H)
Pd14 1641 1060 - - 482.76 483 (M* + H)
Pd15 1653 1052 - - - -
Pd16 1652 1053 - - - -
Pd17 1613 - 3341 583 - -

The surface morphology, qualitative elemental composition and the particle size of the

immobilized complexes, the synthesized immobilized materials were characterized using
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SEM-EDX and TEM. From the SEM micrographs (Figure 5.3), a morphology surface analysis
revealed that predominantly cylindrical particles (Figure 5.3 A). The surface of complex Pd16
formed by using SBA-15 as a support agent is similar to the support except that additional

spherical particles can be observed, indicating a successful immobilization of the complex.

Figure 5.3: SEM images of SBA-15 and complex Pd16 showing cylindrical particles

SEM-EDX was also used in the investigation of the elemental compositions. As shown in the
EDX spectrum for complex Pd16, it is evident that the synthesized immobilized complexes
had the expected elemental composition, with the complexes having a range of qualitative
metallic compositions (Figure 5.4). A summary of the elemental compositions of complexes
Pd15-Pd17 has been given in Table 5. 2. Figure 5.4 (inset) shows the dispersion of the elements
on the surface of complex Pd16. The Figure shows the location of Pd, O, N, CI, C and Si atoms
across the selected region. It is evident that the concentration of Si is appreciable much higher

in comparison to the rest of the atoms. This implies that the support material-SBA-15 is the
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core material where the metallic and organic functions are all anchored. In addition, the atoms

are also homogeneously distributed across the surface, implying the absence of aggregation.

I Sample 2.1

cps/eV

Figure 5.4: An EDX spectrum of complex Pd16 showing the elemental peaks. Inset

(elemental mapping for complex Pd16)
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Table 5.2: EDX qualitative elemental analysis of the immobilized complexes Pd15-Pd17.

Element | Pd15 Pd16 Pd17

Weight% Atomic% | Weight% Atomic% | Weight% Atomic%
CK 10.94 19.01 12.33 18.33 11.98 17.21
N K 6.87 9.91 6.91 10.03 7.33 1011
oK 35.43 47.31 32.43 46.77 37.54 43.69
CIK 12.45 7.56 10.32 8.55 11.35 7.21
Pd L 11.81 3.03 12.21 3.41 9.92 2.95
SiK 22.76 13.18 25.80 12.91 - -
FeK - - - - 21.88 18.33
Totals | 100.00 100.00 100.00

In further efforts to understand the morphology and the particle sizes of the synthesized

immobilized compounds, TEM analysis was employed. As displayed in Figure 5. 5, there is a

variance in surface morphology between the native SBA-15 support and the immobilized

complex Pd16. The SBA15 shows groups of mesoporous channels. Upon the use of the

material to support complex Pd14, the mesoporous channels are still visible, and there are

additional quasi-spherical particles with diameters ranging from 11.20 nm-12.00 nm. The

observations clearly indicate that the immobilization of the complex onto the silica support was

successful and that the silica retained its structure. Similar observations were made by Han et

al. [22] and Veisi et al. [23] in palladium catalysts supported on SBA15 applied in Heck

coupling and Suzuki-Miyaura catalytic reactions, respectively.
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Pd1SBALS

Figure 5.5: TEM images showing additional deposition of quasi-spherical particles on the

native SBA15 to give immobilized complex Pd16.

ICP-OES was applied in determining the quantitative loading of palladium. A summary of the
values is shown in Table 5.3. The synthetic protocol used in making the complexes appeared
to have a significant effect on the resultant palladium metal loading. The SBAL5 supported
complexes were observed to have a higher loading of palladium when compared to MCM-41,
and FesO4 supported complexes. For example, while the palladium loading for Pd15 and Pd17
had loadings of 2.65% and 1.91, respectively, the corresponding complex Pd16 was observed
to have a higher metal loading of 2.79%. This observation could be due to the larger pore and

pore volume exhibited by the SBA15 support [24].
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Table 5.3: Qualitative and quantitative palladium content using EDX and ICP-OES
respectively

Entry Complex EDX% ICP-OES (%)
1 Pd15 3.03 2.65
2 Pd16 341 2.79
3 Pd17 2.95 191
4 Pd18 2.59 211
5 Pd19 3.37 3.03
6 Pd20 311 2.75
7 Pd21 3.03 2.76

In efforts to examine the phase composition and crystallinity of the synthesized immobilized
complexes, power XRD was conducted. The wide-angle XRD analysis of the native MCM41
showed sharp diffraction peaks at 100 (5.3°) and 110 (7.1°), typical of the hexagonal nature of
MCM-41 [25]. Upon using MCM as a support, the immobilized complex Pd1-MCMA41
showed characteristic peaks at 40.1°, 46.4° and 68.1° (Figure 5.6), which can be assigned h,k,

I values of (111), (200) and (220) and is related to palladium nanoparticles [26].
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Figure 5.6: XRD pattern and Bragg's reflections observed for the immobilized complexes

showing typical Pd silica immobilized complexes.

The magnetic iron particles supported palladium(Il) complexes were also characterized using
wide-angle XRD. From Figure 5.7, six characteristic peaks of FesO4 nanomaterial can be
observed at 20 of 35.3°, 41.7°, 50.8°, 63.3°, 67.7° and 74.7° which respectively be assigned the
hkl values of (220), (311), (400), (422), (511) and (440) and has been associated with the cubic
spinal structure [27, 28]. Upon using the FesO4 nanomaterial as a support to the homogenous
palladium(Il) catalyst, the diffraction patterns were maintained, indicating that the crystalline
phase of the FesO4 nanomaterial remained stable upon immobilization. It is worth noting that
extra diffraction peaks at 18.5°, 22.8° and 30.2° observed in the palladium complexes grafted
on the FesOs nanomaterial confirms the successful formation of the FesOs4 supported

palladium(Il) complexes [29].
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Figure 5.7: XRD pattern and Bragg's reflections observed for the immobilized complexes

showing typical Pd iron nanoparticles immobilized complexes.

5.6 Catalytic behaviour of the homogeneous and immobilized complexes in the

methoxycarbonylation of olefins

5.6.1. Initial probe of the homogeneous Pd13 in methoxycarbonylation of 1- hexene

The initial probe of the behaviours of the new complexes in the methoxycarbonylation was
done with starting reaction conditions of 60 bar and 90 °C as CO gas pressure and the reactor
temperature, respectively, using homogeneous complex Pd13. Complex Pd13 was selected for
the initial probe as a homogeneous complex to find the optimum conditions to be used for
testing the immobilized complexes. The Pd: PPhs: PTSA: 1-hexene ratios were 1:2:10:300, a
set-up that gave an equivalence of 0.33 mol% of the palladium metal content with respect to
the substrate. In identifying and quantifying the major ester products obtained, GC and GC-

164



MS were used in addition to ethylbenzene and commercial methyl heptanoate as the internal
standard and authentic sample, respectively. Methyl heptanoate and 2-methylhexanoate were
revealed as the major compounds formed. The TON values were then calculated from
percentage yields obtained. Under the initial reaction conditions, complex Pd13 gave a yield
of 94%, an equivalent of a TON of 282 (Table 5.4, entry 3). In addition, 65% of the linear ester
product was observed. An attempt to run a reaction without PPhs was met with negligible
activity (Table 5.4, entry 14), underpinning the importance of the phosphine additive in the

methoxycarbonylation reactions [30].
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Table 5.4: Initial screening and optimization using Pd13 in methoxycarbonylation of 1-

hexene?.

Entry Pd:1- Temperature  Yield (%)® B/L(%)° TON¢
hexene ()

1 1:100 90 90 33/67 90
2 1:200 90 98 36/64 196
3 1:300 90 94 34/66 282
4 1:400 90 88 35/65 352
5 1:500 90 65 38/62 325
6 1:400 100 93 40/60 372
7 1:400 110 81 44/56 324
8 1:400 100 74 38/62 296
9 1:300 70 68 39/61 204
108 1:300 100 8 43/57 24
11f 1:300 100 35 41/59 105
129 1:300 100 59 40/60 186
13" 1:300 100 78 40/60 234
141 1:400 100 Trace - -

4Reaction conditions: Solvent, methanol/toluene (40 mL); Pd:PPh3 :PTSA:hexene ratio; 1: 2:
30; time, 24 h. % yields and conversions obtained using an internal standard (ethylbenzene)
from GC. *Molar ratio between branched and linear esters computed using commercial sample
(linear methyl heptanoate). ¢ TON = (mol.product/mol. Pd).!%" Reactions done for 2, 6, 12 and
18 h respectively.

5.6.2 Optimization of the methoxycarbonylation reaction conditions

Having observed the preliminary catalytic behaviour of complex Pd13, various reaction
conditions were probed to get the best and relevant reaction conditions. To examine the
optimum catalyst loading, the TON values were computed for catalyst loadings of 1:500 (0.2

mol %) to 1: 100 (1 mol %). Increasing the catalysts loading from 1:500 to 1:200 presented
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with an increase in percentage yield from 65% to 98%; however, a further increase to 1:100
saw a drop of yield to 90%, an observation that can be attributed to catalyst aggregation at
higher loadings [31, 32]. Even though higher yields were observed at higher catalyst loading,
there were remarkable reducing TON values. For example, while loading of 1:200 gave an
excellent yield of 98% as compared to loading of 1:500 (yield of 65%), it coincided with a
lower TON of 196, a value which is comparatively lower than 325 obtained with the 1:500
ratio (Table 5.4 entry 2 vs 5). Catalyst loading of 0.25 mol% (1:400) proved to be the optimum

loading and therefore was used in subsequent reactions.

In attempts to determine the best reaction temperature, the reactor’s temperature was varied
from 90 to 105 °C. Whereas a temperature of 90 °C gave a yield of 88%, an increased value of
100 °C saw the activity improve to 93%. Nonetheless, a further enhanced temperature of 110
°C was met with a decline of yield to 81% (Table 5, entry 7), an observation that can be
associated with partial decomposition of the catalyst, deduced from observed palladium black
in the reactor [33]. No notable changes in regioselectivity resulted from the reaction

temperatures variations made.

The focus was then turned to varying the amounts of PPhs additive. Lowering or increasing the
amount of PPhs to obtain a Pd: PPhsratio of 1:1 and 1:3, respectively, led to lower catalytic
activities (Table 5.5, entries 1 and 3). While the relatively inferior catalytic activities observed
at smaller amounts of PPhs could be associated with the active species insufficient stabilization,
the reduced activities at higher PPhsamounts are connected to competition for the coordination

centre [34]. It is worth noting that changing the amounts of PPhz did not cause a subsequent
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change in regioselectivities. Varying the amounts of the acid promoter in the

methoxycarbonylation reactions have been shown to impact the activity of catalysts [35].

Table 5.5: Optimization of the Pd:PPhs and Pd:PTSA ratios using complex Pd132

Entry Pd:PPhs Pd: PTSA  Yield (%)°  B/L(%)° TONY
1 11 1:10 74 36/64 296
2 1:2 1:10 93 40/60 372
3 1:3 1:10 80 33/67 320
4 1:2 1:20 98 37/63 392
5 1:2 1:30 85 37/63 340

8Reaction conditions: Solvent: methanol/toluene (40 mL); Pd: hexene ratio, 1:200; time, 24 h;
temp: 90 °C; Pressure: 60 bar; % yields and conversions obtained using an internal standard
(ethylbenzene) from GC. ‘Molar ratio between branched and linear esters computed using

commercial sample (linear methyl heptanoate). “TON = (mol. prod/mol. Pd).

The methoxycarbonylation catalytic process largely takes place under reducing conditions; the
palladium(Il) is usually reduced to palladium(0), which the acid additive is required to
reactivate the active palladium(ll) species [36]. As such, the amounts of Pd: PTSA acid ratios
were varied from 1:10 to 1:30. An increase from the ratio of 1:10 to 1:20 coincided with
improved catalytic activity from a yield of 93% to 98% (Table 5.5, entries 2 and 4). However,
a further increase to a ratio of 1:30 resulted in a dip in yield to 85%, pointing to possible
hydrolysis of the active species. The optimum reaction conditions were therefore concluded to

be Pd:PPha: substrate: PTSA (1:2:400:20), and a temperature of 100 °C. The optimized reaction
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conditions for complex Pd13 were then applied in the further investigation of immobilized

silica and iron nanomaterial immobilized complexes.

5.6.3 Investigation of the behaviour of the immobilized complexes in
methoxycarbonylation reactions

5.6.3.1 Effect of the nature on the catalytic activities

The supports used in immobilizing homogeneous catalysts to form hybrid catalysts have been
shown to have varied effects on the eventual catalysts behaviour due to variance in pore sizes,
pore volumes, surface area, particle size, acidity, stability and the number of active sites [37].
It is worth noting that the catalyst support may interact with the active component or may be
inert. Such an interaction influences the behaviour of the catalysts [37]. As such, the influence
of three different supports, MCM-41, SBA-15 and magnetic iron nanoparticles (Fes0.), were
studied. Using the same reaction conditions, an activity trend was observed in the order of
Pd16> Pd15> Pd17 (SBA-15, MCM-41, and magnetic ion nanoparticles supported,
respectively) (Table 5.6, entries 1-3). The trend could be attributed to the larger pore size
exhibited by the SBA-15 supported catalysts as compared to the MCM-41 supported catalysts,
which are known to have relatively smaller pore sizes [38], pointing to the activities being
largely controlled by internal diffusion [39]. The lower activity observed for complex

Pd1Fes04 (Pd17) can be connected to limited porosity.
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Table 5.6: Behaviour of immobilized catalyst in the methoxycarbonylation of 1-hexene?

Entry Catalyst Yield (%)° B/L(%)° TON¢
1 Pd15 85 33/67 340
2 Pd16 90 37/63 360
3 pPd17 81 33/67 324
4 Pd20 93 35/65 372
5 Pd21 82 36/64 328
6 Pd18 74 38/62 296
7 Pd19 80 37/63 320

8Reaction conditions: Solvent: methanol/toluene (40 mL); Pd: hexene ratio, 1:400; time, 24 h;
temp: 100 °C; Pressure: 60 bar;”% yields and conversions obtained using an internal standard
(ethylbenzene) from GC. ‘Molar ratio between branched and linear esters computed using

commercial sample (linear methyl heptanoate). “TON = (mol. prod/mol. Pd).

5.6.3.2 Effect of calcination temperatures

Calcination temperature has been shown to have an influence on the activities of supported
catalyst, and depending on a range of surface properties, enhanced or reduced catalytic
activities can be observed [40]. Therefore, the other two variants of Pd16 was made through
calcination at temperatures of 150 °C and 200 °C for 24 h. While the Pd16, calcined at 100 °C,
gave a yield of 90% within 24 h, complex Pd20 gave an improved catalytic activity of 93%
(Table 5.6 entries 2 vs 4), an observation that could be associated with increased pore sizes to
enhance diffusion rates [41]. Unexpectedly, complex Pd21 gave a lower yield of 82% (Table
5.7, entry 5). Even though bigger pore sizes are expected for the complex, the lower activity
could be as a result of a partial collapse of the pore and particle sintering [40]. In addition, no

substantial change in the regioselectivity of the formed products was observed with the change
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in calcination temperature as the complexes still gave predominantly linear ester products (62-

67%).

5.6.3.3 Effect of palladium loading

To investigate the effect of palladium loading in catalytic activity, various synthetic protocols
were applied to make variants of catalysts Pd15 having different loadings. As predicted, under
the same reaction conditions, the complexes gave varying catalytic activities. While complex
Pd18 gave a yield of 74%, complexes Pd15 and Pd19 gave yields of 85% and 80%,
respectively. The higher catalytic activity observed for the Pd15 (10% weight) as compared to
Pd18 (5% weight) can be attributed to an increased number of palladium active sites. On the
other hand, a drop in activity at 15% weight implies that the higher loading is not industrially
beneficial. This observation has previously been made in the catalytic process of methane
combustions using palladium supported catalysts, where higher metal loadings coincided with
lower yields of the methane combustion products [42]. In addition, the lower activity at higher
loadings has been associated with deformation of the ordered structure of the catalyst support

as more of the ordered silica get replaced at higher metal loading [43].

5.6.4 Recyclability studies of the immobilized complexes and leaching studies

The major aim of this chapter was to develop recyclable palladium(ll) catalysts for
methoxycarbonylation of olefins. Having optimized the reaction conditions and examined the
catalytic behaviour of the immobilized complexes, attention was turned towards investigating
the recyclability potential of complexes Pd15, Pd16 and Pd17. The reactions were done using
optimized reaction conditions of a temperature of 100 °C, CO pressure of 60 bar. The three

catalysts were used for five runs (Figure 5.8). While there was minimal loss of catalytic activity
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in the first four cycles, the fifth cycle presented with a significant loss of catalytic activities in
all three complexes. In efforts to determine if the leaching was responsible for the reduced
catalytic activities in the last cycles, the catalysts were filtered off the filtrate analyzed using
ICP-OES. From the results obtained, leaching was negligible. Hence the observed reduction in
catalytic activities in subsequent runs can be attributed to catalyst abrasion and changes in the

physical surface properties of the immobilized catalysts [44].
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Figure 5.8: A Figure showing the recyclability studies of complexes Pd15-Pd17

5.6.4.1 Investigation of the nature of the active species

We also investigated the nature of active species in the homogeneous catalyst Pd13 and its
immobilized counterpart Pd16; Hg poisoning was employed [45]. When an excess amount of
mercury was added to complex Pd13, a slight drop in yield to 91% 98% was obtained,
indicating that the presence of homogenous active species. On the other hand, the addition of
excess mercury to the reaction set-up with immobilized complex Pd16 coincided with a notable

drop of yield from 93% to 61%, indicating that while the homogeneous active species are
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present, there was a notable formation of the heterogeneous species too (Figure 5.9). A similar
trend was reported for complex Pd17, with reduced yields of 56% recorded upon the addition
of a few drops of Hg. This observation implies that, while the synthesized compounds were
immobilized complexes, they partially formed ligand stabilized palladium nanoparticles during

catalysis.

100

m % Yield (NoHg) m% yield (with Hg)

Figure 5.9: A graph showing the poisoning tests for homogeneous (Pd13) and immobilized
complexes (Pd15-Pd17)5.6.4.2 Post recycling catalyst characterization

We also sought to determine possible causes of lower catalytic activities after the fifth cycle
by studying the nature of the recycled catalyst after the fifth run. Both SEM, TEM and EDX
characterization tools were used in this respect. The first step taken was an analysis of the
recycled catalysts using ICP-OES and EDX. The palladium content in the recycled complex
Pd16 was revealed to be 1.83% and 2.28% using ICP-OES and EDX, respectively. This show
a decline from the original content of 2.79% and 3.41%, respectively. The diminishing
quantities of palladium can therefore explain the lower catalytic activity observed in
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subsequent cycles. Our next focus turned to TEM to establish if there were any morphological
changes. From the images shown in Figure 5.10, it is evident that there was a notable change
of morphology after five cycles of catalyst use. As opposed to the fresh catalyst, where there
was a homogeneous distribution of particles, a possible agglomeration of particles and partial
surface damage was observed, giving a hint of the possible cause of the reduced catalytic
activity at the end of the fifth cycle. Therefore, physical damage of the catalytic surface can

also be implicated in the diminishing catalytic activities displayed in subsequent cycles [46].

100 nm

Figure 5.10: A figure showing fresh catalyst Pd16 (A) and used catalyst (B) indicating a change

in morphology

5.7 Conclusions

In conclusion, two ligands, L12- L3 and their respective homogeneous complexes, Pd13-
Pd14, have been synthesized. Respective silica and iron nanoparticle immobilized complexes
(Pd15-Pd21) were then synthesized following a convergent synthetic route. While the

homogeneous complexes were characterized using *H NMR, ¥C NMR, FTIR, Mass
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spectrometry, the immobilized complexes were characterized using FTIR, SEM-EDX, TEM,
XRD, and ICP-OES. The catalytic activities and selectivities of the homogeneous complexes
were influenced by the coordination environment around the palladium centre, with the
complexes predominantly forming linear esters. On the other hand, the catalytic behaviours of
the immobilized catalysts depended on the nature of support and calcination temperatures. In
addition, the catalytic activities were observed to depend on the reaction temperature, catalyst
loading, amounts of PPhs and acid promoters. The immobilized complexes Pd15, Pd16 and
Pd17, were recycled up to five times. While Hg poisoning was used in determining the true

nature of the active species, ICP-OES was useful in leaching evaluation.

The next chapter presents a comparative evaluation of the homogeneous and silica immobilized
complexes in the hydrogenation of alkenes, alkynes and functionalized benzenes. This set of
complexes were used during the masters of science as catalysts in methoxycarbonylation of
olefins; impressed with their behaviours in terms of activity and recyclability, the work was

extended to hydrogenation catalytic reactions.
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Chapter 6

Comparative study of homogeneous and silica immobilized NN and N~O palladium
(1) complexes as catalysts for hydrogenation of alkenes, alkynes and functionalized
benzenes

This chapter is adapted from the paper published in Catalysis Letters (2020): 2850 — 2862
and is wholly based on the work of the first author, Saphan Akiri. The contribution of the first
author, [Saphan Akiri, include IIigand and complex synthesis and characterization,

hydrogenation catalysis as well as drafting the manuscript.

6.1 Introduction

The molecular hydrogenation reaction of saturated substrates is among the vital catalytic
processes in synthetic organic chemistry, both in industrial and academic laboratories, largely
due to its cleaner process [1]. The industrial applications of hydrogenation reactions range from
pharmaceuticals, petrochemical and fine chemicals syntheses. Traditionally, catalysts obtained
from platinum have been used in catalysing the hydrogenation of alkenes, alkynes, and other
unsaturated hydrocarbons [2-4]. Besides, the catalysts have been in the past and at present
derived from a pool of metals such as palladium [5], iron [6], rhodium [7], chromium [8],
ruthenium [9], and platinum[10]. However, palladium catalysts have gained prominence since
they possess a better surface to volume ratio as compared to platinum. A classic example is
Lindlar’s catalyst, which has been widely applied in food industries in the hydrogenation of

alkynes [11].

The substrates' functionalisation through hydrogenation transformation can either be done
using molecular hydrogen or achieved via hydrogen surrogates in what has been widely known

as transfer hydrogenation in the presence of a transition metal catalyst. First incorporated into
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science by Paul Sabatier, culminating in winning a Nobel Prize award in 1912 [12], several
improvements have since been made in the process to open avenues for functionalisation of a
wide range of industrial feedstocks for value addition. It is worth noting that hydrogen is largely
unreactive towards the substrates in the absence of a transition metal catalyst. However, in the
presence of catalysts, hydrogen's versatility in organic reactions is reflected in the conversion
of unsaturated substrates to numerous industrial feedstocks and useful domestic consumables

(2,4]

Phosphine-donor palladium catalysts are the most studied systems, even though they suffer
from air and moisture sensitivity and poor stability. Therefore, nitrogen-donor catalysts have
seen increased interest due to their improved stability and ease of synthesis [13, 14]. In one of
the  reports, phosphine donor palladium  (II) complexes bearing (2,5-
dimethylphospholano)benzene applied by Drago and Pregosin afforded a conversion of 40%
in the hydrogenation of 3-methyl-2-cyclohexene within 24 h [15]. Mixed P and N donor
catalysts have also been utilized in hydrogenation reactions. Chelating PAN donor palladium
(1) systems bearing phosphino hydrazonic ligands displayed conversion of 77% to 100% of

styrene to ethyl benzene within 48 h [16].

Hydrogenation of benzene and its derivatives is another area that continues to attract interest
both in industry and academia [17]. For example, selective hydrogenation of nitrobenzene is
vital in the production of anilines, an important intermediate in the pharmaceutical industry
[18]. The major challenge in this process is the low reactivity of the benzene molecule and
achieving good selectivity in multiple-functionalized benzene substrates [19-21]. For example,

the hydrogenation of 4-nitro acetophenone and 4-nitro benzaldehyde occur in complex
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multistep pathways due to the competitive hydrogenation reactions between the nitro and
carbonyl groups [22]. In one such example in the hydrogenation of 4-nitroacetophenone, using
palladium catalyst supported on a melamino-formaldehyde polymer, Cao et al. reported
selective hydrogenation of the nitro group to give 4-aminoacetophenone [20]. Using the same
substrate, Hawkins and Makowski observed a mixture of 4-aminoacetophenone (59%) and 1-
(4-aminophenyl) ethanol (34%) using Rh/Al.Os catalysts [23]. Currall and Jackson, on the
other hand, reported a mixture of 1-(4-aminophenyl) ethanol, 4-aminoacetophenone and 1-(4-
aminocyclohexyl) ethanol using Rh/silica catalyst [24], an indication that the hydrogenation of
benzenes containing more than two sites for the electrophilic attack is not a straightforward
and obvious reaction. From these accounts, it is clear that this is an area that requires intense

research to formulate more active and selective catalysts.

These hydrogenation reactions are carried out under both homogeneous and heterogeneous
conditions, with varied outcomes. While homogeneous catalysts display superior selectivity
[25-28], they suffer from a lack of separation and recycling of the active species [29-31]. On
the other hand, heterogeneous catalysts are separable and recyclable [32] but display poor
selectivity [33]. Therefore, efforts geared towards exploiting the advantages of both catalyst
systems with the aim of achieving selective and recyclable systems have been on the rise [34].
Various methods have since been developed, such as using polymer supports [35-38], silica
[39-41], magnetic nanoparticles [42-44], and biphasic systems [45-47]. We recently applied
homogeneous and immobilized palladium(ll) compounds in the methoxycarbonylation of
olefins during masters work and published the findings [48]. Both catalyst systems display
comparable catalytic activities, and regio-selectivity and the immobilized systems can be
recycled [49]. Encouraged by these results in the methoxycarbonylation of olefins, we choose
to extend the use of these systems in molecular hydrogenation reactions of alkenes, alkynes,
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and functionalized benzenes. This chapter, therefore, reports the comparative catalytic
behaviour, reaction kinetics and catalyst poisoning studies of these homogeneous and

immobilized palladium(ll) complexes in these reactions.

6.2 Experimental

6.2.1 Materials and methods.

All air sensitive reactions were manipulated using standard Schlenk techniques. (2-phenyl-2-
((3(triethoxysilyl)propyl)imino)ethanol) (L14) and (4-methyl-2-
((3(triethoxysilyl)propyl)imino)methyl)phenol ) (L15 ), and their supported ligands, L114-
MCM-41 (L16), and L15-MCM-41 (L17) were synthesized following previously reported
procedures [48, 49]. The respective homogeneous and immobilized palladium complexes [Pd
(L14), (Pd22), [Pd (L15)2] (Pd23), [Pd (L14)(Cly)] (Pd24), [Pd (L5)(Cl>)] (Pd25) and
[Pd(L14)2]-MCM 41] (Pd26); [Pd(L15)2]-MCM 41(Pd27); [Pd(L14)(Cl2)]-MCM 41] (Pd28)
and [Pd (L15)(Cl2)]-MCM 41] (Pd29) were synthesized following our recently described

procedures [49].

6.2.2 Standard procedure for the hydrogenation of substrates

Hydrogenation catalysis was accomplished using a stainless steel autoclave Parr reactor with
an inbuilt cooling system, sampling valve and a temperature regulation unit. In a typical
experiment, the reactor was pre-heated, evacuated and flushed with nitrogen and cooled to
room temperature. A solution of styrene (0.25 ml, 2.10 mmol) and complex Pd24 (0.0014 g,
0.0027 mmol) in toluene (20 ml) was then introduced using a cannula. The reactor was then
purged with hydrogen gas several times, and then the desired pressure and reaction temperature

were set and stirred for the specified time. At the end of the reaction period, the reactor was
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then cooled, the gas supply closed, and excess hydrogen gas vented off. The samples were then
collected for GC analyses using a syringe equipped with 0.45 um micro filters and analysed by
a Varian CP-3800 GC (ZB-5HT Column 30 m x 0.25 mm x 0.1 um) to establish percentage
conversions. The percentage conversions were calculated by comparison of the substrate peak
areas to those of the products, assuming a 100% mass balance. The kinetic reactions were done
by monitoring the change in substrate consumption over time at regular intervals. The rate
constants were then derived from graphical plots of In[substrate]o/[substrate]: versus time. The

catalysis products were identified using the standard authentic samples as well as GC-MS.

6.2.3 Recycling of the immobilized catalysts procedure

The recycling experiments were carried out using the immobilized complexes (Pd26 — Pd29)
through the use of a centrifuge where the reaction mixture was centrifuged at 8000 rotations
per minute for 10 min after the preceding reaction. The solid catalyst was recovered following
a decantation process of the supernatant liquid and reintroduced into the reactor together with
a fresh substrate. The fresh reaction was run under the pre-set reaction conditions, and analyses

were done with GC as outlined in section 6.2.2.

6.3 Results and discussion

6.3.1 Preliminary evaluation of the homogeneous and immobilized palladium complexes

as catalysts in hydrogenation reactions of styrene.

Preliminary catalytic hydrogenation of styrene reactions using homogeneous and immobilized

complexes Pd22-Pd25 and Pd26 — Pd29 respectively, (Figure 6.1), were carried out at 30 °C,
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5 bar and at Pd: styrene ratio of 1:800 (Table 6.1). All the complexes afforded conversions of
between 72% and 88% within 1 h under these reaction conditions. To determine if indeed the
catalytic activities displayed were due to the palladium complexes, we set up a typical
hydrogenation reaction without any palladium complex and obtained negligible conversions of
2% (Table 6.1, entry 9), confirming that the higher conversions obtained were due to the

palladium complexes.

Q p p X o/H Cl
_N/ N= _N/Pd\Cl <o
§ :

0 Sl //O
// ) /_ K R=CH;, X=H, (Pd24)

R=H, X=CH,, (Pd25)
R=CH;, X=H, (Pd22)

R=H, X=CH;, (Pd23)

H
X o\Pd/o X /
AN X o cl
=N N= Pd
R R —N Cl

O U R=CHy; X=H, (Pd28)

R=H; X=CH;, (Pd29)
R=CHy; X=H, (Pd26)

R=H; X=CH;, (Pd27)

Figure 6.1: Structures of homogeneous (Pd22-Pd25) and immobilized (Pd26 — Pd29)

palladium complexes used as catalysts in hydrogenation reactions in this study.
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Table 6.1: Hydrogenation of styrene using homogeneous and immobilized complexes?

Entry catalyst Conv(%)®P Kobs (%) °TOF (h'})
1 Pd22 86 1.86 (+ 0.12) 688
2 Pd23 81 1.62(% 0.09) 640
3 Pd24 88 2.02 (+ 0.05) 704
4 Pd25 84 1.75 (x 0.09) 672
5 Pd26 78 1.41(+0.12) 624
6 Pd27 72 1.17( 0.10) 576
7 Pd28 83 1.59(+ 0.14) 664
8 Pd29 76 1.37 (£ 0.12) 608
9 ) 2 ; 16
10° Pd24 85 -

8Reaction conditions: Pressure, 5 bar; time: 1 h; temp 30 °C; Solvent, toluene (20 ml); catalyst
concentration, 0.125 mol % (Pd/substrate:1:800); styrene (0.5 ml, 4.4 mmol) "% of styrene
converted to ethyl benzene; “TOF (mol. sub/mol. Pd h™1). ¢ Reaction centrifuged midway.

6. 3.2 Kinetic studies of the catalytic hydrogenation reactions

6.3.2.1 Effects of complex structure on the kinetics of hydrogenation of styrene

The influence of the structure of the complex on the kinetics of hydrogenation reactions of
styrene was carried out for both the homogeneous (Pd22-Pd245) and immobilized complexes
(Pd26 — Pd29) at 5 bar and temperature of 30 °C. The kinetic plots of time vs percentage
conversion showed different profiles for the homogeneous and immobilized palladium

catalysts (Figure 6. 2). The sigmoid curves obtained for the immobilized complexes Pd26-
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Pd29 depicted their heterogeneous behaviour and possible formation of active Pd(0)

nanoparticles (discussed later), while the smooth curves obtained for complexes Pd22-Pd25

are typical of homogeneous active species [50, 51]. A similar trend was observed by Gross et

al., where the SBA-15 supported palladium catalyst gave sigmoid-shaped plots [52].

Nonetheless, the plots of In[Styrene]o/[Styrene]: vs time for homogeneous catalysts displayed

linear relationships corresponding to pseudo-first-order kinetics. From the linearity of the plot,

the reaction rate with respect to the substrate is shown 6.1 in Eq. 1.

Rate = Kk[Styrene]*
100
—u— Pd22
@ Pd23
80 A Pd24
v Pd25
4 Pd26
- 4— Pd27
_g 60 »- Pd28
5 o Pd29
>
[
(=]
o
» 40

20 4

Time (Min)

Figure 6.2: Plots of time vs percentage conversion of styrene to ethylbenzene showing smooth

and sigmoid curves for the homogeneous (Pd22-Pd25) and immobilized palladium catalysts

(Pd26 — Pd29), respectively.
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The observed rate constants (kons) exhibited by the catalysts were calculated from the linear
plots in (Figure 6.3) and applied in evaluating the influence of complex structures on catalytic
activities (Table 6.1). The catalytic activities of the homogenous catalysts demonstrated
dependence on the coordination sphere of the metal centre. For instance, the mono(chelated)
complex Pd24 gave a higher rate constant of 2.02 + 0.05 h-t as compared to a value of 1.86 +
0.12 h'1 obtained for the corresponding bis(chelated) Pd22 complex (Table 6.1, entries 1 and
3). Two reasons can be fronted for this observation. First, the easier generation of the
palladium-hydride species from the Pd-Cl bond (Pd24), which is believed to be the active
species [53]. Secondly, we hypothesize that the bis(chelated) complexes Pd22 and Pd23 may
require the dissociation of one ligand unit to allow for styrene substrate coordination. Similar
trends were observed for the immobilized catalysts Pd26 — Pd29. However, this current
observation contradicts our recent reports using the same complexes in the
methoxycarbonylation of olefins [48]. A plausible reason is that the bis(chelated) complexes
exhibit higher thermal stability required for the methoxycarbonylation reactions (90 °C), as
opposed to room temperature conditions employed in the current hydrogenation reactions. A
comparison of the catalytic behaviours of the two systems revealed diminished catalytic
activities of the immobilized systems. For instance, rate constants of 1.86 = 0.12 h* and 1.41
+0.12 h'! for Pd22 and Pd26, respectively, were observed (Table 6.1 entries 1 and 5). This is
consistent with the expected behaviour [54] and agrees well with the results observed in the

methoxycarbonylation reactions using the same catalysts [48, 49].
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Figure 6.3: Kinetics plots for homogeneous complexes (Pd22-Pd25) and immobilized

complexes (Pd26-Pd29).

In comparison to the widely reported catalysts in hydrogenation reactions of various substrates
[55-58], the present catalysts displayed moderate catalytic activities. For example, the
palladium (I1) catalysts bearing perfluoroalkylated S*"O- ligand reported by Kani and co-
workers [59] display TOFs of 372 h'tin the hydrogenation of styrene, which is lower than the
TOF of 704 h* we observed using the homogeneous catalyst Pd24. In the same vein, Altinel
et al. [60] perfluorinated Rh-BINAP catalysts exhibit much lower TOF of 71.5 h! in the
hydrogenation of styrene when compared to our catalysts. The TOFs of 624 h'! observed for
the immobilized complex Pd28 is much higher when compared to the values of 1.33 h!
recorded for the soluble iron nanoparticles stabilized by MgCl. reported by Phua et al. in the
hydrogenation of 1- hexene [61]. In some recent literature, palladium catalysts display
comparable or higher catalytic activities relative to the immobilized catalysts Pd26— Pd29 in
this study. For example, the palladium nanoparticles stabilized by polyethylene glycol reported
by Harazz et al. [62] and Pan et al. palladium nanoparticles anchored on uncoordinated

carbonyl groups MOFs [63] exhibit TOFs of 660 h"* and 703 h' respectively, which are close
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to TOFs of 576 h'l to 624 h' for complexes Pd26 — Pd29. On the other hand, the Pd catalysts
immobilized on polymerized 2-(acetoacetoxy)ethyl methacrylate reported by Lan et al [64] and
Gao et al.’s Pd—pyridyl catalytic films [65] display much higher catalytic activities of 1449 h-

1 and 6944 h! respectively in the styrene hydrogenation.
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Figure 6.4: Graphical Plot of In[styrene]o/[styrene]: vs time for effect of catalyst concentration
using complex Pd24 (A) and Pd28 (B). The [styrene]/[ Pd24/Pd28] was varied from 600 to

1000 at fixed concentration of styrene.

6. 3.2.2 Dependence of kinetics on hydrogen pressure and catalyst loading

Having established that both the homogeneous and immobilized complexes afford active
catalysts in the hydrogenation of styrene, the most active homogeneous and immobilized
complexes, Pd24 and Pd28, respectively, were employed in further investigations. The impact
of catalyst concentration was examined by varying the styrene/Pd ratios from 600 to 1000 at a
constant styrene concentration. Plots of In[styrene]o/[styrene]: vs time for complexes Pd24 and
Pd28 at different catalyst concentrations (Figure 6.4) allowed us to determine the rate constant

at each catalyst concentration. While the rates of the reactions appear to increase with an
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increase in catalyst concentration, a different trend was observed in the examination of the TOF
values (Figure 6.5). For instance, increasing the catalyst concentration of Pd28 from 0.10 mol
% to 0.125 mol % led to higher kops (from 0.85 h-! to 1.59 h-1) and TOFs (from 580 h™! to 664
h-1), respectively. However, beyond catalyst loading of 0.125%, the TOF dropped significantly
(Figure 6.5). This clearly shows that the apparent increase in the rate is of lower magnitude in
comparison to the amount of catalyst added. Hence, a lower catalyst loading of 0.125% would

be qualitatively preferred from an industrial perspective.
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Figure 6.5: A double plot of TOF and kobs observed against catalyst loading for complex Pd28

indicating optimum catalyst loading at about 0.14 mol%

The plots of —In(kebs) vs —In[Pd24] and —In[Pd28] were used to obtain the reaction order
related to Pd24 and Pd28 as 2.34 + 0.18 h* and 2.07 + 0.15 h-t respectively (Figure 6.6). The
reaction orders with reference to catalysts Pd24 and Pd28 is an indication that the rates of the
hydrogenations reactions are sensitive to the changes in catalyst concentration. A more
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interesting observation can be derived from the non-integer values of 2.34 and 2.07 for the
homogeneous and immobilized Pd24 and Pd28 catalysts, respectively. Since fractional orders
are associated with catalyst aggregation [66, 67], one would expect a higher fraction in the
order with respect to the immobilized catalyst Pd28, as the active species is likely to be
heterogeneous in nature. While the integer order of 2.07 can be attributed to a possible
uniformly dispersed palladium catalyst, it is not sufficient to account for this discrepancy. The
fractional-order with respect to Pd24 may be assigned to aggregation and or resultant Pd(0) as
part of the active species [66, 67]. The rate laws of the hydrogenation reactions of styrene with
respect to catalyst concentrations are shown in Eq. 6.2.

Rate = k[Styrene]* [Pd24]%3*

Rate = k[Styrene]* [Pd28]12%7 ........cciiiiiiieeiei Eq. 6.2

Inkobs

49 68 61 46 45 &3 49 48 46 63 44

In[Pd24] In[Pd28]
A B

Figure 6.6: Graphs of In(kobs) vs In[Pd24] (A) and In[Pd28] (B) used in determining the

reaction order with respect to complexes Pd24 and Pd28, respectively.
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We also investigated the effects of varying the hydrogenation pressure using complexes Pd24
and Pd28 by varying the hydrogen pressure from 2.5 to 10 bar. Plots of In[styrene]o/[styrene]:
vs time for complexes Pd24 and Pd28 at different hydrogen pressures (Figure 6.7) afforded
linear relationships, from which the rate constant at each pressure was determined. For
example, using complex Pd24 at 2.5 bar, the observed rate constant was 1.62 (+ 0.10) h'l, a
value which expectedly increased dramatically to 3.74 (+ 0.37) h'' at a pressure of 10 bar.
Similar increase trends were observed for complex Pd28. Kinetic plots of the observed rate
constants against pressure gave reaction orders with respect to pressure of 0.28 + 0.05 and 0.27
+ 0.04 for Pd24 and Pd28, respectively, an indication of similar response to changes in
hydrogen pressure for both systems. The lower reaction orders are indicative of the formation
of the monohydride compound as the active intermediate [68, 69]. The overall rate law
combining the substrate, catalyst concentration, and hydrogen pressure for complexes Pd24

and Pd28 can be represented as in Eq. 3.
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Figure 6.7: Plot of In[styrene]0/[styrene]t vs time for hydrogenation pressures for complex
Pd24 (A) and Pd28 (B). Reaction conditions: styrene of 0.45 g (4.36 mmol); solvent, toluene

(20 mL); time, 1 h; pressure, 5 bar; temperature, 30 °C.

Rate = k[styrene]* [Pd24]%36 [Py]028

Rate = k[styrene]! [Pd28]2%7 [Pr2]%%" ............ Eq. 3.

6.3.2.3 Dependence of kinetics of hydrogenation of styrene on the reaction temperature

To determine the influence of reaction temperature using catalysts Pd24 and Pd28, the reaction
temperatures were varied from 30 °C to 60 °C. By plotting a graph of In[styrene]o/[styrene]:
vs time at different temperatures, the observed rate constants were extracted. In general and
expectedly, raised temperature was followed by concomitant enhanced rate constants [70, 71].
For instance, using catalyst Pd24, at 30 °C and 60 °C, the observed rate constants of 2.02 h-!
and 5.95 h'% respectively, were realized (Table 6.2). The activation parameters of complexes
Pd24 and Pd28 were calculated from the Arrhenius plots as 31.22 + 0.3 kJ/mol and 39.85+ 0.8
kJ/mol, respectively (Figure 6.8). These values are significant in that they show that complex
Pd28 indeed behaved largely as a heterogeneous catalyst since typical heterogeneous catalysts
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are known to exhibit higher activation energies than homogeneous systems [72-74]. The
observations are in harmony with those reported by Semagina et al., where they obtained
activation energies of 30 kJ/mol and 36 kJ/mol for the homogeneous and supported palladium

catalysts, respectively [72].

Table 6.2: Effect of temperature variation on Kobs Values using complexes Pd23 and Pd272

Temperature (°C) Kobs
Pd24 Pd28
30 2.02+£0.10 159+0.14
40 2.55+0.10 1.81+0.15
50 4.00£0.12 2.21+£0.15
60 5.95+ 0.22 5.83+£0.20

4Reaction conditions: Time: 1 h, pressure: 5 bar, Solvent: toluene 20 ml; where styrene was
0.5 ml, 4.4 mmol. Catalyst loading, 0.125 mol%.
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Figure 6.8: Arrhenius plot for the determination of activation parameters. Values of

Ea=31.22+0.3 kI mol™ (Pd24) and 39.95+ 0.8 ki/mol (Pd28); R?=0.9806; slope=-3762;
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Intercept = 13 (Pd24), R? = 0.864; slope = —4817; Intercept = 16 (Pd28) for the hydrogenation

of styrene were obtained.\ [Commented [SO8]: You need to add errors here

Commented [SO9]: Where are the errors?
Reply: The errors have been included

6.3.3 Investigations of the scope of the substrate in the hydrogenation reactions

6.3.3.1 Hydrogenation of alkenes and alkynes

Complexes Pd24 and Pd28 were used in the hydrogenation of 1-octyne, 1-hexyne, 1-hexene,
phenyl-acetylene, 1-decene, 1-nonene and 1-octene to evaluate their viability in a wide range
of olefins and alkynes (Table 6.3). The study revealed that the nature of the substrate had a
notable impact on catalytic behaviour. For instance, using complex Pd28, we observed that
varying chain lengths from 1-hexene to 1-octene resulted in a decreased rate of reaction from
1.39£0.12 ht and 1.22 £0.11 h'? respectively (Table 6.3, entries 1 and 2). This is expected
as increased chain length results in higher steric hindrance and/or enhanced electron density
and have the overall influence of hindering the coordination of the substrate [75, 76]. The
higher rate constants observed for the more electron-deficient alkyne substrates support the

hypothesis (Table 6.3, entries 4 and 5).
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Figure 6.9: Selectivity /Conversion vs. time profile for hydrogenation of 1-hexene using Pd24

(A) and Pd28 (B) H2 pressure, 5 bar, temperature, 30 °C; solvent, toluene (50 mL) time, 1 h.

We also studied the selectivity of the hydrogenation reactions for the various substrates using
complexes Pd24 and Pd28 (Figure 6.10). The compositions of the hydrogenation products
were found to be dependent on the substrate identity. We observed that terminal alkenes
displayed considerable isomerization products in addition to the hydrogenation products (Table
6.3, entries 1, 2 and 5). For instance, Pd24 afforded chemoselectivity of 76% for n-hexane, and
isomerization products, cis-2-hexene (9%) and trans-2-hexene (15%) in the hydrogenation of
1-hexene (Fig. S13). More significantly, the immobilized complex Pd28 gave a similar chemo-
selectivity of 73% for n-hexane, indicating that the immobilization did not change the
selectivity of the resultant catalyst. The hydrogenation of phenyl acetylene was found to occur
in two steps; via the formation of styrene (Figure 6.11). The final product composition

comprised of 91% ethylbenzene and 9% styrene (Figure 6.11), consistent with previous results
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Figure 6.10: Hydrogenation and isomerization of 1-hexene and hexyne using Pd24 and Pd28.

H2 pressure; 5 bar; temperature; 30 °C; Solvent; toluene (50 mL).

Table 6.3: Effect of alkene and alkyne substrate on the hydrogenation reactions

Entry Substrate Kobs (N1) % Alkane % lsomers
Pd24 P28 pa24  Pd28  Pd24  Pd28

1 1-Hexene 1.75(+0.03) 1.39(=0.12) 76 73 24 27

2 1-Octene  157(+0.03)  1.22(+0.11) 65 63 35 37

3 Styrene  2.02(x0.05)  1.59(+0.14)  >99 98 - -

4 Phenyl  2.82(£0.10) 2.06(:0.17) 91 86 - -

acetylene
5 1-Hexyne 3.85(£0.13) 2.70(£0.22) 67 67 33 33

38Reaction conditions: Pressure, 5 bar; time: 1 h; temp 30 °C; Solvent, toluene (20 ml); catalyst
concentration, 0.125 mol % (Pd: substrate = 1:800).
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Figure 6.11: Selectivity /Conversion vs. time profile for hydrogenation of phenyl acetylene

using Pd3, Ha pressure: 5 bar; temperature, 30 °C; solvent, toluene (50 mL; time, 1 h.

6.4 Hydrogenation of substituted benzenes using complexes Pd24 and Pd28

As highlighted in the introduction, the development of active and selective catalysts for the
hydrogenation of benzene and its derivatives to more useful intermediates is currently
attracting significant attention [18, 78-80]. We thus used compounds Pd24 and Pd28 in the

hydrogenation of various substituted benzenes (Table 6.4 and Figure 6.12).
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Figure 6.12: A GC trace showing the selective hydrogenation of nitrobenzene to aniline using

Pd24

From Table 6.4, the complexes were active, with the catalytic activity being largely depending
on substrate identity. As a demonstration, while the hydrogenation of nitrobenzene displayed
conversions of 98% (TOF of 490 h'1), acetophenone substrate afforded only 10% conversion
(TOF of 50 h-%) within 1 h using complex Pd24 (Table 6.4, entries 1 and 2). A similar trend
was noted for the immobilized compound Pd28, though with relatively lower conversions in
comparison to the homogeneous complex Pd24. The higher reactivity of nitrobenzene is
expected behaviour since the nitro- group is more reactive and is in line with previous results
[24]. In addition, hydrogenation of the benzaldehyde gave comparable conversions of 93%
(TOF of 465 h') to those observed for nitrobenzene. Interestingly, using acetophenone
substrate derivatives with electron-withdrawing or electron-donating groups at the para-

position resulted in enhanced catalytic activities (Table 6.4, entries 2, 4-6). For example, 4-
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nitro-acetophenone and 4-methyl-acetophenone substrates recorded conversions of 95% and
90%, respectively, compared to 10% posted by acetophenone. These reactivity trends could be
attributed to resonance and inductive effects and are in good agreement with previous reports

[81-83].
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Table 6.4: Hydrogenation of various substituted benzenes using complexes Pd24 and Pd28

Entry Substrate %ConvP TOF® Major products
Pd24 Pd28 Pd24 Pd28 Pd24 Pd28
1 98 87 490 435 N” N
2 10 7 50 35 i
3 93 86 465 430 o
49 /@)‘\ 95 85 475 425 /@)\ on
5 i 93 83 465 415 o
Cl
6 i 90 80 450 400 ™
/@JI\ /@é /©/i /"
7¢ /@)‘\ 88 77 440 385 i

O

t?;

74%

8Reaction conditions: Pressure, 5 bar; time: 1 h; temp 30 °C; Solvent, toluene (20 mI), catalyst
concentration, 0.2 mol % (Pd/substrate:1:500); "% of substrate converted to total products;
¢TOF (mol. sub/mol. Pd h™). Yminor products include 4 amino acetophenone (15% and 13%)
and 4-nitrobenzylethanol (3% and 2%,) for Pd24 and Pd28 respectively. ¢®Minor product is 4
amino benzaldehyde 30% and 26 % for Pd24 and Pd28 respectively.
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With respect to chemo-selectivity, hydrogenation reactions of nitrobenzene, acetophenone and
benzaldehyde using Pd24 and Pd28 gave selectivity of >99% towards aniline, phenylethanol
and phenylmethanol, respectively. However, the double-functionalized benzenes gave a
mixture of products (Table 6.4 and Figure 6.13). For instance, from the kinetics profiles (Figure
6.13), hydrogenation of 4-nitroacetophenone initially formed 4-amino-acetophenone to give a
final composition of 82% 4-aminophenylethanol and 15% 4-amino-acetophenone. Similar
compositions of 85% and 13% for 4-aminophenylethanol and 4-amino-acetophenone were
reported for the immobilized complex Pd28 (Table 6.4, entry 4). The observed chemo-
selectivities are both comparable and different to the literature reports in the hydrogenation
reactions of bifunctional benzenes. For example, Cao et al. observed selective hydrogenation
of 4-nitroacetophenone substrate to give only 4-amino-acetophenone using a Pd-MgO
complex supported on melamino-formaldehyde polymer [20]. On the other hand, Hawkins and
Makowski reported similar results to ours, where a mixture of 4-amino-acetophenone (59%)
and 1-(4-aminophenyl) ethanol (34%) using Rh/Al>O3 catalyst were observed [23].
Interestingly, for 4-nitrobenzaldehyde, relatively lower selectivity towards 4-
(aminophenyl)methanol of 70% and 74% was observed for complexes Pd24 and Pd28,
respectively (Table 6.4, entry 7). The minor product is 4-amino-benzaldehyde. In both cases,
the results support the higher reactivity observed for nitrobenzene. The homogeneous and
heterogeneous nature of complexes Pd24 and Pd28 was evident from the smooth and sigmoid

curves of their kinetics profiles [50, 51] given in Figure 6.13.
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Figure 6.13: Selectivity /conversion vs. time profile for hydrogenation of 4-nitroacetophenone
using Pd24 (A) and Pd28 (B), H2 pressure, 5 bar, temperature, 30 °C; solvent, toluene (20 mL)
time, 2 h. 4NACT (4-nitroacetophenone); 4AACT (4-amino-acetophenone); 4APE (4-

aminophenylethanol); 4NE (4- nitroethanol).

6.5 Investigation of recovery and re-use of the immobilized catalysts

Another important aspect of this work was to formulate easily recoverable and recyclable
catalysts in the hydrogenation reactions. Thus, we investigated the propensity of the
immobilized complexes Pd26- Pd29 to be recycled under optimized conditions (Figure 6.14).
Significantly, all the immobilized complexes showed appreciable catalytic activities for five
consecutive cycles (Figure 6.14) in the hydrogenation of styrene and nitrobenzene. For
example, complex Pd26 showed conversions of 98%, 84% and 70% in the first, fourth and
fifth cycles, respectively, in the hydrogenation of styrene. The significant drop witnessed
between the fourth and fifth cycle showed that the catalyst remains stable within the fourth run
but undergo significant deactivation thereafter. Similar trends were observed for the other

complexes, Pd27 — Pd29 (Figure 6.14).
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Figure 6.14: A graph showing catalytic activities of complexes Pd25- Pd28 with %
conversions of subsequent cycles in the hydrogenation of styrene (A) and nitrobenzene (B).

Reaction conditions: time, 1.5 h; Pu2: 5 bar; temp, 30 °C; solvent, toluene (20 mL).

In order to understand the factors behind this loss of catalytic activities in the fifth cycle, we
performed hot filtration experiments using complex Pd28 to establish if leaching might account
for the observed loss of catalytic activities in subsequent cycles. In a typical experiment, the
reaction was run for 30 min to achieve about 40% percentage conversion, then the reaction
mixture was cooled, filtered, and the supernatant liquid introduced into the reactor and run for
a further 1 h. We observed that there was no increase in percentage conversion (42%,
representing only 2% increase), indicating the absence of leaching. This result is a further
indication that the immobilized complexes were insoluble in the reaction mixture, thus
depicting a largely non-homogeneous reaction pathway. Thus the reductions in catalytic
activities in subsequent runs may be assigned to physical damage to the catalyst system,
consistent with the results we reported in the methoxycarbonylation reactions [49]. The EDX
data (Table 6.5) showed the existence of Pd in catalysts (1.18 to 14.15%) and was indicative

that the Pd metal remained immobilized even after the catalysis experiments. These results also
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reflect those obtained by Ziccarelli et al., where losses in catalytic activities drop in the

subsequent cycles in the alkoxycarbonylation of aryl halides were associated with catalyst

abrasion [84].

Table 6.5: EDX data for the recycled immobilized complexes showing elemental

compositions

Element | Pd26 Pd27 Pd28 Pd29
Weight Atomic | Weight Atomic | Weight Atomic | Weight Atomic
(%) (%) (%) (%) (%) (%) (%) (%)
C 7.16 9.88 10.33 1278 |14.87 2552 |12.73 17.63
N 11.48 17.51 12.02 16.05 |8.44 8.85 8.08 11.64
6} 48.59 49.65 46.42  49.87 | 3194 4197 |34.27 45.11
Si 31.44 21.78 29.71  20.04 |18.47 12.67 19.13 15.56
Cl - - - - 1213 832 13.21 8.05
Pd 1.33 1.18 1.52 1.26 14.15 2.67 12.58 2.01
Totals 100.00 100.00 100.00 100.00

6.6 Investigation of the nature of the active species in the hydrogenation reactions.

Among the major goals of this chapter was to establish the real active species of the

homogeneous and immobilized Pd24 and Pd28 complexes by employing mercury poisoning
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[85] and sub-stoichiometric poisoning agents [50, 86], as depicted in Figures 6.15 and 6.16.
This was to determine the possible formation of nanoparticles in both systems during the
reducing conditions. First, we employed mercury-poisoning experiments by adding excess
mercury using catalysts Pd24 and Pd28. It is a common feature to use the term “excess
mercury” in the catalysis community; however, to date, what is meant by excess mercury is not
clear [50]. Thus at the start of the reaction, we first used three drops of mercury and complex
Pd28 and styrene and recorded a drop in conversion from 83% (1.59 + 0.14) to 54% (0.77 £
0.04). On the other hand, the use of seven drops saw the percentage conversion drop to 31%,
while ten drops led to near-complete poisoning of the catalyst, achieving trace conversions of

4% (Figure 6.16). Thus in this work, ten drops of mercury could be regarded as excess.
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Figure 6.15: A Plot showing the effect of a varying number of drops of mercury in the

hydrogenation of styrene using Pd24 and Pd28
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We further studied the impact of adding mercury at 50% conversion (once the active catalyst
species is generated). Similarly, we recorded complete poisoning of the pre-formed catalyst
(Figure 6.15). This showed that the addition of mercury has the effect of stopping the formation
of the active species as well as deactivating the pre-formed active catalysts. The reduction in
catalytic activities of complex Pd28 upon addition of excess mercury thus implicates the
formation of Pd(0) nanoparticles as the active species [50]. Comparatively, the addition of ten
drops of mercury to the complex Pd24 resulted in a slight drop in percentage conversion from
88% (kobs = 2.02 £ 0.09) to 81 % (kobs = 1.78 + 0.09), indicating that complex Pd24 forms
mainly homogeneous active species [52] and possible little amounts of nanoparticles. To
further understand the active species type generated from complexes Pd24 and Pd28, we also
used sub-stoichiometric poisoning agents PPhz and PCys (Figure 6.16). We observed that the
addition of 20 and 100% of PPhs to the Pd28 complex system led to near-complete poisoning
of the active catalyst, recording only 6% and 2% percentage conversions, respectively. On the
other hand, the addition of 20 and 100% of the PPhs to the Pd24 catalyst system resulted in
very slight reductions in percentage conversion from 88% to 83% and 79%, respectively
(Figure 6.16). Thus, mercury and sub-stoichiometric poisoning data point to the presence of a
combination of catalytically active homogeneous and Pd(0) nanoparticle species for complex
Pd24. On the other hand, Pd(0) nanoparticle species was responsible for the catalytic activity

displayed by Pd28, consistent with the kinetics profiles reported earlier.
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Figure 6.16: Graphical plot showing stoichiometric poisoning using 20% and 100% PPh3 and

PCyz in the hydrogenation of styrene using Pd24 and Pd28.

6.7 Conclusions

In summary, we have shown that homogeneous palladium complexes (Pd22-Pd25) and their
immobilized counterparts (Pd26- Pd29) form active catalysts in the hydrogenation of alkenes
alkynes and functionalized benzenes. In general, the homogeneous complexes exhibited higher
catalytic activities than their corresponding immobilized complexes. More importantly, the
immobilized complexes displayed comparative selectivities to the homogeneous systems
across the substrates tested. The use of double-functionalized benzenes resulted in both partial
and complete hydrogenation products. Changes in reaction parameters affected the kinetics of
the hydrogenation reactions. Kinetics experiments, mercury and sub-stoichiometric poisoning
data supported the homogeneous nature of complexes Pd22-Pd25, while Pd26-Pd29 formed
nanoparticles. The immobilized catalysts displayed significant catalytic behaviour for five

cycles in the hydrogenation reactions of styrene and nitrobenzene.
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The next and final chapter, chapter 7, entails general conclusion remarks and future
recommendations. A possible prediction of the future outlook of methoxycarbonylation as

olefin value addition reaction will be discussed.

6.8 References

[1] H.U. Blaser, C. Malan, B. Pugin, F. Spindler, H. Steiner, M. Studer, Selective
hydrogenation for fine chemicals: Recent trends and new developments, Adv. Synth. Catal.,
345 (2003) 103-151.

[2] Z. Dobrovolna, P. Kager, L. Cerveny, Competitive hydrogenation in alkene—alkyne—diene
systems with palladium and platinum catalysts1, J. Mol. Catal. A: Chem., 130 (1998) 279-
284.

[3] S.M.A. Sohel, R.-S. Liu, Carbocyclisation of alkynes with external nucleophiles catalysed
by gold, platinum and other electrophilic metals, Chem. Soc. Rev., 38 (2009) 2269-2281.

[4] R. Abu-Reziq, D. Wang, M. Post, H. Alper, Platinum nanoparticles supported on ionic
liquid-modified magnetic nanoparticles: Selective hydrogenation catalysts, Adv. Synth.
Catal., 349 (2007) 2145-2150.

[5] K. Sonogashira, E. Negishi, A. de Meijere, Handbook of Organopalladium Chemistry for
Organic Synthesis Wiley, Interscience, NewYork, 2002.

[6] C. Bianchini, A. Meli, M. Peruzzini, P. Frediani, C. Bohanna, M.A. Esteruelas, L.A. Oro,
Selective hydrogenation of 1-alkynes to alkenes catalyzed by an iron (I1) cis-hydride. eta. 2-
dihydrogen complex. A case of intramolecular reaction between. eta. 2-H2 and. sigma.-vinyl
ligands, Organometallics, 11 (1992) 138-145.

[7] E. Drinkel, A. Briceno, R. Dorta, R. Dorta, Hemilabile P-Alkene Ligands in Chiral
Rhodium and Copper Complexes: Catalytic Asymmetric 1, 4 Additions to Enones. 2,
Organometallics, 29 (2010) 2503-2514.

211



[8] B. Han, P. Ma, X. Cong, H. Chen, X. Zeng, Chromium-and Cobalt-Catalyzed,
Regiocontrolled Hydrogenation of Polycyclic Aromatic Hydrocarbons: A Combined
Experimental and Theoretical Study, J. Am. Chem. Soc., 141 (2019) 9018-9026.

[9] B.G. Schieweck, P. Jirling-Will, J.r. Klankermayer, Structurally versatile ligand system
for the ruthenium catalyzed one-pot hydrogenation of CO2 to methanol, ACS Catal., 10
(2020) 3890-3894.

[10] N. Singh, U. Sanyal, G. Ruehl, K.A. Stoerzinger, O.Y. Gutiérrez, D.M. Camaioni, J.L.
Fulton, J.A. Lercher, C.T. Campbell, Aqueous phase catalytic and electrocatalytic
hydrogenation of phenol and benzaldehyde over platinum group metals, J. Catal., 382 (2020)
372-384.

[11] Y. Zhang, S. Liao, Y. Xu, D. Yu, Catalytic selective hydrogenation of cinnamaldehyde
to hydrocinnamaldehyde, Appl Catal A-Gen., 192 (2000) 247-251.

[12] P. Sabatier, How | Have Been Led to the Direct Hydrogenation Method by Metallic
Catalystsl, Ind. Eng. Chem. Res., 18 (1926) 1005-1008.

[13] M.W. van Laren, M.A. Duin, C. Klerk, M. Naglia, D. Rogolino, P. Pelagatti, A. Bacchi,
C. Pelizzi, C.J. Elsevier, Palladium (0) complexes with unsymmetric bidentate nitrogen
ligands for the stereoselective hydrogenation of 1-phenyl-1-propyne to (Z)-1-phenyl-1-
propene, Organometallics, 21 (2002) 1546-1553.

[14] K.-T. Chan, Y.-H. Tsai, W.-S. Lin, J.-R. Wu, S.-J. Chen, F.-X. Liao, C.-H. Hu, H.M.
Lee, Palladium complexes with carbene and phosphine ligands: synthesis, structural
characterization, and direct arylation reactions between aryl halides and alkynes,
Organometallics, 29 (2009) 463-472.

[15] D. Drago, P.S. Pregosin, Palladium— Duphos Structural and Enantioselective
Hydroarylation Chemistry, Organometallics, 21 (2002) 1208-1215.

[16] A. Bacchi, M. Carcelli, M. Costa, A. Leporati, E. Leporati, P. Pelagatti, C. Pelizzi, G.
Pelizzi, Palladium (I1) complexes containing a P, N chelating ligand Part 11. Synthesis and
characterisation of complexes with different hydrazinic ligands. Catalytic activity in the
hydrogenation of double and triple CC bonds, J. Organomet. Chem., 535 (1997) 107-120.
[17] G.C. Bond, Metal-catalysed reactions of hydrocarbons, Springer2005.

[18] H. Blaser, U. Siegrist, H. Steiner, M. Studer, Aromatic nitro compounds, Fine Chemicals
Through Heterogeneous Catalysis, (2001) 389-406.

[19] M.J. Sharif, S. Yamazoe, T. Tsukuda, Selective hydrogenation of 4-nitrobenzaldehyde to
4-aminobenzaldehyde by colloidal RhCu bimetallic nanoparticles, Top. Catal., 57 (2014)
1049-1053.

212



[20] S. Cao, S. Xu, S. Xu, Hydrogenation of nitroaromatics containing a carbonyl group
catalyzed by the palladium complex of MgO-supported melamino—formaldehyde polymer,
Polym. Adv. Technol., 10 (1999) 43-47.

[21] G. Li, C. Zeng, R. Jin, Chemoselective hydrogenation of nitrobenzaldehyde to
nitrobenzyl alcohol with unsupported au nanorod catalysts in water, J. Phys. Chem. C ., 119
(2015) 11143-11147.

[22] K. Currall, S.D. Jackson, Hydrogenation of 4-nitroacetophenone over Rh/silica, Appl
Catal A-Gen., 484 (2014) 59-63.

[23] J.M. Hawkins, T.W. Makowski, Optimizing selective partial hydrogenations of 4-
nitroacetophenone via parallel reaction screening, Org Process Res Dev, 5 (2001) 328-330.
[24] K. Currall, S.D. Jackson, Hydrogenation of 4-Nitroacetophenone Over Rh/Silica:
Understanding Selective Hydrogenation of Multifunctional Molecules, Top. Catal., 57 (2014)
1519-1525.

[25] D.J. Cole-Hamilton, Homogeneous catalysis--new approaches to catalyst separation,
recovery, and recycling, Science, 299 (2003) 1702-1706.

[26] E.L. Goetheer, A.W. Verkerk, L.J. van den Broeke, E. de Wolf, B.-J. Deelman, G. van
Koten, J.T. Keurentjes, Membrane reactor for homogeneous catalysis in supercritical carbon
dioxide, J. Catal., 219 (2003) 126-133.

[27] P.G. Jessop, T. Ikariya, R. Noyori, Homogeneous catalysis in supercritical fluids, Chem.
Rev., 99 (1999) 475-494.

[28] K. De Smet, S. Aerts, E. Ceulemans, I.F. Vankelecom, P.A. Jacobs, Nanofiltration-
coupled catalysis to combine the advantages of homogeneous and heterogeneous catalysis,
Chem. Commun., (2001) 597-598.

[29] P.T. Anastas, M.M. Kirchhoff, Origins, current status, and future challenges of green
chemistry, Acc. Chem. Res., 35 (2002) 686-694.

[30] I.W. Davies, L. Matty, D.L. Hughes, P.J. Reider, Are heterogeneous catalysts precursors
to homogeneous catalysts?, J. Am. Chem. Soc., 123 (2001) 10139-10140.

[31] C. de Bellefon, N. Tanchoux, S. Caravieilhes, New reactors and methods for the
investigation of homogeneous catalysis, J. Organomet. Chem., 567 (1998) 143-150.

[32] S. Alexander, V. Udayakumar, V. Gayathri, Hydrogenation of olefins by polymer-bound
palladium (I1) Schiff base catalyst, J. Mol. Catal. A: Chem., 314 (2009) 21-27.

[33] H.H. Brintzinger, D. Fischer, R. Mulhaupt, B. Rieger, R.M. Waymouth, Stereospecific
olefin polymerization with chiral metallocene catalysts, Angew. Chem. Int. Ed., 34 (1995)
1143-1170.

213



[34] J.J. de Pater, B.J. Deelman, C.J. Elsevier, G. van Koten, Multiphase systems for the
recycling of alkoxycarbonylation catalysts, Adv. Synth. Catal., 348 (2006) 1447-1458.

[35] B. Wan, S. Liao, D. Yu, Polymer-supported palladium—manganese bimetallic catalyst
for the oxidative carbonylation of amines to carbamate esters, Appl Catal A- Gen, 183 (1999)
81-84.

[36] H. Ishii, K. Takeuchi, M. Asai, M. Ueda, Oxidative carbonylation of phenol to diphenyl
carbonate catalyzed by Pd—pyridyl complexes tethered on polymer support, Catal. Commun.,
2 (2001) 145-150.

[37] X. Chen, H. Zhu, T. Wang, C. Li, L. Yan, M. Jiang, J. Liu, X. Sun, Z. Jiang, Y. Ding,
The 2V-P, N polymer supported palladium catalyst for methoxycarbonylation of acetylene, J.
Mol. Catal. A: Chem., 414 (2016) 37-46.

[38] M. Hronec, Z. Cvengrosova, M. Kralik, G. Palma, B. Corain, Hydrogenation of benzene
to cyclohexene over polymer-supported ruthenium catalysts, J. Mol. Catal. A: Chem., 105
(1996) 25-30.

[39] Y. Chen, J. Qiu, X. Wang, J. Xiu, Preparation and application of highly dispersed gold
nanoparticles supported on silica for catalytic hydrogenation of aromatic nitro compounds, J.
Catal., 242 (2006) 227-230.

[40] W. Huang, J.N. Kuhn, C.-K. Tsung, Y. Zhang, S.E. Habas, P. Yang, G.A. Somorjai,
Dendrimer templated synthesis of one nanometer Rh and Pt particles supported on
mesoporous silica: catalytic activity for ethylene and pyrrole hydrogenation, Nano Lett., 8
(2008) 2027-2034.

[41] S.G. Shore, E. Ding, C. Park, M.A. Keane, Vapor phase hydrogenation of phenol over

silica supported Pd and Pd- Yb catalysts, Catal. Commun., 3 (2002) 77-84.

[42] V. Polshettiwar, B. Baruwati, R.S. Varma, Nanoparticle-supported and magnetically
recoverable nickel catalyst: a robust and economic hydrogenation and transfer hydrogenation
protocol, Green Chem., 11 (2009) 127-131.

[43] M.J. Jacinto, P.K. Kiyohara, S.H. Masunaga, R.F. Jardim, L.M. Rossi, Recoverable
rhodium nanoparticles: synthesis, characterization and catalytic performance in
hydrogenation reactions, Appl Catal A- Gen, 338 (2008) 52-57.

[44] Q.M. Kainz, R. Linhardt, R.N. Grass, G. Vilé, J. Pérez-Ramirez, W.J. Stark, O. Reiser,
Palladium Nanoparticles Supported on Magnetic Carbon-Coated Cobalt Nanobeads: Highly
Active and Recyclable Catalysts for Alkene Hydrogenation, Adv. Funct. Mater., 24 (2014)
2020-2027.

214



[45] J. Schulz, A. Roucoux, H. Patin, Stabilized rhodium (0) nanoparticles: a reusable
hydrogenation catalyst for arene derivatives in a biphasic water-liquid system, Chem. Eur. J.,
6 (2000) 618-624.

[46] L. Plasseraud, G. Siiss-Fink, Catalytic hydrogenation of benzene derivatives under
biphasic conditions, J. Organomet. Chem., 539 (1997) 163-170.

[47] K. Demmans, O. Ko, R. Morris, Aqueous biphasic iron-catalyzed asymmetric transfer
hydrogenation of aromatic ketones, RSC Adv., 6 (2016) 88580-88587.

[48] S.O. Akiri, S.O. Ojwach, Methoxycarbonylation of olefins catalysed by homogeneous
palladium (I1) complexes of (phenoxy) imine ligands bearing alkoxy silane groups, Inorg.
Chim. Acta, 489 (2019) 236-243.

[49] S.O. Akiri, S.0. Ojwach, Synthesis of MCM-41 Immobilized (Phenoxy) Imine
Palladium (I1) Complexes as Recyclable Catalysts in the Methoxycarbonylation of 1-Hexene,
Catalysts, 9 (2019) 143.

[50] J.A. Widegren, R.G. Finke, A review of the problem of distinguishing true homogeneous
catalysis from soluble or other metal-particle heterogeneous catalysis under reducing
conditions, J. Mol. Catal. A: Chem., 198 (2003) 317-341.

[51] J.F. Sonnenberg, R.H. Morris, Distinguishing homogeneous from nanoparticle
asymmetric iron catalysis, Catal. Sci. Technol., 4 (2014) 3426-3438.

[52] E. Gross, J.H.-C. Liu, F.D. Toste, G.A. Somorjai, Control of selectivity in heterogeneous
catalysis by tuning nanoparticle properties and reactor residence time, Nature chemistry, 4
(2012) 947.

[53] L.S. Hegedus, Transition metals in the synthesis of complex organic molecules,
University Science Books1999.

[54] B.G. van Ravensteijn, D.J. Schild, W.K. Kegel, R.J. Klein Gebbink, The Immobilization
of a Transfer Hydrogenation Catalyst on Colloidal Particles, ChemCatChem, 9 (2017) 440-
450.

[55] Y. Niu, L.K. Yeung, R.M. Crooks, Size-selective hydrogenation of olefins by
dendrimer-encapsulated palladium nanoparticles, J. Am. Chem. Soc., 123 (2001) 6840-6846.
[56] H. Abe, H. Amii, K. Uneyama, Pd-catalyzed asymmetric hydrogenation of a-fluorinated
iminoesters in fluorinated alcohol: A new and catalytic enantioselective synthesis of fluoro a-
amino acid derivatives, Org. Lett., 3 (2001) 313-315.

[57] M.-W. Chen, Y. Duan, Q.-A. Chen, D.-S. Wang, C.-B. Yu, Y.-G. Zhou, Enantioselective
Pd-catalyzed hydrogenation of fluorinated imines: facile access to chiral fluorinated amines,
Org. Lett., 12 (2010) 5075-5077.

215



[58] Y.-Q. Wang, S.-M. Lu, Y.-G. Zhou, Palladium-catalyzed asymmetric hydrogenation of
functionalized ketones, Org. Lett., 7 (2005) 3235-3238.

[59] F. Yilmaz, A. Mutlu, H. Unver, M. Kurtca, I. Kani, Hydrogenation of olefins catalyzed
by Pd (1) complexes containing a perfluoroalkylated S, O-chelating ligand in supercritical
CO2 and organic solvents, J Supercrit Fluids, 54 (2010) 202-209.

[60] H. Altinel, G. Avsar, M. Yilmaz, B. Guzel, New perfluorinated rhodium-BINAP
catalysts and hydrogenation of styrene in supercritical CO2, J Supercrit Fluids, 51 (2009)
202-208.

[61] P.-H. Phua, L. Lefort, J.A. Boogers, M. Tristany, J.G. de Vries, Soluble iron
nanoparticles as cheap and environmentally benign alkene and alkyne hydrogenation
catalysts, Chem. Commun., (2009) 3747-3749.

[62] F. Harraz, S. EI-Hout, H. Killa, I. Ibrahim, Palladium nanoparticles stabilized by
polyethylene glycol: Efficient, recyclable catalyst for hydrogenation of styrene and
nitrobenzene, J. Catal., 286 (2012) 184-192.

[63] Y. Pan, D. Ma, H. Liu, H. Wu, D. He, Y. Li, Uncoordinated carbonyl groups of MOFs as
anchoring sites for the preparation of highly active Pd nano-catalysts, J. Mater. Chem., 22
(2012) 10834-10839.

[64] Y. Lan, M. Zhang, W. Zhang, L. Yang, Enhanced Pd-Catalyzed Hydrogenation of
Olefins within Polymeric Microreactors under Organic/Aqueous Biphasic Conditions,
Chem. Eur. J., 15 (2009) 3670-3673.

[65] S. Gao, W. Li, R. Cao, Palladium-pyridyl catalytic films: A highly active and recyclable
catalyst for hydrogenation of styrene under mild conditions, J. Colloid Interface Sci., 441
(2015) 85-89.

[66] C.M. Starks, M. Halper, Phase-transfer catalysis: fundamentals, applications, and
industrial perspectives, Springer Science & Business Media2012.

[67] Q. Ashton Acton, Carboxylic Acids—Advances in Research and Application, Atlanta,
GA: Scholarly Editions, (2013).

[68] P.J. Rheinlander, J. Herranz, J. Durst, H.A. Gasteiger, Kinetics of the hydrogen
oxidation/evolution reaction on polycrystalline platinum in alkaline electrolyte reaction order
with respect to hydrogen pressure, J. Electrochem. Soc., 161 (2014) F1448-F1457.

[69] M.H. Kim, E.K. Lee, J.H. Jun, S.J. Kong, G.Y. Han, B.K. Lee, T.-J. Lee, K.J. Yoon,
Hydrogen production by catalytic decomposition of methane over activated carbons: kinetic
study, Int. J. Hydrogen Energy, 29 (2004) 187-193.

216



[70] E. Diaz, A. Mohedano, L. Calvo, M. Gilarranz, J. Casas, J. Rodriguez, Hydrogenation of
phenol in aqueous phase with palladium on activated carbon catalysts, Chem. Eng. J., 131
(2007) 65-71.

[71] A. Borodzinski, G.C. Bond, Selective hydrogenation of ethyne in ethene-rich streams on
palladium catalysts. Part 1. Effect of changes to the catalyst during reaction, Catal. Rev., 48
(2006) 91-144.

[72] N. Semagina, E. Joannet, S. Parra, E. Sulman, A. Renken, L. Kiwi-Minsker, Palladium
nanoparticles stabilized in block-copolymer micelles for highly selective 2-butyne-1, 4-diol
partial hydrogenation, Appl Catal A-Gen, 280 (2005) 141-147.

[73] Y. Mei, G. Sharma, Y. Lu, M. Ballauff, M. Drechsler, T. Irrgang, R. Kempe, High
catalytic activity of platinum nanoparticles immobilized on spherical polyelectrolyte brushes,
Langmuir, 21 (2005) 12229-12234.

[74]1 Y. Mei, Y. Lu, F. Polzer, M. Ballauff, M. Drechsler, Catalytic activity of palladium
nanoparticles encapsulated in spherical polyelectrolyte brushes and core— shell microgels,
Chem. Mater., 19 (2007) 1062-1069.

[75] R. Pruvost, J. Boulanger, B. Léger, A. Ponchel, E. Monflier, M. Ibert, A. Mortreux, T.
Chenal, M. Sauthier, Synthesis of 1, 4: 3, 6-Dianhydrohexitols Diesters from the Palladium-
Catalyzed Hydroesterification Reaction, ChemSusChem, 7 (2014) 3157-3163.

[76] J.C. Chadwick, R. Duchateau, Z. Freixa, P.W. Van Leeuwen, Homogeneous catalysts:
activity-stability-deactivation, John Wiley & Sons2011.

[77] S.D. Jackson, L.A. Shaw, The liquid-phase hydrogenation of phenyl acetylene and
styrene on a palladium/carbon catalyst, Applied Catalysis A: General, 134 (1996) 91-99.

[78] C.M. Peres, S.N. Agathos, Biodegradation of nitroaromatic pollutants: from pathways to
remediation, (2000).

[79] J.C. Spain, J.B. Hughes, H.-J. Knackmuss, Biodegradation of nitroaromatic compounds
and explosives, CRC Press2000.

[80] S. Ram, R.E. Ehrenkaufer, A general procedure for mild and rapid reduction of aliphatic
and aromatic nitro compounds using ammonium formate as a catalytic hydrogen transfer
agent, Tetrahedron Lett., 25 (1984) 3415-3418.

[81] K. Ganguli, S. Shee, D. Panja, S. Kundu, Cooperative Mn (I)-complex catalyzed transfer
hydrogenation of ketones and imines, Dalton Trans. (2019).

[82] A.J. Watson, A.J. Fairbanks, Ruthenium-Catalyzed Transfer Hydrogenation of Amino-
and Amido-Substituted Acetophenones, Eur. J. Org. Chem., 2013 (2013) 6784-6788.

217



[83] K. Li, X. Zhu, S. Lu, X.-Y. Zhou, Y. Xu, X.-Q. Hao, M.-P. Song, Catalyst-Free Friedel—
Crafts Alkylation of Imidazo [1, 2-a] pyridines, Synlett, 27 (2016) 387-390.

[84] 1. Ziccarelli, H. Neumann, C. Kreyenschulte, B. Gabriele, M. Beller, Pd-Supported on
N-doped carbon: improved heterogeneous catalyst for base-free alkoxycarbonylation of aryl
iodides, Chem. Commun., 52 (2016) 12729-12732.

[85] R.H. Crabtree, Resolving heterogeneity problems and impurity artifacts in operationally
homogeneous transition metal catalysts, Chem. Rev., 112 (2011) 1536-1554.

[86] Y. Lin, R.G. Finke, A More General Approach to Distinguishing" Homogeneous" from"
Heterogeneous™ Catalysis: Discovery of Polyoxoanion-and Bu4N*-Stabilized, Isolable and
Redissolvable, High-Reactivity Ir. apprx. 190-450 Nanocluster Catalysts, Inorg. Chem., 33
(1994) 4891-4910.

218



Chapter 7

7.1 Overall Conclusion

This last Chapter presents general conclusions and possible future prospects based on the
findings of the investigations of various catalytic systems in the methoxycarbonylation and
hydrogenation reactions, as discussed in Chapters 3 to 6. In Chapter 3, (pyridyl)benzamidine
ligands L1-L5 coordinate to the palladium centre in bidentate mode to form typical square
planar N~N (pyridyl) benzamidine palladium complexes Pd1-Pd5. The water-soluble
(phenoxyimine) anionic ligands L6-L8 and their non-water-soluble counterparts ligands L9-
L11, reported in Chapter 4, contribute two ligand units each to form bischelated square planar
(phenoxyimine) palladium(l1) complexes, Pd6-Pd11 respectively. On the other hand, the use

of ligand (L9) gave a cationic complex Pd12.

Reactions of (amino)phenyl ligand L12 with 3-chloropropyl triethoxy silane led to the
formation of (triethoxysilyl)propyl (amino)phenyl ligand L13. Ligands L12 and L13 both
coordinate to palladium centre to form homogeneous complexes Pd13 and Pd14, respectively,
with complex Pd14 used in making immobilized complexes reported in Chapter 5. Three
different types of solid supports, MCM-41, SBA-15 and FesO4 nanoparticles, were used as
immobilization agents for complex Pd14 to form immobilized complexes Pd15-Pd17,
respectively. Derivatives of complex Pd15 were obtained by varying the palladium loading to
form complexes Pd18 and Pd19. Calcinations of complex Pd16 at various temperatures lead
to the formation of complexes Pd20 and Pd21. In Chapter 6, the (phenoxy)imine
homogeneous and silica-supported palladium(ll) complexes were also obtained from the
reactions of (phenoxy)imine ligands L14 and L15. Immobilization of ligands L14 and L15

results in the formation of immobilized ligands L16 and L17. The ligands L14 and L15 give
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homogeneous palladium(ll) complexes Pd22-Pd25 upon coordination to the palladium.
Besides, immobilized complexes Pd26 and Pd27 are obtained from immobilization of
complexes Pd22 and Pd23 through a convergence approach, while complexes Pd28 and Pd29
are achieved upon the complexation of immobilized ligands L16 and L17 via sequential

strategy.

The (pyridyl) benzamidine palladium complexes Pd1-Pd5 formed active catalysts in the
methoxycarbonylation of a range of higher olefins, both internal and terminal, with the catalytic
activities and selectivities mainly controlled by steric factors. While the highest TON observed
was 282, the lowest value observed in this set of complexes is 222. Besides, the best
regioselectivity in the methoxycarbonylation of 1-hexene was 75% in favour of the linear ester
product. The product distribution also depends on the identity of the substrate used, with other
substrates such as trans-2-hexene, styrene, 1-heptene, 1-octene, 1-decene, trans-4-octene, 1-
dodecene and tetradecene giving varying amounts of branched and linear ester products. Apart
from the water-soluble (phenoxyimine) palladium(Il) complexes Pd6-Pd8 affording active
catalysts, the complexes could be recycled up to five times. The activities of the water-soluble
complexes Pd6-Pd8 are comparable to their respective non-water-soluble complexes Pd9-
Pd11 with a TON of up to 372 observed. In addition, the regioselectivity of up to 77% of linear
ester product was observed. Immobilized complexes Pd15-Pd21 also formed active catalysts
in the methoxycarbonylation of olefins, with the catalytic activities largely depending on the
nature of the support. While SBA-15 supported catalysts gave the best activities (a TON of
360), the FesO4 magnetic nanoparticles supported catalysts were the least active (TON of 324)
in this series. However, the nature of support did not notably impact the regioselectivity of the
resultant catalysts, as 62%-67% of linear ester products were observed. Complexes Pd15-Pd17
are also recyclable up to five times.
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Homogeneous complexes Pd22-Pd25 and their silica immobilized counterparts, complexes
Pd26-Pd29 were also active in catalytic hydrogenation of styrene, alkenes, alkynes and
functionalized benzenes. While styrene selectively formed ethylbenzene as the sole product,
product distribution in functionalized benzenes vary from one substrate to another. The highest
and lowest TOF values observed in the hydrogenation of styrene was 704 and 576 mol.
sub/mol. Pd h™! respectively. The catalytic activities of the two sets of complexes were
comparable; again, the supported compounds were reused five times in the hydrogenation of

styrene and nitrobenzene.
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Table 7.1: Comparative catalytic activities and selectivities observed for complexes

Entry  Catalyst Type Activity Selectivity
(TON) (Linear  product
%)

1 p Homogeneous 222 75
A
| |
2 )Q Homogeneous 288 70

3 /@ Water soluble 276 69

4 AN Homogeneous 372 60
OLFO
N\ S

5 (SBAIS SBA-15 360 63
T | immobilized

6 XN Fes04 324 67
L 9 | immobilized
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In general, the catalytic activities of the homogenous compounds, water-soluble complexes and
immobilized complexes in methoxycarbonylation reactions were comparable, with the
homogeneous systems showing slightly higher catalytic activities as compared to the water-
soluble complexes and immobilized complexes (Table 7.1). On the other hand, the observed
selectivities are influenced by the ligand design forming part of the complex network, with the
more bulky systems yielding higher quantities of linear ester products. From this work, it is
evident that the regioselectivity of the products formed in the methoxycarbonylation catalytic
process can effectively be controlled by modifying the steric encumbrance around the metal

centre.

7.2 Suggestions for Further Analysis

This thesis has explored comprehensive synthesis, characterization and catalytic applications
of various classes of palladium(ll) complexes. However, some extra work can improve the
quality of the research achieved thus far. For instance, some characterization techniques can be
instrumental in revealing the nature of the immobilized complexes better. BET analysis is
recommended as part of extra work to help in determining the real particle sizes and compare
with what is already in the literature. Other characterization techniques that can be appropriate

for the immobilized complexes include:

-TPD to quantify the acid and basic sites on the catalyst surface

-XPS to determine the catalyst surface chemical composition, such as the oxidation states of

the active sites.
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7.3 Future recommendations

Chapters 3-6 of this thesis have presented a systematic catalyst design that supports green
chemistry, starting with pure homogeneous systems and transitioning to recyclable water-
soluble systems and immobilized systems that can be recycled. However, one aspect of
methoxycarbonylation, which is still a dark spot, is the application of toxic and relatively more
expensive CO gas as the carbonyl source. Guided by the principles of green chemistry, there is
a need to design systems that can be used in the methoxycarbonylation that can use other
sources of carbonyl such as carbon dioxide and formates, among other sources, while at the
same time recyclable. Future methoxycarbonylation reactions should not only focus on
recyclable catalysts but also the elimination of the use of toxic and expensive CO gas. The
implication is those catalyst systems that can generate CO in-situ from other sources should be
given priority to help drive the industry forward. For instance, CO2 can be used as a CO

surrogate during a methoxycarbonylation reaction (Scheme 7.1).

) OCH,
CO,/MeOH/LiCl
Pd/Ruthenium OCH;,
catalyst

Scheme 7.1: The use of CO2 as a CO surrogate in methoxycarbonylation of olefin.

As a future prospect, a homogenous and supported catalyst that can be used in

methoxycarbonylation reaction as a recyclable catalyst while avoiding the use of toxic carbon
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dioxide is presented in Figure 7.1. The catalyst system can generate CO in-situ from carbon

dioxide, which is far much cheaper and less toxic than carbon monoxide gas.
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Figure 7.1: Potential homogenous and supported ruthenium catalysts for possible

methoxycarbonylation of olefins using CO>

From the literature review, it has been shown that catalysts majorly employed in the
methoxycarbonylation catalysis are in situ generated, with some of the best systems currently
commercialized. As deduced from the previous chapters, the regioselectivity of products
formed in a methoxycarbonylation reaction can be controlled by controlling steric hindrance
around the metal coordination sphere. In addition, this present study has provided a unique

insight where preformed/discrete catalysts performed better than their in situ generated
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counterparts in methoxycarbonylation reactions. The implication of these insights is that part
of the future recommendation should be pre- syntheses and isolation and of some of the best in

situ generated catalysts and investigate them in the methoxycarbonylation reactions.
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